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FOREWORD

The Institute for Mathematical Sciences at the National University of
Singapore was established on 1 July 2000. Its mission is to foster mathe-
matical research, both fundamental and multidisciplinary, particularly
research that links mathematics to other disciplines, to nurture the growth
of mathematical expertise among research scientists, to train talent for
research in the mathematical sciences, and to serve as a platform for
research interaction between the scientific community in Singapore and the
wider international community.

The Institute organizes thematic programs which last from one month
to six months. The theme or themes of a program will generally be of
a multidisciplinary nature, chosen from areas at the forefront of current
research in the mathematical sciences and their applications.

Generally, for each program there will be tutorial lectures followed by
workshops at research level. Notes on these lectures are usually made avail-
able to the participants for their immediate benefit during the program. The
main objective of the Institute’s Lecture Notes Series is to bring these lec-
tures to a wider audience. Occasionally, the Series may also include the pro-
ceedings of workshops and expository lectures organized by the Institute.

The World Scientific Publishing Company has kindly agreed to publish
the Lecture Notes Series. This Volume, “Mathematical Horizons for Quan-
tum Physics”, is the twentieth of this Series. We hope that through the
regular publication of these lecture notes the Institute will achieve, in part,
its objective of promoting research in the mathematical sciences and their
applications.

February 2010 Louis H. Y. Chen
Ser Peow Tan
Series Editors
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PREFACE

Quantum theory is one of the most important intellectual developments in
the early twentieth century. The mathematical theory of quantum physics
emerged largely from works, pioneered by John von Neumann, on the spec-
tral theory of linear operators on a Hilbert space in the mid 1920s, and
many important developments of the last eighty years are owed to a strong
interplay between theoretical physics and mathematics. Moreover, in the
last twenty to thirty years, there have been phenomenal advances in which
mathematicians found new tools and motivations through physical concepts
and physicists exploited ideas and techniques that were originally developed
for the use in pure mathematics.

It was therefore felt timely that we should raise interest in mathematical
physics among researchers and students around the world, and in particular
at the National University of Singapore (NUS) as well as elsewhere in Sin-
gapore, by organizing a mathematical workshop on various mathematical
aspects of quantum theory. It was also felt that such a collaboration be-
tween scientists of different backgrounds, different expertise, and different
scientific culture could bear fruit on the research of all participants by intel-
lectual cross-fertilization. So, one of the major objectives of the workshop
was to bring together mathematicians, whose work has a bearing on quan-
tum physics, with researchers from mathematical and theoretical physics.
This book arose from such a workshop.

The eventual theme for the workshop was “Mathematical Horizons for
Quantum Physics” and the event was co-organized by the Institute for
Mathematical Sciences (IMS) and the Centre for Quantum Technologies
(CQT) at NUS and held on the premises of IMS over an eight-week period



X Preface

in 2008. In order to allow leading experts to mingle and discuss freely
with young researchers and students, the workshop was organized with
fewer than usual lectures and a lot of informal, interactive tutorials and
discussions.

The eight-week period from July 28 to 21 September 2008 was divided
into four sessions, each lasting three weeks, with an overlap of one or two
weeks between successive sessions. The overlap periods gave opportunities
for mutual interactions between participants from different sessions. At the
end of the workshop, there were more than eighty active participants who
had contributed to the discussions in one way or another.

In addition to the workshop activities, there were also two very inter-
esting public talks: Burkhard Kiimmerer spoke on “Knot or Not Knot”
and Reinhard Werner delivered a talk that addressed the question “Are
Quantum Computers the Next Generation of Supercomputers?” During the
workshop, one of the organizers, Huzihiro Araki, also gave two presenta-
tions: the first one on the lives and careers of the Japanese Nobel Laureates
Hideki Yukawa and Sin-Itiro Tomonaga at the Faculty of Science, NUS,
and a second one concerning the history and mathematics of the Tomita—
Takesaki theory for operator algebras at the Department of Mathematics,
NUS.

During each session of the workshop, a number of pedagogical lectures,
accessible to young researchers and graduate students, were provided. This
book compiles the written accounts of some of these lectures. We therefore
hope that this compilation will prove to be useful for graduate students and
researchers who would like to start their research in an area covered in the
workshop and also for researchers who require solid introductory materials
and surveys of the status of the field.

The themes of the four sessions of the workshop and the respective
lectures are as follows:

Session 1. Quantum Control and Dynamics
The central topics discussed were

— Quantum control of the alignment and orientation of polar
molecules;

— Quantum chaos;

— Laser-driven models in quantum computing systems.

Arne Keller’s treatment of Control of the Molecular Align-
ment or Orientation by Laser Pulses and the contribution on
Quantum Computing and Devices: A Short Introduction by



Session 2.

Session 3.

Session 4.

Preface xi

Zhigang Zhang, Viswanath Ramakrishna, and Goong Chen as
well as Hans-Rudolf Jauslin’s and Dominique Sugny’s account
of Dynamics of Mized Classical-Quantum Systems, Geometric
Quantization and Coherent States are the three book chapters
that originated in this session.

Operator Algebras in Quantum Information
The discussions focused mostly on

— Entropy in quantum channels and the problem of additivity
of quantum capacity;

— Stability of quantum algorithms in the presence of external
noise;

— Entanglement of multipartite and infinite systems.

These topics are covered in another three book chapters: Quan-

tum Memories as Open Systems by Robert Alicki, Two Mathe-

matical Problems in Quantum Information Theory by Alexander

S. Holevo, and Dissipatively Induced Bipartitie Entanglement by

Fabio Benatti.

Non-Equilibrium Statistical Mechanics

In their discussions the participants tried to answer the questions
— Is there a large deviation theory for quantum fluctuations?

— How can one construct non-equilibrium steady states?

Jan Derezinski’s essay on Scattering in Non-Relativistic Quan-
tum Field Theory is the book chapter for this session.

Strongly Interacting Many-Particle Systems

The discussions addressed

— The theory of large atoms, molecules, and solids;

— The mathematical description of the radiation field and its
interaction with matter.

Volker Bach’s chapter on Mathematical Theory of Atoms and
Molecules deals with these matters.

This volume would not have been possible without the immense efforts
and contributions from the lecturers who agreed to prepare, present, and
then write up their lectures at the workshop. As the organizers for the
workshop, we would like to take this opportunity to thank all authors for
their hard work. We are confident that this volume conveys the exciting
atmosphere of all those stimulating discussions.
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We would also like to thank Prof. Louis Chen, Director of IMS, A /Prof.
Leung Ka Hin, the then Deputy Director of IMS, and Prof. K. K. Phua for
their strong encouragement and precious advice during all stages of plan-
ning and conducting this workshop. We are grateful to the Lee Foundation
and the Dean of the Faculty of Science, NUS, Prof. Andrew Wee, for their
generous financial support. Without the budget contribution from the Lee
Foundation, certain events — such as public talks and interaction sessions
held during the workshop — would not have been possible.

We are equally thankful for the clerical support provided by the IMS
secretariat, with special thanks to Agnes Wu and Claire Tan. During the
workshop Stephen Auyong, IT manager at IMS, rendered invaluable sup-
port to the participants. Many others have also contributed to the success
of the workshop. In particular, we would like to single out Evon Tan and
Bess Fang from CQT who took splendid care of so many errands.

January 2010 Huzihiro Araki
Kyoto University, Japan

Berthold-Georg Englert
CQT and Department of Physics
National University of Singapore, Singapore

Leong-Chuan Kwek
CQT, National University of Singapore
and Nanyang Technological University, Singapore

Jun Suzuki
National Institute of Informatics, Tokyo, Japan
Editors



CONTROL OF THE MOLECULAR ALIGNMENT OR
ORIENTATION BY LASER PULSES

Arne Keller

Université Paris-Sud 11
Laboratoire de Photophysique Moléculaire
Bat 210, 91405 Orsay, France
E-mail: arne.keller@u-psud.fr

We review the motivations and recent theoretical and experimen-
tal progress in laser alignment or orientation of molecules in space.
We present a method to produce field free aligned or oriented linear
molecules using a succession of short laser pulses. The problem of ori-
enting molecules is an example of a unitary control problem in a Hilbert
space with infinite dimension. The originality of our method relies on a
precise construction of oriented quantum target states which maximize
the orientation in finite dimensional subspaces. Orientation at zero tem-
perature (pure state control) and of molecular thermal ensemble (mixed
state control) are investigated.

1. Introduction — Motivations

The problem of controlling the alignment or orientation of molecules in
space has attracted a fair amount of attention in the field of molecular
physics and chemical physics. In this introduction, we present the motiva-
tions for such studies and, and give some account of the progress.

First of all, we must define what we call molecular alignment and orien-
tation. In classical terms, aligning a molecular axis in space means to bring
an axis fixed in the molecular frame to a given fixed direction in the lab-
oratory frame. Orienting the molecule means that in addition to aligning,
we require that the orientation of the axis be fixed in the laboratory frame.
This last definition makes sense only if the molecule is not symmetric with
respect to a reflection on a plane orthogonal to the molecular axis we like
to orient. For instance, aligning a A — B linear molecule to a vertical axis
(in the laboratory frame) means to bring the axis joining the two atoms A
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and B to a vertical position. Orienting the molecule means that in addition
we require for instance that A is up and B down. In the quantum world we
are only allowed to speak in the sense of probability. We can define an an-
gular probability distribution P(6, ¢) where (0, ¢) are the spherical angles
(co-latitude and azimuthal angle, respectively) locating the molecular axis
with respect to the fixed laboratory frame axis. P(6, ¢)d) gives the proba-
bility to find the molecular axis in the d2 = sin #dfd¢ solid angle centered
on the (6, ¢) position. We can consider a molecule as aligned if its angular
probability distribution is mainly supported near § = 0 and/or 6 = 7. If
in addition P(, ¢) is mainly supported in the upper space only (6 € [0, 5]
and ¢ € [0, 27| for instance), we consider the molecule to be oriented.

1.1. Motivations

Why molecular alignment and orientation are important? In the following,
three examples in different areas of investigation are presented where the
control of the molecular alignment and/or orientations is a crucial point.

(1) Stereochemistry. Stereochemistry is the study of the influence of
the relative orientation of atoms and molecules on the outcomes of a
chemical reactions. To our knowledge, this is the first motivation to pro-
duce aligned or oriented molecule. Indeed, this idea goes back to the
1960s, when the first molecular beam machines were built, to produces
inelastic or reactive collisions. The development of the field of molec-
ular beam chemistry and reaction dynamics in the 1960s [1] invited
direct experimental study of the steric effect. The objective of those
experiments is to control the relative orientation of the reagent and
to measure its influence on the reaction probability. Several strategies
have been applied to produces oriented or aligned beams of molecules
whose presentation is deferred to the next section.

(2) Femtosecond optics. Nowadays the production of laser pulse with a
duration of about 10-100 femtosecond (1 fs = 10715) can be achieved al-
most routinely in laboratory. Researchers would like to control precisely
the amplitude and phase of such pulses for practical applications and
also to compress them to sub-femtosecond durations. One line of inves-
tigation is based on the propagation of the laser pulse in a medium of
oriented molecules. The main idea is that carefully controlled molecular
rotational dynamics induces periodic change in the refractive index of
the propagation media, then inducing controlled phase and amplitude
variation of the laser pulse [2, 3].
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(3) High harmonic generation and molecular ionization. When
an atom or a molecule is irradiated with an intense (intensity about
10 — 10'® W/cm?) infrared (wavelength ~ 800 nm) laser pulse, the
molecule can be ionized and can also emit coherent X-UV attosecond
light pulses. The accurate understanding of these processes requires
the alignment or orientation of the irradiated molecule. Furthermore,
recent experiments are exploring the possibility of reconstructing the
initial quantum electronic molecular state (molecular state tomogra-
phy) by observing the emitted light or the angular distribution of emit-
ted electrons [4-8]. Those experiments need carefully aligned or oriented
molecules.

1.2. Ezxperimental methods

In this section, we give a brief survey of the methods that have been used in
laboratory to align or orient molecules. The first experiment with oriented
molecules was realized in 1965 by Kramer and Bernstein [1]. They used
an axially symmetric hexapole electrostatic field to focus molecular beams.
Symmetric top-like molecules traveling through the inhomogeneous electric
field of the hexapole follow sinusoidal trajectories and focus at a certain
point, depending on their rotational quantum state and the voltage on
the hexapole rods (see [9] for a detailed description of the technique). This
technique allows to obtain molecular beams in a given rotational state which
can be oriented. In fact, in these types of experiments, it is the molecule
angular momentum which is directly oriented and not the molecular axis.

Next, in the 1990s a “brute force orientation technique” was introduced
by Loesh and Remscheid [10] and independently by Friedrich and Her-
schbach [11]. This technique made it possible to carry out experiments on
oriented molecules not being symmetric tops as was necessary for applying
hexapole state selection method. This technique relies on the application
of an intense electrostatic field on rotationally very cold polar molecules
obtained in supersonic beams. The anisotropy of the Stark effect allows
molecules in the lowest few rotational states to be trapped in “pendular
states” and thereby confined to librate (oscillate about the field axis) over
a limited angular range.

In 1995, Friedrich and Hershbach [12] showed that an intense and non
resonant laser field is able to align a molecule, with respect to the polar-
ization of the laser electric vector, through the interaction between the oscil-
lating laser field and the induced molecular dipole moment. The induced
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dipole moment results from the interaction of the laser field through the
molecular anisotropic polarizability. The induced dipole moment interac-
tion can be described by a potential energy term V(6) oc cos? @ where 6
is the angle between the molecular axis and the laser electric field vector.
This potential presents a symmetric double-well with minima at § = 0 and
0 = 7. Because of the fast oscillations of the electric field this technique can-
not orient the molecule; it only produces alignment. The lower energy levels
correspond to the so called pendular aligned states. Later in 1999, Friedrich
and Hershbach proposed [13] to combine an electrostatic field with the laser
field to achieve molecular orientation in addition to alignment. The pen-
dular level induced by the laser field comes in nearly degenerate tunneling
doublet states of opposite parity. If the molecule is polar, the introduction
of a static electric field couples the two components of a doublet, inducing
tunneling and thus orientation. This idea has been implemented by Sakai
et al. recently [14]. At the same time another scheme was proposed by Dion
et al. [15] and refined by Guerin et al. [16]. It consists in using two lasers
with different frequencies w and 2w and different phases. An experimental
confirmation was performed by Ohmura et al. in 2004 [17].

All those schemes rely on a slow switching of the laser, inducing an
adiabatic passage from a pure rotational state of the free molecule to an
aligned or oriented pendular state of the molecule interacting with the field.
The alignment or orientation can then be maintained while the molecule
is interacting with the laser field. But the alignment and orientation is
completely destroyed when the laser field is switched off adiabatically. This
has the drawback that the intense laser field can modify the physics and/or
the chemistry and can constitutes an obstacle in some applications which
require free oriented molecules.

Hence, researchers have begun to focus on pulsed schemes which is the
opposite of the adiabatic case, the objective being to produce free (non in-
teracting) aligned or oriented molecules during sufficiently long time. The
first experimental demonstration of post pulse alignment was achieved by
Rosca-Pruna and Vrakking [18], and was followed by several other groups
(for a review see [19]). In these experiments a short laser pulse interacts
through the molecular polarizability, and creates a coherent superposition
of rotational eigenstates. Constructive interference of the component in
the wave packet, and thus alignment, occur shortly after the pulse and
repeat periodically in time. The molecular alignment can be detected by
a sudden dissociation of the molecule, in that case the angular distribu-
tion of the fragments reveals the alignment of the parent molecule. The
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molecular alignment can also be detected by non destructive spectroscopic
methods [20, 21]. These non-adiabatic schemes are interesting for appli-
cations of aligned molecules because it enables alignment under field free
conditions. For alignment based on a single short laser pulse, stronger align-
ment of a molecular sample is obtained by increasing the pulse intensity.
This approach is limited by saturation of the alignment itself, or by the
requirement that alignment pulse intensity must be kept below a threshold
corresponding to unwanted processes such as dissociation or ionization of
the molecule. The idea to use a train of laser pulses to control the molecular
alignment was first proposed by Averbukh and Arvieu [22, 23]. The goal
is to obatain better alignment or orientation efficiency with a lower laser
intensity in each pulse.

In this article we will attempt to summarize recent results concerning
the control of orientation or alignment of linear molecule by a train of laser
pulses. These results have been obtained in the collaboration between the
author and O. Atabek, D. Daems, C. M. Dion, S. Guerin, H. Jauslin and
D. Sugny [24-27]. The chapter is organized as follows: In section 2, we
present the model used to describe the molecule and its interaction with
the laser pulses. Section 3 is devoted to the control problem. We first try
to formalize the controls objectives and show how to build target quantum
states that corresponds to an aligned or oriented molecule. Then, we show
strategies to reach these target states with a train of laser pulses. Two
cases are envisaged: the control of a pure state, where the molecule can
be considered initially in the ground states (zero temperature). And the
control of a mixed state, where the molecule is initially in a mixed state
describing a thermal ensemble. Finally, we end with a conclusion and some
prospects.

2. The Model
2.1. The free molecule

We consider a linear molecule as a rigid rotor. This is of course an approxi-
mation, because a molecule posses many other degree of freedom than the
rotational one: electronic motion and vibrational motion which correspond
in general to higher frequency modes. These other degrees of freedom can
be safely ignored if we can consider that the molecule remains in its ground
electronic an vibrational quantum state. In our case, this implies that the
laser frequency used for the control is not equal to a transition energy
between theses modes.



6 A. Keller

~
I
I
|
>
y

|
|
J
Fig. 1. Spherical angles defining the rotor position in space.

The position of the linear molecule in space is given by the spherical
angles (0,¢) where 6 is the co-latitude and ¢ the azimuthal angle (see Fig. 1).
The Hamiltonian of the free molecule corresponds to the rotational kinetic
energy:

Hy = BJ? (2.1)

where B is the rotational constant which is related to the inertia moment I
of the molecule by B = 57. J? = J2 +.J2 4 JZ, where J;(i = x,y, z) are the
components in the laboratory frame of the angular momentum operator.
The eigenvectors |j,m) of H = BJ? can be chosen as eigenstates of .J, with
eigenvalues m (H, does not depend on ¢). We have :

J23,m) = j(G + Vi, m),

J2|j,m) = ml|j,m), (2.2)
with j € N and —j < m < +j. To a rotor energy E; = Bj(j + 1) corre-
sponds 25 + 1 degenerated quantum states. In the (6,¢) representation the

eigenvectors are represented by spherical harmonics: (6, ¢|j,m) = Y} .,.(6, ¢)
and the Hamiltonian is the spherical Laplacian:

1 9 sin g d N 1 02
- Y spnol L~ Y
sin 6 06 09 sin?00¢? |’
defined on the Hilbert space H = L?(S?).

The evolution operator Uy(t, to), solution of the Schrodinger equation:

Hy = (2.3)

.0
ZEUo(tyto) = HoUo(t,to); Ulto,to) =1, (2.4)

which is periodic in ¢ with period Tt = 5. Trot is called the rotational
period.
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2.2. Molecule-laser interaction
2.2.1. Dipole moment interaction

If the molecule is not symmetric, it can interact with light through its
permanent dipole moment ji. In that case the interaction Hamiltonian is
given by:

V, = —ji- E(t) = pE(t) cos#, (2.5)

where E(t) = E(t)é, is the laser electric field which we consider as linearly
polarized in the z direction. The laser electric field is written as

E(t) = E(t) coswt, (2.6)

where w is the laser angular frequency and £(t) is the pulse envelope with
a typical duration 7. The propagation of a light pulse in vacuum requires
that

/mEmﬁzu (2.7)

In a typical laser pulse, the duration 7 is much longer than the carrier
period T, = %’T, as a consequence the electric field is almost symmetric
in space. It is clear that such a laser pulse cannot orient a molecule. It
has been shown [28, 29] that it is possible to generate very special pulses,
called half-cycle pulses, with a duration of the order of picosecond (10719 s),
with a very highly non symmetric shape. This pulse shape can be divided
into two parts: The first part of the pulse is short and the amplitude of
the electric field can reach a large value. The time integral of the electric
field corresponding to this first part is not zero giving us the possibility to
orient the molecule. On the contrary, the second part of the pulse takes a
longer time but with a very low electric field, such that Eq. (2.7) is fulfilled.
The effect of this second part of the pulse on the molecule can be safely
neglected [30].

2.2.2. Polarizability interaction

If the molecule is symmetric (a homonuclear diatomic molecule for instance)
it cannot posses a permanent dipole moment. But the interaction with the
laser field can polarize the molecular electronic cloud giving rise to an in-
duced dipole moment: ji(t) = ‘@ E(t) where ‘@ is the molecular polar-
izability second rank tensor. For a linear molecule the induced [ can be
decomposed into the sum of a component parallel to the molecular axe:
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p| = o) and an orthogonal component: p; = ay F,. The interaction
of the laser field with this induced dipole moment gives the interaction po-
tential: V(¢) = —fi(t) - E(t) = —(WE(t)) . E(t). For a linear molecule, it
becomes: V(t) = —aE?(t) cos®§ — ol E*(t), where a = oy — a. In the
case where the laser pulse duration is long compared to the carrier period
Ty, [31, 32] and to the rotational period Tyo, an effective interaction oper-
ator can be obtained by averaging V (t) over the period T7,. In this way we
obtain the interaction Hamiltonian:

Vi (t) = —a&%(t) cos? 8 — a EX(t), (2.8)

where only the laser pulse envelope plays a role. For a symmetric molecule,
only alignment makes sense, it is clear that such interaction in principle
can also align the molecule.

The time-dependent Hamiltonian describing the molecule interacting
with the laser field can be written as:

H(t) = Ho + V(o) (b). (2.9)

2.3. Molecular states time dependent evolution

The evolution operator for the interacting molecule is the solution of the
Schrédinger equation:

0

aU(t,to) = [Ho + V) )] U(t, to);  Ulto, to) = 1.
We note that the Hamiltonian (and the evolution operator) does not depend
on ¢ thus the quantum number m is conserved during the evolution.

We now consider two different cases depending on the initial molecular

state.

2.3.1. Pure state

We first consider the case where the molecular initial state is a pure state,
for instance if the temperature is low enough to ensure that only the ground
rotational state of the molecule is populated. In this case the initial state
is an element |t(tg)) € H and its evolution from time ¢g to ¢ is given by

[(t)) = Ut to)|1(to))- (2.10)

If O is an observable, i.e a self adjoint operator on H, then we define the
expectation (O)(t) of O in the state [¢(t)) at time ¢ as

(0)() = (Y ()|OP()). (2.11)
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2.3.2. Mized state

For most molecules it requires very low temperature (less than 1 K) to
ensure that only the ground rotational state is populated. We thus con-
sider also the case where the initial state of the molecule is in a statistical
superposition of rotational states. In that case, the initial state at time ¢q
can be described by the density operator p(to) which is a self adjoint posi-
tive operator on H, with tr[p(¢o)] = 1. For an initial thermal ensemble at
temperature T' the density operator is given by

p(to) = (tr [efﬁHO})il e PHo, (2.12)

where 3 = % and k is the Boltzmann constant.
The time evolution of p from time ¢ to time ¢ is given by

p(t) = U(t’to)p(tO)Uil(tatO)v (213)

we see that the evolution is unitary. We note that the spectrum of p(t) is
conserved during such an evolution, and that an initial mixed state remains
mixed during the evolution; it cannot be converted to a pure state.

The expectation (O)(t) of an observable O in state p(t) at time ¢ is given
by

(0)(t) = tr]p(t)O]. (2.14)

2.3.3. Sudden approximation

We consider short laser pulses, such that the pulse duration 7 is very small
compared to the rotational period T;ot. This condition is routinely achieved
in laboratory. Indeed typical molecular rotational periods are of the order of
several picoseconds and laser durations less than 100 femtoseconds are now
easily achievable. In that case, it can be shown [33, 34] that the evolution
operator U(t, tg), solution of Eq. (2.3), can be factored as

Ut > 7,0) ~ e HoteiVu(

= Uo(t, O)Uv,

where we have defined

“+o0
Vi) = / Vi (")dt’, (2.15)

— 0o
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more precisely,

+oo
v, = {a/ Ez(t’)dt’} cos? 6 = A, cos® 0,

+oo
YV, {u / E(t') cos wt’dt’} cosf = A, cosb. (2.16)

2.4. Alignment or orientation characterization

To quantify the degree of molecular orientation or alignment two measures
are used.

2.4.1. Orientation

The molecular orientation will be characterized by the expectation (cos ).
A perfect orientation is achieved if |(cosf)| = 1. Here cosf is considered
as an operator on H, and its matrix representation in the basis of free
molecular eigenstates |j, m) is tridiagonal. It can be written as

cosf= > Cimlli+1m)(G.m|+j,m)(j+1,ml, (2.17)
Jslm|<j

~ _ [ Grnrom® ]2 icenstates |i
with Cjm = | Gy | - We note that free molecular eigenstates |j, m)

are not oriented: (4, m|cos@|j,m) = 0.

2.4.2. Alignment

To characterize the degree of molecular alignment, we use the expectation
{cos? 6). For free molecular rotational states (j, m|cos?0|j,m) # 0 in par-
ticular (j = 0,m = 0| cos®0|j = 0,m = 0) = 3.

3. Control
3.1. Control objectives

Our goal is to maximize the orientation or the alignment of the molecule,
more precisely we want to find a laser field such that the expectation
(cos0)(ts) or (cos? 0)(ts) reaches its maximum value for some finite time ;.
In addition, we impose that at time ¢; when the orientation (or alignment)
reaches its maximum value the molecule has to be free, that is E(ts) = 0.
This condition ensures that experiments using such oriented molecules will
not be perturbed by the orienting laser field. Furthermore, we would like
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to obtain an oriented (or aligned) molecule during long enough time. The
maximum achieved value for the orientation (or alignment) will be called
efficiency of the control. The time during which the orientation (alignment)
takes high enough value will be called persistence.

To show that indeed a control is necessary, we first compute the evolu-
tion of the orientation (cos#)(t) as a function of time ¢, after the interaction
with a single short pulse. The results of such a computation are presented in

1 T
A=035 |
A=1
— A=15
0.5F —A= .
R |
D
g OfF y,
Q
v
-0.5F
1 . ! . ! . ! . ! .
0 0.2 0.4 0.6 0.8 1

t/T

rot

Fig. 2. (cos6) as a function of time in units of the rotational Tyt period, for 4 values
of the amplitudes of the radiative coupling A, = 0.5,1,1.5,3. The initial state is the
ground state |7 = 0,m = 0) and a single pulse interacts with the molecule at time ¢ = 0.

Fig. 2, for four values of the radiative coupling A,, (see Eq. (2.16)). We note
that increasing A, first increases the maximum value reached by (cos#8),
but value of A, higher than 1.5 does not increase any longer the value of
(cosB). Orientation higher than (cos#) = 0.7 cannot be reached with such
an intense single pulse. Furthermore, the increase of the radiative coupling
causes a decrease of the persistence. Indeed, if we take as a measure of the
persistence the time during which the value of (cosf) is higher than 0.5,
we see that increasing A4, from 1 to 3 decreases the persistence by a factor
of 3. This can be explained, by the fact that increasing the radiative cou-
pling increases the kinetic energy transfered to the molecule, inducing fast
rotation of the molecule.

In conclusion, to obtain good orientation during long enough time, a
single intense pulse is not sufficient. An alternative idea is to use a sequence
of short pulses and to optimize the delay and intensities of such pulses.



12 A. Keller

In the sudden approximation the evolution operator corresponding to a

sequence of N short laser pulses at time ¢,(n = 0,1,2,..., N — 1) can be
written as
N—1
U(t > tN—l; O) — e—iHo(t—tN) H eiHo(tn+1—tn)€iAn COSQ. (31)
n=0

We have at hand, N — 1 time delays (¢,+1 — t,) and N amplitudes A, as
control parameters that can be optimized to achieve our objective.

But before we describe the control strategy, we first will define target
states that maximize the expectation (cos#). Then in a second step we look
for laser pulse sequences that bring the molecule from their initial state to
the target state. We first consider the control for pure states and then we
envisage the case of mixed states.

3.2. Control at zero temperature — Pure state control
3.2.1. Target states

Zero temperature means that the initial state of the molecule is simply
the ground state |¢pg) = |j = 0,m = 0). Because the evolution is unitary,
the state remains pure during the time evolution. Furthermore, the z-axis
angular momentum projection m being conserved its value remains m = 0.
Thus, we look for a state |x) € H which maximizes (x|cosfyx). But the
maximum value of (cosf) is 1, and the state that realizes this bound is not
physically acceptable. It is not a smooth function of 6, or in other words it
corresponds to a molecule with an infinite kinetic rotational energy.

To define physically acceptable target states we proceed as follows. We
define the finite dimensional Hilbert H(==<) as the complex linear span of
{15,m =0):7 =0,1,2,..., jmax}. We look for the state |yTmex)) g HUmax)
which maximizes (xma)|cos@yUmax)), This state, which we call the tar-
get state is simply the eigenvector of cos #Umax) with the highest eigenvalue
AUmax) where cos @Umax) is the restriction of the operator cos 6 in the H (max)
finite Hilbert space. Of course this target state depends on the chosen di-
mension jyax for the HUmax) Hilbert space. We can choose the value of
Jmax SO that the target state corresponds to a suitable oriented molecule.
In Fig. 3, we present the angular probability distribution P(6, ¢) defined as

2

g |dmax

D Gim = 0xUm)Yio(0,0)| ,  (32)

=0

P(9,9) = (0. 9lx )|
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as a function of @ for three values of jyax, jmax = 1,3 and 5. A good surprise
is that a very well oriented state is obtained with low value of jmax. Indeed,
the orientation expectation values (cosUmax) §) obtained in each case are:
(cosUmax) ) = 0.57,0.86 and 0.96, respectively.

(a) (b) ()

Fig. 3. Angular probability density P(6,¢ = 0)/P(0) in polar coordinate for the target
state (see Eq (3.2)) as a function of 0, for three value of jmax. (&) jmax = 1, (b) jmax = 3
and (¢) jmax = 5.

To evaluate the orientation persistence of these target states we have sys-
tematically calculated the free evolution of these target state |y(max)(t)) =
Uo(t,0)|xUmax)) and computed their orientation expectation (cos#)(t) =
(xUmax) (t)] cos Oy Umax) (1)) as a function of time. In Fig. 4 the time evolu-
tion of (cos 0)(t) is presented for jmax = 1, 3,5. As we have noted previously,
we see that as jmax increases the persistence decreases. But for jpmax = 5
the orientation remains greater than (cosf) = 0.5 during more than than
10% of the rotational period, this can correspond to several picoseconds
for a usual molecule. In Fig. 5, we present the target states efficiency and
persistence for values of jyax ranging from jpax = 1 t0 jmax = 12. The per-
sistence is defined as the time during which the orientation remains greater
than (cos@) = 0.5. We see clearly in this figure that while jpax increases,
the orientation increases but the persistence decreases. To choose the value
of jmax, & compromise must be made. We choose jnax = 5 as a good com-
promise. The same method for building target states for the alignment
control purpose can be applied, by replacing cos by cos? §. We are confi-
dent that the same approach can also be applied to other control problems
in an infinite dimensional Hilbert space, where the goal is to maximize the
expectation of an observable. We emphasize that this way of determining
the target state does not depend on the characteristics of the molecule.
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1.0

.j max— 1

0.8

j max— 3

0.6
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0.4
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(cosh)
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-0.2F
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Fig. 4. (cos0)(t) as a function of time, for 3 target states corresponding to the value
of jmax = 1,2, 3. The initial state is the corresponding target state and the evolution is
the free evolution computed with Uy(t, 0).
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Fig. 5. Target states orientation (cos ) (in blue and left vertical axis) and persistence
(in red and right vertical axis) as a function of jmax. The persistence is defined as the
time during which the orientation remains greater than (cosd) = 0.5, and is given in
unit of the rotational period Trot.

Now that we have precisely determined the target state, we want to
find a control strategy to reach this target state form the molecular ground
state.
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3.2.2. Open questions

Before we discuss any details of the strategies used to control the orienta-
tion, we present some open questions that are both of mathematical and
physical interest. At first sight, in our context, the control objective can be
formulated as:
For a given target |X(jmax)), is it possible to find two finite sequences,
7, and A, such that
o)

<X(jmaX)

This might be too demanding. Indeed, the infinite dimensionality of the
Hilbert space H makes it very difficult to achieve such a task. We can
reformulate the objective in the following less demanding way:

=1.

N—-1
H e*iHo Tn ei.An cos O
n=0

For a given target state | x(j"‘ax)> and for a given ¢, are there two finite
sequences, 7, and A, such that
71=0m= 0>

If the answer to this question is positive, then we can further ask: how
many kicks are needed to reach the target state within e.

Because, we do not have answer to theses questions we must proceed
by doing numerical experiments.

N—-1
H e—iHOTnei.An cos 0

n=0

< €.

3.2.3. Strategy of mazima

This strategy consists in applying a laser pulse each time |<X(j"'axz5) |w(t)>‘
reaches a global maximum over a rotational period. In Fig. 6, we present the
evolution of |<x<jmax:5) |w(t)>‘2 as a function of time ¢, under such strategy.
We see that after ten laser pulses the target state is almost reached. The
target state is not exactly reached because of the infinite dimensional nature
of the Hilbert space. To evaluate the robustness of this strategy, we have
made calculations with different laser amplitudes A, & 20% but with the
same time delays. The numerical results are presented in Fig. 7, showing
that this strategy is indeed robust.

3.2.4. Optimization with an evolutionary algorithm

For experimental applications, the control of more than 2 or 3 pulses be-
comes a difficult task. Hence, we look for a solution with only two laser
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(cosb)

o I
—
—
+
—
=
B
X .
>~ 0.2
0.1
.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
t/Trot

Fig. 6. Strategy of maxima. Bottom panel: ‘(x(jmaxzm W)(t)>|2 as a function of time ¢
in unit of rotational period Trot. Top panel: (cos0)(t); the horizontal dashed line repre-
sent the value of (x(Imax=5)| cos fx(Jmax=5)), The dashed line corresponds to numerical
calculation in the 6 dimensional Hilbert space H(/max=5) The solid line corresponds to
calculation in a higher dimensional space. The initial state is [j = 0,m = 0). A pulse is
applied each time‘ <X(jma":5) W)(t)>| reaches a global maximum over a rotational period.
The laser amplitude A, = 1 for all pulses and ten pulses are used.

(cosh)

()

w04

| (x{

0.2

0'%.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
t/Trot

Fig. 7. Robustness. Same calculation as Fig. 6 but with different laser amplitudes A,.
Solid green line same as Fig. 6, A, = 1. Dashed red line A, = 1.2. Dashed blue line
Ao, =0.8.
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pulses, and optimize the delay and laser amplitudes in order to maximize
SUD; (0, Thor] |<X(jmxz5)|w(t)>|2. The optimization was done with an evolu-
tionary algorithm. The result is presented in Fig. 8, which shows that a
very satisfactory solution is obtained. Indeed, the target state is almost
reached, the maximum value being |(x === ¢ (t)) |2 = 0.9887 with pulses
amplitudes given by A, = 0.9741, 3.2930 and a time delay between the two
pulses equal to 0.2419 X Tio;. The orientation reaches almost its maximal
value in H(max=5) Hilbert space. In conclusion, we have successfully found

(cost)

|dO(e)) ]

0'%.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
t/Trot

Fig. 8. Time evolution of the orientation (top) and |<X(jma’<:5)|'¢)(t))‘2 (bottom) with
two laser pulses, where time delay and amplitudes has been optimized. The horizontal
line represent the highest orientation value reachable in the H(imax=5) Hilbert space.

a very simple solution to the problem of orienting a linear molecule at zero
temperature, with only two laser pulses. The steps to find this solution was:

e Define a finite dimensional Hilbert space where the dynamic is approxi-
mated.

e Define a target state space which maximize our objective in this finite
dimensional Hilbert space.

e Find a strategy to reach the target state from the initial state.

The problem is that in current laboratory experiments, the temperature is
higher than the rotational energy, hence molecules cannot be considered as
being initially in their ground state. In the next section we will see how to
adapt the present scheme for a non zero temperature.
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3.3. Control of a thermal ensemble — Mized state control

We now consider a thermal ensemble initially described by the following
density operator pg:

po=ge = =% Z e PPIGT j m)Gml,  (33)
J 0m=—j
where
Z = tr[ePHo] = §7 (25 +1)e =BG (3.4)
7=0

and [ = W with k£ being the Boltzmann constant.

The eigenvalues of pg given by £e #BiU+) are (25 + 1)™ degenerated,
since they do not depend on m. Hence, the finite HUm=<) Hilbert space that
we will use to define the target states is now defined as the linear span
of {|7,m);5 = 0,1,2,..., jmax and |m| < j}. The dimension of Hmax) ig
given by: N; . = ;Z‘B" fn__J 1 = (2j+1)% We note that contrary to the

zero temperature case the minimal dimension N;
accurately our system will be determined by the temperature T'.

required to represent

3.3.1. Target states

As for the zero temperature case we look for a state popt which maximizes
(cos#) in the space HUmax)  But now Popt 18 a density operator and the
expectation (cos#) is given by (cosf) = tr[pop cosf]. We also require that
Popt Must be reachable from the initial state pp. This implies that popt
must be unitarily equivalent to pg; i.e there exists a unitary operator U in
Hmax) such that Popt = U *1p0U . Hence, popt has the same spectrum as
po- The density operator pop fulfilling these properties is represented by
a diagonal matrix in the eigenbasis of the cos #Um=x) operator, and can be
written as [35]

Nijmax

Popt = Z IXn)wn (Xnl, (3.5)

with wy < ws < -+ < wy being the eigenvalues of py (w, = £e ABInlin+1)
ordered in the same way as the eigenvalues y; < y2 < --+ < xn correspond-
ing to eigenvectors |x,) of cos#Umax),

One problem remains, i.e., popt is in fact not reachable from py with the
dynamics induced by the U(t, tg) evolution operator, indeed U (¢, tp) cannot



Control of Molecular Alignment or Orientation by Laser Pulses 19

change the quantum number m. We have taken care about the kinemat-
ical constraint popt = U ~lpoU, but we have not taken into account the
dynamical constraint coming from the specific chosen dynamics, which in-
volves linear polarized laser pulses. To take into account this constraint, we
split the HUmax) Hilbert space as HUmax) = @7=imax plmax) hore each

M=—jmax
Hm) is the linear span of {lg,m); 3 = |m|, |m|[+1,[m|+2,..., jmax}. Cor-

Jmax) _ ®m:jmlax Jmax)

respondingly, the target state can be written as p; A S 2

where each p,(%‘“a") is a density operator defined in the same way as popt by

Eq. (3.5) but in H%"“”‘). Physically, we may say that popt corresponds to
an optimal state where the laser polarization has not been specified and p;
corresponds to the target state that can be reached with a linear polarized
laser.

As for the zero temperature case we can calculate the efficiency and
persistence of theses target states as a function of jmax (see Fig. 5). The
results for a temperature T = 5 K and a rotational constant B such that
BB = 5 which corresponds to the LiCl molecule, are presented in Fig. 9.
In this figure, we see that contrary to the zero temperature case, higher
Jmax S are needed to achieve a good orientation, and consequently with a
lower persistence. Nevertheless, with jmax = 6 we obtain {cos6) = 0.7 and a

T T —
T=5K S
—_— - i
L n —02
06 el 1
Q 7 1 cE
A (] A 1 8
o m—a Optimal 1 3
2 m--m Optimal with linear polarisation 4 §
co4- 1 3
v Z
o —0.15
/ e 41 &
o2 o« . T b4
\ \ \ \ ]
0 2 4 6 8 10

Jmax

Fig. 9. Orientation (squares and left vertical axis) and persistence (circles and right
vertical axis) in unit of rotational period as a function of jmax for the optimal target
states popt (solid line) and the target states p; (dashed line) corresponding to a linear

polarized laser. The temperature is T'= 5 K and % ~0.2.



20 A. Keller

persistence of 0.087 ¢ which is satisfactory. Another surprising result is that
the efficiency and persistence corresponding to pop¢ and p; are almost the
same. This implies that considering linear polarized laser pulses is enough
for our purpose; we cannot achieve better orientation with anymore com-
plex polarization scheme. We emphasize that this result has been obtained
without any dynamical simulation, but just by a detailed characterization
of the target states. The effect of the temperature on the orientation of the

Jmax=5 jmax="7
/2 /2
3 4 3 4
10 10
0 ™ 0
T=5K T=5K
Jmax=5 ]max—7
/2
37/, 4
1.0
0 ™ 0
T=10K T=10K

Fig. 10. Target states angular probability distributions for 2 temperatures T' = 5 K
(top), T'= 10 K (bottom) and for jmax = 5 (left) and jmax = 7 (right).

target states can be seen in Fig. 10, where we have plotted the angular
probability distribution P(f,¢ = 0) for two temperatures 7' = 5 K and
T =10 K, P(0, ¢) being defined as:

= 3 V0.6 (0.6 mlplim) . (3.6)

jm,j’'m’
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Fig. 11. Efficiency (square and left axis) and persistence (circle and right axis) in unit
of Trot for the target states p; as a function of jmax for three temperatures: T'= 2.5 K
(dashed line), T = 5 K (solid line) and T' = 10 K (dashed-solid line). We see here that
as in the case of zero temperature, the efficiency increases and the persistence decreases
when jmax increases. Furthermore, we note that the efficiency decreases with the tem-
perature but that the persistence, if defined as the time during which the orientation
remains higher than half its maximal value, does not depends on the temperature.

We have studied numerically the efficiency and persistence of target states
as a function of jna.x and temperature, for a molecule like LiCl where
B ~ 1 K. The results are presented in Fig. 11. They show that, as in the case
of zero temperature, the orientation increases and the persistence decreases
when jpax increase. In addition, we see that the orientation decreases when
the temperature increases but the persistence almost does not depend on
the temperature. Here the persistence has been defined as the time during
which the orientation remains at half of its maximum value.

We have to concede that at high temperature it is nearly impossible to
orient a thermal ensemble of linear molecules under unitary evolution; low
temperature is required. The possibility to implement non unitary evolution
(dissipative evolution) will be discussed in the conclusion section. Neverthe-
less, for a molecule such as LiCl at temperature 7' =5 K (8B = 0.2), which
is feasible in laboratory using a molecular supersonic beam, we can choose
as a good compromise between orientation and persistence the target state
corresponding to jmax = 6. Indeed, this gives us an orientation (cos #) ~ 0.7
and a persistence of 0.08 X Tof.
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olp(0)pmax="]
. . . . . . ”pC) |.|2 . . . .
time in units of the rotational period Trot. The thick horizontal line indicate the optimal

value (cos 6) in HImax=6_Instants at which short laser pulses occur are indicated in the
bottom panel. The temperature is T = 5 K. The molecule is LiCl with a rotational
constant such that B =~ 0.2. The dashed line corresponds to an evolution calculated in
the restricted Hilbert space H(max=6) and the solid line is for an evolution in a higher
dimensional Hilbert space. We have taken care of comparing the time propagation in
the restricted Hilbert space H(max) and in a higher dimensional Hilbert space. The two
evolutions are very similar thus showing that states outside H(/max) plays only a minor
role.

Fig. 12. Strategy of maxima. (cos #) (top) and (bottom) as a function of

3.3.2. Strategy of mazima

We apply the same strategy of maxima that we have used in the zero
temperature case. The distance between the system actual state p(t) and
the target state p, is evaluated using the Frobenius norm || A|| = +/tr[AT A],
where AT is the adjoint of A. ||p||? is also called purity of the system when p
is a density matrix. Because under unitary evolution the purity is conserved,
it is equivalent to consider the “overlap” S(t) = % as a measure of
distance between p(t) and p.. Hence, we apply the strategy which consists
in applying a laser pulse each time the free evolution of S(t) reaches a global
maximum over a rotational period. The results of such strategy are shown
in Fig. 12, for a temperature of T' = 5 K for the LiCl molecule and with
the target state corresponding to jmax = 6. We see that the target state is
almost reached with 15 pulses with equal amplitudes A, = 1.
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4. Conclusion

We have presented a general method to control the alignment or orientation
of a molecule by successive laser pulses. This control problem corresponds to
a unitary control of pure or mixed states in an infinite dimensional Hilbert
space. The originality of the method relies on a precise definition of tar-
get states which represent the objectives of the control. These target states
are defined in a finite dimensional Hilbert space. As a consequence, the
controlled dynamics that bring the initial state to one target state must
restrict approximatively the system evolution in a finite dimensional space,
with good accuracy. We think that this works with molecular rotational
states, mainly because the energy spacing increases linearly when the state
energy increases. It would be interesting to investigate if the method pre-
sented here can be applied to other systems or other degrees of freedom,
which do not posses such a property.

The method presented here to orient molecule relies on the use of tera-
hertz coherent pulses, the so called half cycle pulses [28, 29]. Until now, no
experimental implementation of this scheme has been realized, which might
be due to the difficulty to produce and manipulate such pulses. Recently,
Sugarawa et al. [36] have proposed a method to orient molecule which com-
bines the adiabatic and the pulsed method. The oriented state is reached by
switching on adiabatically the laser field in the presence of a static field, but
the laser is then switched off suddenly (in less than 200 fs). This method
allows to obtain field-free oriented molecules. This theoretical proposal have
been demonstrated experimentally by Goban et al. [37].

We have presented only the unitary control problem. We have shown
that even with complex polarization scheme, very cold molecular ensembles
are needed to obtains well oriented molecules. This is due to the fact that
thermal mixed oriented target states are less oriented than pure target
states, and that the unitary evolution cannot transform a pure state to
a mixed state. It is natural then to investigate the non-unitary control
problem. Physically, we can think of a molecule interacting with a gas
buffer or in a liquid. The first attempt to address the molecular alignment or
orientation dissipative control is due to Ramakrishna and Seideman [38—40].
The generalization of the method presented here to build target states in
the case of dissipative control has been done by D. Sugny et al. [41]. The
conclusion is that the presence of the dissipative medium is an obstacle
to the orientation. It is not possible to purify the molecular state if the
interaction with the dissipative medium is not controlled.
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Quantum computation is a new interdisciplinary research enterprise
involving physicists, mathematicians, computer scientists and engineers.
In this chapter, we give a quick introduction of the subject. Three funda-
mental principles of quantum informatics: superposition, entanglement
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QED and optical lattices, as candidates for quantum computing gates
are introduced next. Finally, we offer an algebraic treatment by con-
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1. Introduction

The design and construction of the future quantum computer is an ex-
citing development of the twenty-first century. This is a new interdisci-
plinary field, involving physicists, mathematicians, computer scientists and
engineers. Here, we will attempt to give a short course of the basics of
quantum computing, with somewhat more emphasis on the mathematical
aspects. Much of the material in this chapter is scattered but available in
the literature.
Two book sources on quantum computing are:

(i) A general introduction to quantum computation and quantum infor-
mation by Nielsen and Chuang [28], and

(i) A book with emphasis on quantum computing devices, by Chen,
Church, Englert, Henkel, Rohwedder, Scully and Zubairy [10].

In recent years, more books on quantum computing have been published,
at a rapid rate and too many for us to mention here. Also, the number of
research articles appear at an ever accelerating speed. No matter how well
intentioned and planned we (or any other authors) wish to present an up-
to-date introductory or survey paper on the topic of quantum computing,
we must profess that our knowledge is actually quite limited. Nevertheless,
we do hope that this article serves some useful purpose for the interested
readership. The organization of the chapter is made as follows:

(1) In Section 2, we explain three of the fundamental principles of quan-
tum information science: superposition, entanglement and reversibility,
following essentially [10] and [11].

(2) In Section 3, we introduce the mathematical modeling of quantum com-
puting devices. Some recent development has been included.

(3) Section 4 contains original material. Partial success of a unifying treat-
ment for universality of quantum gates has been achieved.

2. A Brief Historical Account, Motivation, and
Three Fundamental Principles of Quantum Computing

Quantum information science has a relatively short history. The cele-
brated physicist R. P. Feynman talked about simulating physics with com-
puters [18] in 1982. Actually two years earlier, in 1980, P. Benioff, another
physicist at the Argonne National Lab near Chicago, already published an
article [2] introducing a quantum Turing machine model. Further, in the
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mid and late 1980s, D. Deutsch published his papers [14, 15] formulating
concrete approaches and introducing a quantum circuit model.

This topic of quantum computing has begun to grow and attract
researchers’ attention. But a major breakthrough, in the form of a “killer
app,” due to the mathematician P. Shor, then at the Bell Labs, published
his quantum factoring algorithm during the mid-1990s [36]. It has really
generated tremendous enthusiasm in the scientific community for quantum
computing and make the field blossom. Shor’s algorithm utilizes quantum
computers’ peculiar properties of superposition and entanglement in quan-
tum mechanics to achieve massive parallelism and unprecedented speedup.
Such properties do not have any classical analogues and, thus, quantum
computers have the potential to execute certain special tasks “exponen-
tially faster” than classical computers.

On the hardware front, the computer industry will soon be facing one of
its greatest challenges — the end of Moore’s Law. G. E. Moore, a co-founder
of Intel, observed the empirical law that the number of transistors that can
be built into an integrated circuit doubled every 18 months and at half
the cost. (Actually, he said 24 months instead of 18 months.) Such efforts
to miniaturize microchips in electronics, if continue to be successful, will
allow nine or ten more doublings and hit a brick wall in 20 to 25 years. The
transistors built into the chip will be of the size of several atoms, and the
current semi-conductor technology will not permit the size to be reduced
further. Microelectronics is inevitably moving into nanoelectronics. There-
fore, the development of quantum information science and quantum com-
puting technology most surely constitutes the future of information science
and technology. It has also become the major impetus to the development
of new general quantum technologies, which, since the invention of the laser
during the 1950s, have changed nearly every aspect of life for the modern
human being.

From the historical perspective, the infrastructure and foundation for
quantum computing were built more than half a century earlier. The follow-
ing three profound events actually constitute the most important preludes
that paved the way for the development of a modern quantum computer

(QC):

(1) The Stern-Gerlach experiment (1920s);

(2) The Einstein-Podolsky-Rosen (EPR) paper [17] (1935) and its reply
from Schrédinger [31];

(3) The Landauer principle on information erasure [25] (1961).
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inhomogeneous magnetic field

Fig. 1. A beam of spin-1/2 particles is sent through an inhomogeneous magnetic field.
The magnetic field is strongly increasing in one direction; let’s call this privileged “z”
direction. Each such particle has a spin magnetic moment. The inhomogeneous magnetic
field causes the particles to be deflected, 1/2 of them up and 1/2 of them down, totally
separated rather than in a continuous distribution, and thus measures the magnetic
moment of the particle and shows that the spin is discrete and (spatially) quantized.

2.1. Spins, the Stern-Gerlach experiment and superposition

Spin refers to intrinsic angular momentum possessed by particles such as
individual atoms, protons, or electrons. It is particularly important in quan-
tum mechanics for systems at atomic length scales or smaller.

The fact that electrons have spins was first discovered in the celebrated
Stern-Gerlach experiment, named after the German physicists Otto Stern
and Walther Gerlach, in 1922 on deflection of silver atoms. The story can
be read in an interesting recent account by Friedrich and Herschbach [19],
where it was pointed out that if it were not due to the cheap cigars that
the two poor burgeoning physicists Stern and Gerlach were smoking, the
split silver atom beams hitting the screen might never have been recorded.

The general concept of elementary particle spin was first proposed in
1925 by R. Kronig, G. Uhlenbeck, and S. Goudsmit [20, 21, 38]. Electrons
are “spin-1/2” particles because their intrinsic spin angular momentum has
s = 1/2. Other elementary spin-1/2 particles include neutrinos and quarks.
On the other hand, photons are spin-1 particles, i.e., s = 1.

The physical setup of the Stern-Gerlach experiment as shown in Figure 1
will be called a Stern-Gerlach apparatus (SGA) from now on. The particles
whose trajectories are in the upper and lower split beams are said to have
spin-up and spin-down, denoted by | ) and | |), respectively.

Thus, the SGA demonstrates a basic, intrinsically quantum property of
spins of elementary particles. (Nevertheless, we need to say that there is
no Stern-Gerlach experiment for electrons or protons because they carry
electric charges and the Lorentz force will deflect them differently.)
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oven

Fig. 2. A beam B of atoms is split by an SGA1, resulting in two split beams By and
Bs. Now let the upper beam Bj pass through a “direction rectifier” R. The function of
R is to straighten the direction of B; to that of the original B.

Now, let us modify the SGA slightly, so that a split beam can propagate
along the same direction (parallel to that) of the original beam; see Figure 2.
From Figure 2, we see that we have an exit beam B; propagating along
a direction parallel to that of the original beam B. The intensity of Bj is
1/2 of the original B. Now, consider three possible actions on the beam By :

(i) Apply to B; an SGA//, aligned in exactly the same direction as SGAq;
see Figure 3(a).
(ii) Apply to B; an SGA* aligned in the direction perpendicular to SGAy;
see Figure 3(b).
(iii) Apply to B; an SGA? aligned in a direction forming an angle # with
respect to the direction of alignment of SGA;; see Figure 3(c).

If we write the spin-up | 1) and spin-down | |) states, respectively, as
quantum bit (qubit) states |0) and |1). Then the experiment in Figure 1
indicates that atoms in the beam are representable in the form of a linear
combination, i.e., superposition

1

V2
where the factor 1/ V/2 is a normalization factor in order to achieve a unit
L2-norm (as |0) and |1) are two orthogonal states).

Indeed, the experiments in Figure 3(c) indicate that a more general
superposition can be of the form

1 0 : 0
. i o
NG <c05 5 |0) 4 e'? sin 5 |1>) , (2.1)

(10) + 1)),



32 Z. Zhang, V. Ramakrishna and G. Chen

sGA! B

(a)
(b)
B,
SGA® By,
SGA, 5

o
(© 12

]

By

Fig. 3. Consider the exit beam Bj from the configuration as in Figure 2. We now let
Bj pass another SGA as set up in the upper right of (a), (b), (c) above:

(a) For SGA’/ whose alignment is identical to SGA1, the beam Bj is deflected upward
to Bf, and the beam does not split.

(b) For SGA-L, the beam Bj splits into a left beam By ¢ and a right beam By ., with
the same intensity.

(c) For SGA?, the beam splits into two beams B} ; and B] ,; one of them has intensity

[

cos? %, the other has sin? 3, where 0 is the angle of the alignment of SGA? relative to

that of SGA1.

i.e., spin states |0) and |1) can have different weights cos? g and sin? g as

well as a phase factor ¢® where the phase factor ¢ makes the superposi-
tion complex. The appearance of ¢ is not obvious from the experiments in
Figure 3. However, we can point out that in many natural quantum system
operations or evolutions, a so-called Rabi oscillation naturally occurs, which
will make a quantum state take a complex form such as in Equation (2.1).
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The above discussions applying SGAs to a particle beam can be reduced
to the case where only a single particle (e.g., a silver atom) is emitted from
the particle gun. Then what we observe is that the single particle has spin-
up with probability 1/2, and spin-down with probability 1/2. This can be
done experimentally by using detectors catching and then counting the
particles in the directions of B ; and Bj ,. As a matter of fact, in general
depending on how this particle was “prepared,” Equation (2.1) shows that
the probabilities of spin-up can range from 0% to 100%.

2.2. Entanglement and the FEinstein-Podolsky-Rosen (EPR)
Problem

A much more complicated situation arises when we deal with two particle
spins or other types of arrangements when they are correlated. This is the
important entanglement case, a scenario arising, e.g., in an atomic decay
problem where two correlated particles are emitted almost simultaneously.

In 1935, Einstein, Podolsky and Rosen (EPR) [17] drew on this special
quantum entanglement phenomenon to show that measurements performed
on spatially separated parts of a quantum system can have an instan-
taneous effect on each other, constituting a paradoxical so-called “non-
local behavior”. Indeed, EPR’s elegant presentation of the entanglement
(Schrodinger’s word) is the basis for the Bell inequality, as well as much of
the stuff of modern quantum mechanics such as quantum teleportation and
quantum dense coding, etc.

We set the stage as follows. Consider a 2-atom molecule (called a
dimer) such as Hj, i.e., the hydrogen molecule consisting of two hydro-
gen atoms, with a combined zero angular momentum of spin. We know
that the hydrogen atom has a single electron (with a nucleus consisting of
a single proton). In the dimer Hj, because of the Pauli exclusion principle,
the combined spins of the two electrons in Hy (in its ground state) must be
antisymmetric, in a so-called spin-singlet configuration:

1 1

ﬁ(l T1l2) — | l112)); equivalently, ﬁ(|01> — [10)), (2.2)

where, e.g., the term |01) represents the tensor product |0) ® |1), and the
subscripts 1 and 2 in (2.2) denote, respectively, the spins of particles 1 and
2. The state in Equation (2.2) is an entangled state, i.e., we cannot have a
factoring

L (j01) - 10)) =z @,

S

2
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(a)

Fig. 4. A dimer, such as Hp, is disintegrated. One particle moves to the left, and the
other to the right. We align an SGA along the z-axis and the z-axis, respectively, in (a)
and (b). In (a), if the left particle is detected to be spin-up on the screen, then the right
particle must be spin-down, | |). In (b), if the left particle is detected in spin-right, then
the right particle must be spin-left, | <).

for any single-spin states « and y. Equation (2.2) implies that if we measure
the spin of particle 1 to be 7 (equivalently, 0), then that of particle 2 will
be | (equivalently, 1), and vice versa.

At time t = 0, we disintegrate the dimer but do not disturb the spins
in any way. Then the two broken-up parts move off to opposite directions.
See two experimental arrangements in Figure 4(a) and (b).

From the experiments depicted in Figure 4, EPR argue that: “Since at
the time of measurement the two systems no longer interact, no real change
can take place in the second system in consequence of any thing that may
be done to the first system. This is, of course, merely a statement of what
is meant by the absence of any interaction between the two systems.”

To give a concrete mathematical resolution of this paradox, Bell pro-
posed a verifiable inequality that any theory which satisfies realism and
locality should satisfy. Specifically consider the following thought experi-
ment. C' prepares two particles, one of which he sends to A (Alice) and
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the other to B (Bob). A, upon receipt of her particle, performs one of two
measurements randomly on her particle. Call these measurements @) and
R (each performed with probability 1). Similarly B performs one of two
measurements S or T, each with probability % on his particle. All these
four measurements take only the values +1 or —1. We make the following
two assumptions about the experiment:

Realism: The physical properties which the above measurements seek to
explore exist independent of observation.

Locality: A’s measurements on her particle has no influence on the out-
come of B’s measurements on his particle and vice-versa.

We now give a rather concise discussion. A somewhat more detailed
description may be found in [39], and the original technical source is [12].
Under these assumptions it can be shown that

E(QS + RS+ RT — QT) < 2,

where F is the probability expectation. The above inequality is called both
the CHSH inequality (named after the four authors of [12] and (one of)
Bell’s inequalities. Now consider a quantum system of two qubits prepared
in the state

1
V2

Let the first qubit be sent to A and the second to B. Let their corresponding
measurements be Q = 0, ® I, R = 0, @ I, S = —%IQ ® (02 + 02),
T = \%IQ ® (0, — 04), where o, and o, are the standard Pauli matrices
(see Subsection 3.2) and I is the 2 x 2 identity matrix.

Then a straightforward calculation shows that

[¥) (1) — [10)).

E(QS+ RS+ RT —QT) =2V2 > 2.

Thus this system violates the CHSH inequality. Thus, at least one of real-
ism and locality must be violated. Subsequent experimental evidence has
vindicated the actual violation of Bell type inequalities.

There is a lesson drawn from the EPR problem: Statements such as
“particle 2 is in the spin-down state | [2)” already before particle 1 is found
in the spin-up state | T1) are meaningless. The property of being a pure-
state spin-up particle, say, is not possessed by particle 2 before an up/down
measurement on particle 1 has found it spin-down. This is quite analogous
to the situation discussed in the quantum eraser ([32, 33]).
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The EPR paper suggested that quantum mechanics was incomplete or
only a kind of partial theory. That is, just as thermodynamics is a gross
(macroscopic) theory of the underlying statistical mechanics, perhaps there
are deeper hidden variables for which quantum mechanics plays the role
of a kind of “macro-cover theory” (in the spirit of thermodynamics). In
particular, Einstein hoped that quantum theory could be supplemented by
some additional “hidden” variables.

As another consequence, we have deduced that there are nonlocal corre-
lations in the real world. Hence there are no local hidden variable theories.

Let us argue a little bit more about “locality” and “causality” from
the EPR lesson. Consider the classical correlations of two balls in colors
of white and black, respectively. You take one at random, but do not look
at it and travel to the Moon, and leave the other one on Earth. The very
moment you look at the ball on the Moon, you know for sure that the other
on Earth has the opposite color! This does not imply that information is
flowing instantaneously from the Moon to the Earth, of course. The tricky
thing about spin-1/2 is that this argument holds for any orientation of
the SGA’s. Correlated measurements along up/down could equivalently be
described by the above classical correlations.

Another conclusion one draws from the above study which leads to the
violation of the CHSH inequality is that states such as these properties
which could conceivably be harnessed for quantum information processing
tasks. This is indeed correct. Such states (together with cleverly chosen
measurements) enable tasks such as teleportation, dense coding, crypto-
graphy (though the original quantum cryptography protocol BB84 does
not require such entangled states).

2.3. Reverstbility and irreversibility, the Landauer principle

Calculations in electronic digital computers are done by logic gating oper-
ations based on the binary Boolean logic. The basic Boolean logic consists
of three Boolean operations: = (NOT), A (AND), vV (OR), as indicated by
the following tables.

Actually, we only need — and A two operations because

zVy =-[(=x) A(-y)],
and thus, the “OR” operation V is expressible in terms of — and A. Similarly,

the “AND” operation A is expressible in terms of = and V.
There are other operations such as “COPY,” defined as

COPY z = zx,
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Table 1. Truth tables for = (NOT), A (AND) and V (OR). Note that
— is reversible, but A and V are not reversible.

x Yy AN x Yy xVy
x| -z 0o 0 00 0
@ o1 (® o1 0 () of1]| 1
1] 0 10 0 1]0 1
1)1 1 1)1 1
“FAN-OUT”
X
X
X FO g (multi-copies of the input X)
X
X

among others.

Now, we turn to a seemingly totally different topic of computer heating.
The design and operation of the modern electronic computer engenders seri-
ous heating of the machine which is a major problem. Such heat dissipation
often causes malfunctioning of the machine and is an obstacle to computer
circuits miniaturization; it has to be countered by expensive and sophisti-
cated cooling devices and facilities. During the early 1960s, researchers at
IBM, led by Rolf Landauer, took on this problem in the hope of designing
computers that are energy efficient and not plagued by overheating.

Historically, many scientists (including Brillouin and von Neumann) be-
lieved that there is an intrinsic cost involved in information processing, such
as the execution of a logic operation by CPU, the copying of information
from one memory medium to another, and the measurements of outputs
from information flow. For example, there is a so-called Szilard’s Principle,
which states that it is information gathering that requires an increase in
entropy. The finding of the IBM researchers was astounding: that belief
was actually a misconception. There is no intrinsic irreducible thermody-
namic cost required of information processing, acquisition and measure-
ment. However, the logical reversibility or irreversibility such as shown in
Table 1 determines whether there is a minimum cost associated with the
information processing. This is Landauer’s principle, often regarded as the
basic principle of the thermodynamics of information processing. It will be
stated more precisely in the following paragraphs.
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To explain why this is true will take too much space. Here let us just
try to offer some insights. We first recall some history of thermodynamics,
information theory and the second law of thermodynamics.

The second law of thermodynamics, first formulated by Rudolph Clau-
sius in 1850, states that the entropy of any totally isolated system not at a
thermal equilibrium will tend to increase with respect to time, approaching
a maximum value. Here, the entropy S is defined through its increment
dS by

ds = ?, satisfying dS > 0,

where d@ is the transfer in energy in the form of heat, and T is the tem-
perature.

For macroscopic systems, the statistical formulation of entropy implies
that the second law is overwhelmingly likely to be accurate. However, a
non-zero probability is allowed for it to be measurably inaccurate. The
great physicist J. C. Maxwell, in his study of thermodynamics, posed an
intelligent being, later referred to as Mazwell’s Demon, to demonstrate
that there could be situations in which the second law is violated. The
violation of the second law of thermodynamics is a big controversy and
Maxwell’s Demon attracted the attention of many scientists. Szilard [37]
(1929) suggested a simplified version. An excellent discussion may be found
schematically in Plenio and Vitelli [29].

In Maxwell’s supposition, an element of consciousness or intelligence
entered into the realm of physical science, as the Demon were able to sort
out molecules with higher and lower energies. The role of such intelligence
of the Demon has generated significant debates as to how and whether
one ought to characterize it physically. This issue of vagueness involving
intelligence can be avoided by the substitution of an automatic mechanism
which can perform Demon’s functions. (Indeed, an SGA could perform such
a function in principle.) With this, the paradox of Maxwell’s Demon was
still not easy to resolve. A satisfactory exorcism of the Demon was finally
made by Charles H. Bennett in [3] (1982) by applying Landauer’s principle.
In Landauer’s study [25] (1961), he had an important insight about a funda-
mental asymmetry in information processing. For example, the negation of
a binary variable or the copying of classical information, cf. Table 1(a), can
be done reversibly without expending any energy. But when information is
erased, or if an irreversible binary logic operation such as a A b = ¢ is exe-
cuted, where A is the “AND” operation as introduced in Table 1(b), there is
always an energy cost of k7' In2 to be consumed, where k is the Boltzmann
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constant and T is the absolute temperature. In information theory, consider
a system with n events (or states), each with probability of occurrence p;,
fori=1,2,...,n, where 0 < p; <1 and p; +p2 + -+ p, = 1. Then the
total information “value” of the system is (defined by) the Shannon entropy

Hg = — Zpi logpi, (log = logarithm with base 2). (2.3)
i=1
The above entropy can be linked to the Boltzmann entropy
Hp=—-kln2 Zpi logp;, (ln = the natural logarithm) (2.4)
i=1

by considering (from statistical mechanics) how many arrangements there
are in the assemblage of matter and energy in a physical system. The term
k1n2 is a scaling factor in the conversion from the classical Shannon infor-
mation entropy (2.3) to the Boltzmann entropy (2.4). For a (1-bit) binary
system, the single 1-bit 0 and 1 occur with equal probability p; = ps = 1/2,
so we obtain

1 1 1 1
Hp =—kln2 {5 log (5) + 3 log (5)} =kln2. (2.5)

Landauer argues that in any irreversible computing where information is
lost, forgotten or erased, the entropy so obtained is the amount of ther-
modynamical entropy you will generate in erasing the information. The
least of which is one bit of information. Thus, the Boltzmann entropy is
(2.5), which after multiplying by T', gives the minimum of expended energy
kT In 2 (dissipated into the environment). This is the Landauer principle of
information erasure. From this principle, one can actually derive the second
law of thermodynamics [29].

The discussions in this section so far are all classical. But now let us
be equipped with quantum mechanics and revisit Maxwell’s Demon. What
Maxwell envisioned in his Demon’s function having the ability to sort out
molecules with faster and slower speeds is no longer as impossible or far-
fetched as Maxwell originally thought. Indeed, an SGA can certainly achieve
that in principle, where higher energy and lower energy atoms in an atom
beam are separated (i.e., sorted out) by an SGA. The tracking and de-
tection of their trajectories can be done, e.g., by cavity-QED (see Subsec-
tion 3.3, e.g.) and photo-detectors. However, in the quantum realm, some
unexpected, amazing phenomena happen. When we observe and determine
the path of an atom in a double-slit Young’s experiment, the situation is
as follows:
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(i) If the path information is fully available (irrespective of whether there is
any human knowledge about it), then there are no interference fringes;

(ii) If we have interference fringes of perfect visibility, then there cannot
be any path knowledge available.

However, it does not follow that whenever there are no fringes, then path
knowledge must be available. Rather, it is quite easy to have a situation
where neither path knowledge nor fringes are available. Even then, it may
be possible to restore fringes by a “postselection” procedure called “quan-
tum erasure”. The nomenclature of “quantum erasure” — like so many
other terms — could be somewhat misleading. Key studies of the quantum
eraser process are [32, 33], and experimentally confirmed in [23, 41]. This
puzzle of quantum eraser turns out to be a quantum mechanical analogue of
Maxwell’s Demon. Since information erasure has taken place in this process,
Landauer’s principle applies to the quantum eraser.

In order to discuss the concept and setup of the quantum eraser, some
prerequisite on cavity-QED is necessary. We thus refer the discussions
to [10] as well as Subsection 3.3.

An elementary introduction to Maxwell’s Demon, Szilard’s engine and
quantum eraser can be found in Scully and Scully [35].

As a final note of this section, we mention that all quantum processes
are unitary and reversible. This follows from the fact that the evolution of
a quantum system follows the Schrodinger equation

N

NS, 0) = H(E, (7, ),

where there is a 2-parameter family of evolution operator U(s,t) which in
some way constitutes a unitary group. Therefore, the logic operations in
quantum computing, based on unitary operations, are always reversible (in
“idealistic environments”). This is a major distinction between classical
computing and quantum computing. Thus, ideally, a quantum computer
can carry out computations without any energy cost and problem associated
with heating. Nevertheless, we need to keep in mind that in reality, the
environment is mostly not idealistic. If the situation is such that there is
strong coupling between the system and reservoir, then information and
energy loss occurs in between in a rather non negligible way.

Quantum computing is a fascinating subject. Several schemes and
devices have shown promise, but each has its stumbling roadblocks and
severe challenges. In turn, each has generated cutting-edge technologies that
spin off into computing and other areas useful for the economy and defense.
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The latest assessments on quantum computing may be found in an article
in Nature by P. Ball [1]. A poignant point made therein is the quote from
A. Steane of the Oxford Computing Group: “A useful (quantum) computer
by 2020 is realistic”. That article also quoted S. Lloyd of MIT as saying
that fully functioning quantum simulators will be readily available by 2020.

These represent a dramatic increase of confidence over five years ago,
when most of the researchers if asked how long it would take to make a
genuine quantum computing machine, they probably would have said it was
too far off even to guess. D. Deutsch of the Oxford University optimistically
added that “a practical quantum computer may well be achieved within the
next decade”.

3. Quantum Computing Devices
3.1. The electromagnetic field and its quantization

There are at least a dozen major proposals for implementing quantum com-
puting on quantum devices; see [10], also [26]. The great majority of such
computing operations is achieved through the application of electromag-
netic or laser fields on atoms and molecules. Such fields, classically, can be
represented as follows: the electrical field vector E and the magnetic field
H in a sourceless region are coupled in the Maxwell equations:

oD
VXHfﬁ
0B
V-B=0
V-D=0

where D = ¢gE, B = puoH, and ¢y and pg are the free space permittivity
and permeability, respectively. It is also known that Egim
the speed of light in vacuum.

Consider an optical field in a rectangle cavity of length L and volume V.
For the purpose of simplification, we assume the electrical field is linearly
polarized in the z-direction and vanishes at the two end surface. Along the
direction of z-axis, the electric field is a superposition of sinusoidal functions
with different frequencies,

E(z,t) = Z Ajq;(t)sin(k;z)e,, (3.2)

= ¢? where c is
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where each oscillating sin(k;z)e, is called a normal mode with k; = jn/L,
j=1,2,3,..., and ¢;(¢) is the amplitude of mode j. The coefficient A; is

defined as
A - (2" 3.3)
T\ Ve ) @
and v; = ck; = jme/L is the frequency corresponding to the j-th nor-

mal mode. The constant m; has the unit of mass, and it is deliberately
introduced to establish the homologues between the Hamiltonian of a sin-
gle mode electrical field and the Hamiltonian of a mechanical harmonic
oscillator.

The magnetic field can be calculated using Maxwell’s equation (3.1) as

Ajq;(t
H = eye Z %() cos(k;z). (3.4)
J
Together with Equations (3.2) and (3.4), we have the electromagnetic field
in the cavity. The classical Hamiltonian then can be obtained as an integral
over the volume V,

1
1 =35 [ @l + ol HIHav

(3.5)

= Z %V?quj‘(t)Q + %qu.j(t)Q.
J
The two terms after the summation sign actually can be regarded as the
potential and kinetic energies of a harmonic oscillator. The analogy between
the Hamiltonian of a cavity and that of a set of independent mechanical
harmonic oscillators implies that we can quantize the cavity field in a way
similar to how we quantize a harmonic oscillator [34].
Define p; = m; q; as the canonical momentum of the j-th mode, then
we can rewrite H as

1 22, P
H:§Zj:<mjyjqj+m_j . (3.6)

To quantize the field, we treat ¢; and p; as operators, and as in quantizing
a harmonic oscillator, they follow the commutation relations

[9j,pj'] = ihdjjr, [g5,45] = [pj, pjr] = 0. (3.7)
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Two other operators a and af are defined as

» 1 .
ajet’! = Ty (mjvig; — ip;s),
3.8
a,e—iujt: 1 (m-Vq'—i—ip‘). ( )
J \/% 7317 J
From (3.7), it is easy to show that
laj,al] =05, [aj,a;] = [al,al] =0. (3.9)

Since different modes are independent, we can focus on a single mode
and neglect the rest. Simple calculation shows that the Hamiltonian of a
single mode field in terms of a and a' is given by

1 2
H=- <mu2q2 + p_)
2 m

1
= T —
hu(a a+2).

The term 1/2 in the last expression follows from the commutation relations
of a and af.

Let |n) be the eigenfunction of H with eigenvalue E,,. Then it can be
shown that a|n) is also an eigenfunction of H:

(3.10)

Haln) = hv (aTa + %) aln)

— a(E, — hv)|n) (3.11)
= (E, — hw)aln).
Denote |n—1) as the normalized eigenfunction from a|n) we can get a series
of eigenfunction of H using a and a as |n), n = 0,1,2,.... Furthermore,
we have

aln)y =+vnln—1) and afjn) = Vn+1n+1). (3.12)

Thus a' is called the creation operator, and a is called the annihilation
operator. The above leads to

ataln) = a'v/nln — 1) = n|n), (3.13)

and

Hin) = (n + %) hw. (3.14)
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In terms of a' and a, the quantized single mode electric field can be writ-
ten as

hv

1/2
60—V> (ae=™" + ale™)sin(kz). (3.15)

E(z,t) = e, <

3.2. The interaction between a two-level atom and the
optical field

An atom has infinitely many energy levels. If there exist certain two energy
levels such that their energy difference is equal or very close to the energy
of a photon, Aiv, where v is the frequency of the optical filed, the optical
field is resonant. The atom absorbs and emits photons while it jumps be-
tween the two energy levels. Since the energy levels of an atom are not
evenly distributed, other levels are detuned from the resonance and we can
treat the atom as a two-level atom. Optical fields can be treated classi-
cally or quantized depending on its intensity. In this subsection, we first
take it as a classical field and introduce the Rabi rotation, leading to a
cavity-QED.

We consider atoms such as hydrogen or the alkali family. The alkali
atoms only have one electron on the outmost shell and they behave similar
to hydrogen atoms. The Hamiltonian of such an atom in a single mode opti-
cal field has two parts, Hy and H,;, which are called the unperturbed Hamil-
tonian and the interaction Hamiltonian, respectively. The total Hamiltonian
reads

H=Hy+ H,. (3.16)

In general, the size of the atom is far smaller or shorter than the wavelength
of the optical field. Thus, we can invoke the electric dipole approximation
and obtain [34]

H, = —er - E(ro,t), (3.17)

where r( is the position of the atom, and 7 is the position operator of the
electron. When the electric field is polarized along the z-axis and propa-
gating along the z-axis, this is simplified to

H, = —exE(z,t). (3.18)

Denote the two energy levels involved as |e) and |g), where |e) is the
excited level with eigenvalue E, and |g) is the ground level with eigenvalue
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E,. Then the unperturbed Hamiltonian can be written as

Ho = E,4lg)(g| + Ecle)(e]
_ %ugm + Eele)(e]) +
= B B B eyl — b )

where w = E.—E,. Since a multiple of the identity matrix only contributes
a uniform phase shift for both states, it can be dropped and we obtain

Mlae-lowh) @)

Ho =" 16} ] ~ 9} o). (3.20)
Similarly, we obtain
H, = —exE(z,t)
= —e(la) ol +le)eDa(lg)al + Ie) (e Bz ).

The symmetry of the wavefunction implies that both (g|z|g) and (e|z|e)
vanish. The interaction Hamiltonian H,; becomes

Har = —(ple)(g] + plg) (e E(z, 1), (3.22)

where p = (e|z|g), and we assume that p is real.
Since the atom lives in the space spanned by |g) and |e), its wavefunction
at time t, denoted as |1(t)), can be written as

() = c(t)le) + b(t)]g)- (3.23)

The Schrédinger equation gives

(3.21)

d . ;
() = c(t?|e> +0(t)]g) |
- —%H|w(t)> - —%(Ho + Ha)|9(1)) -

With respect to the ordered basis {|g), |e)}, the matrix form of the total
Hamiltonian H is

(3.24)

hw
—-—  —pE(z1)
H= 2 B . (3.25)
—pE(Z, t) 5
2
Similarly, we have H,; as
0 —pE(z,t)

Hy = . (3.26)

—pE(z,t) 0
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We define |¢(t)) = Up|tp(t)) = ce™?/?|e) + be~™?/2|g), where

i Hgt
UO =e h
e—iwt/Q 0 (327)
= |: 0 eiwt/2:|

In other words, we put the system in a “rotating frame”. By substituting
it back to (3.24), we obtain the Schrodinger equation for |¢):

0 i
512 = — 7 HI6(0)), (3.28)

where H is called the Hamiltonian in the interaction picture [34], obtained
via
H = UgHyU{. (3.29)

We then have
o e—iwt/Q 0 0 —pE(Z, t) eiwt/Q 0
- 0 eiwt/Q —pE(Z,t) 0 0 e—iwt/Q

0 —pE(z,t)e” !
—pE(z,t)e™? 0 '

(3.30)

We assume the light field is resonant at frequency w with phase a:

E(z,t) = ecos(wt + a) = %(e(wt+a)i + e (Wit (3.31)
Then H can be further simplified to
H = hQ L_Om “ } — W (cos()os — sin(a)a,), (3.32)

where Q = 525, called the Rabi frequency, and o, and o, are Pauli matri-

ces.* Note that high frequency terms such as e?*? and e~?** are dropped
since their effect can not be observed in experiments.

After time duration ¢, the new |¢(t)) is found as

|¢(t)> _ efiQ(am cos(a)—oy sin(a))t|¢(0)>. (333)

2The Pauli matrices are o, = [(1)(1)}, oy = [(Z) _Oi}, and o, = [(1) _01].



Quantum Computing and Devices: A Short Introduction 47

Further calculation shows that the electron jumps between |g) and |e) with
frequency €). The evolution operator is obtained as

iQ(o, cos(a)—oy sin(a))t

COs (5) —17 S1n (5) e (334)
(0N 0 !
—17S1n (§> e COS <§>

where § = 2Qt. This is a 1-bit rotation operator, also called a Rabi rotation
gate.

U9/2,a =e

3.3. Cavity-QED

An optical cavity has a set of highly reflective mirrors to keep photons
within for a long time, see Figure 5. When an atom passes through the
cavity, it interacts with the cavity field and gets entangled with that field.
Atoms could be injected into the cavity via an optical lattice. The interac-
tion time is determined by how long the atom stays in the cavity. Atoms
have long coherence time, and photons are known for their use in long dis-
tance communication. Thus cavity-QED has useful potential for quantum
information processing or quantum computation.

|

Fig. 5. A schematic of an optical cavity. Highly reflective mirrors keep photons in the
cavity for a long time. An atom is injected into that cavity, leading to interactions
between the atom and photons.

We focus on a single mode cavity and an atom within. The cavity field
is close to the resonant frequency between two levels of the atom, denoted
as |a) and |3), respectively. From the calculations of the preceding section,
we see that the total Hamiltonian of the atom-cavity system includes three
parts [10]:

H = Hy + H; + Ha, (3.35)
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with
hw
Ho = —~(le)(a] — |6)(61),
H, = hva'a, (3.36)
Hy = hg(|a)(Bla +|B)(ala®) (3.37)
where the interaction constant is g = |pag| (#ﬁo) , and pag is the elec-

tric dipole transition moment. Here we treat the cavity field as quantized.
The operators at and a are defined as before. Constant terms in the Hamil-
tonian, such as the 1/2 in the Hamiltonian of laser field, can be simply
ignored. Let |n) be the number state of the cavity field. The subspace
spanned by {|a,n — 1),|8,n)} is closed under the operator H. The matrix
form of H with respect to the ordered basis {|a,n — 1),|5,n)} is

Sotuin-1)  gym
H=h . (3.38)

1
g\vn —§w+yn

Theorem 3.1. The Hamiltonian given in (3.38) has two eigenfunctions

[+)n = cosbp|a,n — 1) —sin 0, |3, n) with eigenvalue

EY' =h (nu + %(—V — Qn)>

(3.39)
|—)n = sinb,|a,n — 1) 4 cos 0, |3, n) with eigenvalue
1
E™=h (nu + 5(—V + Qn)>
where

A=v—uw,

Q= (A2 +4g%n) 12,

D = ((Q, — A)? + 4¢°n)*/?, (3.40)

sinf,, = in;A, cos B, = %

In the limit when |A| > 2¢+/n, called the large detuning limit, the off
diagonal elements of H approach zero. We have

h2
)~ layn = 1), B = h (2 + v —1)) - £,
2 o A (3.41)
~ n _ W g-n
=) = |8}, B2 = b (=5 4 wm) + 2
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This leads to a diagonalized effective Hamiltonian for Hy given by

2

iy = ~"% () alaa’ — |8){0a'a). (3.42)

Let |v) be another energy level of the atom and it is far detuned from
the cavity. We decode the logic state of the atom using |3) and |vy), by
designating |3) as |1) and |y) as |0). Assume there is at most one photon
in the cavity, thus n = 1 and the space has a basis of {|00), |01}, |10),]11)}
with

00) = [7,0), [01) = |, 1)
10) = 13,0), [11) = [B,1).

Theorem 3.2. With respect to the ordered basis {|00), |01), |10), [11)},
the effective Hamiltonian Hs is diagonal and

0
~ 0
Hy = 0 . (3.44)
hg?
A

The Hamiltonian in (3.44) can be used to form a conditional phase gate.

(3.43)

3.4. Optical lattices

Optical lattices are essential in the design of quantum computation us-
ing cold atoms because of its capability to trap and transport atoms in
space. An optical lattice could be one, two, or three dimensional. A basic
configuration is a one dimensional optical lattice formed by two counter-
propagating light beams which are linearly polarized and have the same
amplitude. Depending on the angle between the polarization directions of
the two light beams, the polarization of the light field changes along the
propagation axis.

3.4.1. Setting up the fields

Without loss of generality, we assume that both light beams are traveling
along the z-axis and their electric fields are given by

1 ,
Eq(z,1) = 56616_1(‘”_1”) + c.c.,

X (3.45)
Es(z,t) = §6€2€_i(Wt+kz) + c.c.,
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(D) (S

0/2
0/2 /

s

ey €y

Fig. 6. The schematic of a linflin configuration. Two linearly polarized light beams
travel along the z-axis in opposite directions, with the angle between the polarizations 6.

respectively, where c.c. means complex conjugate. Let the angle between
the two polarization vectors e; and ey be . We arrange the = and y axes

so that
0 . (0
€e| = e, Cos 5 + ey sin 5 ,

0 . [0
ey = e, Ccos 3 — ey sin 5

This configuration, as shown in Figure 6, is called a linflin configuration.
The total field along the z-axis is then obtained as

(3.46)

E(Z,t) = E1 + EQ
1 0 0
= Eeeﬂut <2e$ cos 5 cos(kz) + 2ie, sin 5 sin(kz))

+ c.c. (3.47)

We are mostly interested in the distribution of circular polarizations. It
is convenient to use another basis of ey and e_, defined by

e ! (ex +iey)
= —-— T 1 y
+ \/5 Y
(3.48)
1 .
e =—(e; —iey),

V2

corresponding to the left circular polarization and right circular polar-
ization, respectively. In terms of e, and e_, the electric field can be
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rewritten as

E(z,t) = gee*iwt <—e+ cos </€Z - g) + e_ cos (kz + g))

+ c.c.
1 )
= §(A+e+ +A_e_)e ™ +cc., (3.49)

where Ay = —v/2ecos(kz — &) and A_ = v/2ecos(kz + £), which are the
amplitude of the left and right circularly polarized parts, respectively.
Changing the angle 6 causes changes of the polarization along the z-
axis. When 0 = 0, A_ = — A, the light field is linearly polarized along the
z-axis everywhere. When 6 is different from zero, the polarization shows
a gradient along the propagation direction. The highest intensity of the
left circularly polarized part, A%r, occurs at z = FA + %, where m is an
integer and A = 2%, while that of A_ occurs at z = G\ — %. The distance
between a peak of A2 and its closest neighboring peak of A% is 6/k. Here
we limit 6 between 0 and 7/2. Both the A, peak and A_ peak move with
6, shown in Figure 7. A special case is § = 7/2, when the distance between
an A, peak and its neighboring A_ peak is largest. It is called a lin 1 lin
configuration since the polarization vectors are perpendicular to each other.
After rearranging the origin or phases, the electric field can be obtained as

E(z,t) = gee*i“’t(e, cos(kz) — i ey sin(kz)) + c.c. (3.50)

Along the z-axis, its polarization changes in the sequential order of linear
polarization along the z-axis, left circular polarization, linear polarization
along the y-axis, and right circular polarization, shown in Figure 8.

3.4.2. Storing, sorting, and transporting ultra cold neutral atoms
using optical latices

An oscillating optical field can remove the degeneracy of an atom by induc-
ing different energy shifts for its sublevels with different angular momenta.
Such energy shifts, called ac-Stark shifts or light shifts, are proportional to
the intensity of the light and depends on the polarization of the light. An
optical lattice with polarization gradient thus forms an array of periodic
potential wells to store and trap ultra cold neutral atoms.

We consider an alkali atom with only two sublevels in the ground state
and three sublevels in the excited state. If j, and j. are the angular quan-
tum number for the ground state and excited state, respectively, we have
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__ AU

-5

1.5
kz/n

Fig. 7. [Illustration of the left and right circular polarization parts along the z-axis.
While Ai is plotted in solid line, A2 is plotted in dashed line. The arrow shows the
moving direction of the peaks when 6 is increasing.

Fig. 8. Changing polarization along the z-axis for a lin L lin configuration. At z = 0,
A/2, A,..., where A = 27 /k, the polarization is linear along e;. At z = \/4, 3\/4,
5A/4, ..., the polarization is linear along e,. However, at z = \/8, 5A/8, 9\/8, ..., the
field has a left circular polarization (o), and at z = 3X/8, 7TA/8, 11)\/8, 15)/8, ..., it
changes to a right circular polarization (o).

Jjg = 1/2 and j. = 3/2. The configuration is shown in Figure 9 with the
corresponding Clebsch-Gordan coefficients.

According to the selection rules, no absorption-emission may cause the
transition between [g1/2) and [g_;/2). We also assume the low saturation
limit. The life time of the excited state is so short that the atom actually
lives in the space spanned by the two ground sublevels. Thus in the ma-
trix form in terms of [g4,/2) and |g_1/2), the effective Hamiltonian of the
atom, Heyy, is diagonal, and |g,;/2) and |g_;/2) are eigenfunctions of Hey
with eigenvalue E;/, and E_; /9, respectively. By arranging the origin, the
electric field in a lin L lin configuration can be given as (3.50). Then the
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Fig. 9. The configuration of the J43 = 1/2 < J. = 3/2 transition with the corresponding
Clebsch-Gordan coefficients.

potential energy, E 1/, and E_; 5, are obtained as [13]

E )= —STUO + Uy cos? kz,
S (3.51)
E—1/2 = —TO + UQ Sil’l2 kZ,
with
2 . 2
=—-hd=—=hd .
Uo 3 3 S0, (3 52)

where ¢ is the detuning frequency and sy depends on § and properties of
the atom. Equation (3.51) shows that atoms in state |g;/2) and those in
state |g_y/2) experience different potentials. One is dominated by the left
circular polarization part and the other is dominated by the right circular
polarization part.

An optical lattice can also be used to transport atoms trapped within.
While changing the relative polarization angles between the two light beams
causes neighboring atoms move in opposite directions, changing the rela-
tive phase between the two beams move the whole array of atoms in one
direction. Furthermore, by slightly changing the frequency of one beam, we
can transform the static lattice into a “convey belt”. Miroshnychenko has
used this scheme to sort the atoms in a line [4, 27, 30]. The sorting machine
consists of two lattices. One is horizontal and the other intersects with it at
a certain point, called the overlapping point. For simplicity, we assume the
second lattice is vertical, although it is not necessary the case. Atoms are
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stored in the horizontal lattice and form a register. The vertical lattice can
extract an atom out from the register at the overlapping point and put it
back when needed. The position of each atom can be determined through
fluorescence. This allows selective movement and arbitrary arrangement of
the atoms.

3.4.3. Entanglement with ultracold atoms in optical lattices

Ultracold atoms form a good candidate for quantum computation and quan-
tum information processing. The weak interaction between neutral atoms
and the environment implies long coherence time for the quantum system.
Moreover, the atoms are readily to be cooled, stored, and moved in optical
lattices which could hold thousands of atoms at the same time. Although
it is hard to entangle arbitrary two atoms in the lattice, neighboring atoms
can be coupled via either elastic collision or induced electric dipole-dipole
interaction.

Jaksch [22] has suggested to entangle two neutral atoms using elastic
collisions. Two ground S} /o hyperfine structures of an alkali atom are used
to represent the logic states:

|0y = |F|,ms = 1),

(3.53)
1) = |Fy.my =2).

It is assumed that the atom has nuclear spin 3/2. The potential an atom
experiences depends on the state of the atom. Potentials of an atom at state
|0) and [1) are given by

VO(Zv 9) = (VmSZI/Q(Zv 9) + 3Vm3:71/2(za 0))/45

) (3.54)
Vi(2,0) = Vi —1/2(2,0),

s=—

by atoms with m, = 1/2 (respectively, ms = —1/2). They are given by

respectively, where V,,, —; /o (V;,,—_1/2) is the potential energy experienced

Vin,=1/2(2,0) = ae? sin?(kz +60/2),

(3.55)
Vin.——1/2(2,0) = ae?sin®(kz — 0/2).

s=—

As in the previous section, 6 is the angle between the polarization direc-
tions of the two beams. Common terms are ignored for the sake of simpli-
fication.
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While changing 8 from /2 to 0, two neighbor atoms are moved into
one well if and only if the left atom is in state |0) and the right atom is
state |1) before the change, denoted by |01). Thus the phase change caused
by the elastic collision is conditional. Let |00), |01), |10), and |11) be the
ordered basis of the wavefunction space. The matrix of the evolution can
be written as

U= : (3.56)

where ¢q; is the induced phase change. The operation leads to a controlled
phase shift when combined with other 1-bit gates. It is not selective. The
same operation is applied to every neighboring pair of atoms in an optical
lattice simultaneously.

The weak interaction between two neutral atoms requires long time to
complete a 2-bit entanglement. This can be improved by making use of
a strong interaction mechanism, such as the induced electric dipole-dipole
interaction. In the scheme proposed by Brennen [5, 6], logic states are en-
coded with the ground S;,, hyperfine structures of an alkali atom with
nuclear spin 3/2 as

1)+ = |Fy, Mp = £1),

(3.57)
|O>i = |F17MF = :F]->7

where + and — represent two species of atoms, which are trapped at the
nodes of left circular polarization wells and at those of the right circular
polarization wells, respectively, shown in Figure 10. As discussed previously,
these two species of atoms are stored alternatively along the z-axis.

To entangle two neighboring atoms, they are first moved close by tuning
the relative angle . A monochromatic light beam is then applied to the two
atoms which are now at the same site. The light beam, also called a catalysis
field, is carefully turned on so that it will excite the dipoles in the two
atoms and induce dipole-dipole interaction between them. This interaction
is strong and only a short time is needed to complete a 2-bit entanglement
gate. Although neighboring pairs among the other atoms may also be moved
close during this time period, the interaction between them is relatively
weak and its effect is negligible. For the two atoms involved, their Hamilto-
nian includes three parts, the unperturbed Hamiltonian, the atom-light
interaction Hamiltonian, and the dipole-dipole interaction Hamiltonian.
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The last two can be obtained as

r
Har = —h (A—H’—) (D} - Dy + D} - D,)

2
hQ
5 — (DI -ep(ri)+ D} -ep(rs) + h.c.),
h hF —
Hyy = Vgqg —1 ;d = 3 (DT T (

T <~
D1+ D; - T (kpr) - Do), (3.58)

/CLT‘)

where the tensor T  describes the strength of the interaction between the
two atoms at distance r, D]1L72 is the dipole raising operator, ey, is the
polarization vector of the laser field, and V4 is the dipole-dipole energy level
shift. Here the anti-Hermitian part, il"4q4, i.e., (iFdd)T = —il'4q, determines
the spontaneous emission process. In the above, for a simple two-level atom,
the dipole raising operator D can be defined as |e)(g|, which appears in
Equation (3.22). However, it could be much complicated when the atom has
multiple hyperfine sublevels. Let F' and F’ denote the hyperfine sublevels
for the ground and excited states, respectively. A definition of the operator
D' can be given by

Z PF/dPF
(J'| d| [J)

where Pr and Pgs are projectors onto the ground and excited manifolds,
respectively, and d is the electric dipole moment operator.

The catalysis field is tuned on carefully near the [S /9, F1) — |P3/2)
resonance with small detuning compared with the ground state hyperfine
splitting, shown in Figure 10. Thus, dipole is excited for an atom only

P32 )
11)- 1)+ Fy
S1/2
Mg [0)+ |0)— P
10 +1 L

Fig. 10. A schematic of the energy levels used in the scheme with induced dipole-dipole
interaction (not in scale). The logic basis |0) and |1) are represented by two ground S /o
hyperfine structures. The atom used has nuclear spin 3/2 (I = 3/2). The catalysis laser
is tuned near resonant to the Sy, F' T) — |Ps/2) transition.
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when the atom is in the |F}) state, or logic state |1), and the dipole-dipole
interaction is strong only when both atoms are in the logic state |1). When
written in the matrix form in terms of the ordered basis {|00), |01), |10),
and |11)}, the effective Hamiltonian caused by the induced dipole-dipole
interaction is simply

0 0 O
0 0 O

Var= 10 0 o | (3.59)
0 0 Vdd

where v4q4 is the energy shift resulted from the interaction. This leads to a
controlled phase gate on the two atoms:

Ula) = e~ Vaat/h — (3.60)

where oo = ”det and ¢ is the time duration of the interaction.

4. Universality of Quantum Gates

In this section, we intend to provide a unified derivation of the universality
of two specific physical devices of quantum computation. The first is a
cavity-QED system and the second is a coupled pair of quantum dots. More
specifically, we will consider the generation of one specific 2-bit gate for each
system, each of which together with the collection of all 1-bit gates is known
to be universal for quantum computation. This is a famous theorem due
to D. DiVincenzo [16]. Here, instead, we quote the following two theorems
due to J.-L. Brylinski and R. Brylinski [7], which are of somewhat more
mathematical flavor.

Theorem 4.1 ([7, Theorem 4.1]). Let V be a given 2-bit gate. Then the
following are equivalent:

(i) The collection of all 1-bit gates together with V is universal;
(ii) V is not a tensor product of two 1-bit gates either with or without a
swapping operation.

Theorem 4.2 ([7, Theorem 4.4]). The collection of all the 1-bit gates

cos)  —ie "ginfh

Ugs = i .
0.9 —ie' sin 6 cos

) 0§0)¢§2ﬂ-7
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together with any 2-bit gate

Qn=

S O O =
o O = O
o = O O

where n £ 0(mod27), is universal.

Here, for the cavity-QED system the 2-bit gate is a quantum phase
gate (QPG), while for the quantum dot system the specific 2-bit gate is
the square root of swap (SWAP, Uy, ). We will display an explicit conjuga-
tion between the Hamiltonians governing the evolution of the two systems
(modulo an overall phase). We have found that the venerable magic basis
matriz can be taken to be this conjugation.

We need to emphasize that that no claim is being made regarding the
two systems being isomorphic under all circumstances. Indeed, the Hamil-
tonians describing the mechanisms for generating one qubit gates in the
two systems are not conjugate (even if one were to ignore overall phases).

Throughout this section, we work with atomic units i = 1.

4.1. The Hamiltonian for the cavity-QED system

Following [10, pp. 123-130] and Subsection 3.3, we consider a three level
atom which has been injected into a cavity. Recall that the total Hamilto-
nian is given by (3.35). As given in (3.42), in the large detuning limit the
effective Hamiltonian becomes

~ 2

Hy = —gz(|a><a|aaT —|8)(Bla’a), (setting h =1 in (3.42)).

Then it can be shown that the space vV = span{|~0,0>, |0,1), |1,0),

[1,1)} is an invariant subspace for H,. Furthermore, Hy has the matrix
representation

H, = diag(0,0,0, Eyy);  cf. (3.44),

where F1 = %. We note that this Hamiltonian has two eigenvalues — one
with multiplicity 3 and the second with multiplicity 1. For reasons which
will become clear shortly it is convenient to rewrite Hy as

~ 1~ 1
Hy=F ——H. —I1, ).
2 11( 1 2+44)
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Here f‘:’g = diag(1,1,1,—3). Note that ﬁg is traceless. Therefore,

.77 .TE E T 77
e—lHQT — e—l 411 e 11 H2 .
_;TE11 . 77 75
Thus, up to an overall phase of e=*~ 2 | the evolution of Hs and H> agree.

The former is precisely the quantum phase gate diag(1,1,1,e), where
n= —E11T.

4.2. The coupled quantum dot Hamiltonian

In [9] Burkard et al. consider coupled quantum dots as a device for quantum
computation. Since our interest is in generating a universal 2-bit quantum
gate, only the following Hamiltonian will be considered here. The list of
assumptions, including the fact that the only control field operative is the
time dependent exchange constant, are detailed in [10, pp. 320-324], and
they will not be repeated elsewhere later for brevity:

where w(t) = 2J12(t), with Ji2(t) is the time-dependent exchange constant,
which in turn is @. Here t12(t) is the tunable tunneling matrix element
between the first and second quantum dots, while u is the charging energy of
a single dot. The Hamiltonian H; is given by ﬁl =0,Q0,+0,Q0y+0,R0,
where 0,0, and o, are the standard Pauli matrices mentioned earlier in
Section 3.
Of importance is the fact that Hi’s spectrum consists of the elgenvalues
1 (with triple multiplicity) and —3 with multiplicity one. Thus iH, and iH>
are unitarily equivalent. It would seem that one would have to diagonalize
both f]i,i = 1,2 to arrive at an explicit conjugation. However, we will see
that this is not the case.
For the moment let us first observe that the unitary evolution operator

at time T is
i [T ~
U(T) = exp —5/ w(s)dsHy | .
0

From a variety of viewpoints H 1 is easy to exponentiate. This yields

I+ H
2

U(T) = e'® [cos(2¢)14 — isin(2¢)
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where ¢ = 3 fo s)ds. Since the swap gate is Uy, = L +2H1, we obtain the
universal 2-bit gate Usw, up to an overall phase, by picking 2¢ to be an
odd-integer multiple of 5. Hence, choosing ¢ to be an odd-integer multiple

of & would produce, up to an overall phase, the square root of Usy.

4.3. An explicit conjugation

Since iH;,i = 1,2 are unitarily equivalent, there exists M € U(4) with
M*(zﬁl)M = iH,. Hence by choosing nt — 1 fo s)ds, we also obtain
that the swap and phase gates are (up to a phase factor) unitarily equiv-
alent to one another, via the same M. Thus, it is very pertinent to obtain
an explicit expression for one such M. As mentioned above, one can do
this without resorting to any spectral calculations. The key to this is the
existence of two Type I Cartan decompositions of su(4).

In the interest of keeping the discussion below self-contained, some of
the essentials of the theory of Cartan decompositions will be briefly recalled.
See [24] for a comprehensive account and also [8] and the references therein
which highlight the importance of this notion for quantum information
processing.

The theory of Cartan decompositions makes sense for any semisimple
Lie algebra, [24], but we will restrict ourselves to the case that the Lie
algebra in question is g = su(NN), the Lie algebra of N x N anti-hermitian
matrices of zero trace.

A preliminary Cartan decomposition of g = su(N) is a vector space
direct sum decomposition g = h @ p (with respect to the Killing form - to
be defined shortly), satisfying

e [h,b] Ch,ie., his a Lie subalgebra.
e [pplCH
o [bpl Cp.

In this direct sum decomposition, h and p are the orthogonal complements
of each other with respect to the Killing form. The Killing form on g is the
non-degenerate bilinear form K(X,Y) = Tr[ad(X)ad(Y)],X,Y € g. Here
ad(X) is the linear map from g to itself defined by

ad(X)(Z) = [X, Z].
Corresponding to this preliminary Cartan decomposition is a decomposition
of the Lie group SU(N). More precisely, every G € SU(N) can be factorized

as HP, where H is the exponential of an element in h and P an exponential
of an element in p.
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Now, the conditions [p,p] € h and h Np = {0} ensures that any Lie
subalgebra contained in p is necessarily abelian. With this observation we
are ready to define a Cartan decomposition of g. It consists of

e a preliminary Cartan decomposition of g;
e a maximal abelian Lie sublagebra a contained in p, called a Cartan sub-
algebra.

Corresponding to a Cartan decomposition of g, there is a decomposition
of SU(N), i.e., every G € SU(N) can be factorized as HiAH,, where
H;,i=1,2 are exponentials of elements in h and A is an exponential of an
element in a.

Cartan decompositions are not unique. There are two levels of non-
uniqueness, namely, the following:

e Even for a fixed preliminary decomposition of g (i.e., b, p are fixed) there
may be many Cartan subalgebras a;. However, all such Cartan subalge-
bras are conjugate via elements of €, i.e., given two Cartan subalgebras
a;,7 = 1,2 contained in p, there is an element H € SU(N) which is an
exponential of an element of h such that ap = H*ay H. This implies that
the dimension of all Cartan subalgebras corresponding to a given prelim-
inary decomposition are the same. This dimension is called the rank of
the Cartan decomposition.

e There can be several preliminary Cartan decompositions. We will identify
two Cartan decompositions (b1, p1, a1) and (h2, P2, az) of su(N) if there
exists a G € SU(N) satisfying G*h1G = bho, G*p1G = po and G*a1G
= ag. It is known that up to such identifications there are precisely three
types of Cartan decompositions of su(/N). These are called Type I, Type
IT and Type III. It also known that two Cartan decompositions are of the
same type if and only if their ranks are the same.

We will not dwell on what precisely these three types are, except to
mention that the rank of the Type I decompositions is IV — 1.

We now discuss the two Type I Cartan decompositions of su(4) pertinent
to the material in the previous section. These are:

e B = so(4,R) is a Lie subalgebra of su(4). Its orthogonal complement
(with respect to the inner product induced by the Killing form) is py,
the vector space of purely imaginary matrices in su(4). The space a;
of diagonal matrices in p; is a Cartan subalgebra. This yields the so-
called standard Type I Cartan decomposition of su(4). The rank of this
decomposition is 3.
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o Let ho = span{ily ® 0y,i0; @ Is,i = z,y,2;j = x,y,z}. This is a Lie
subalgebra of su(4). Its orthogonal complement (with respect to the inner
product induced by the Killing form) is ps, which is the real span of
matrices of the form {ic; ® oy, I, 7, k = x,y, z}. The space a of matrices
which lie in the real span of {io; ® 0;,j = x,y, 2} is a Cartan subalgebra
in ho. Since the rank of this Cartan decomposition is also 3, this is also
a Type I Cartan decomposition of su(4).

Hence there must exist an M € SU(4) which renders these two Type I
Cartan decompositions of su(4) conjugate to each other. Furthermore, this
M is a matrix which will make the a; conjugate to each other and hence
simultaneously diagonalize all the commuting matrices in as. In particular,
since iﬁl € a9, it must be unitarily equivalent by that M to a matrix in a;.
Since all the matrices in a; are diagonal, this matrix has to be the diagonal
form of f]l. It is easy to see that this must necessarily be iﬁg. Due to its
ubiquity in quantum information theory, it has been known since the very
early days of this field that one such M is precisely the magic basis matrix,

10 0 i
1 (o i 1 o0

M=—

2 0 i -1 0
10 0 —i

Thus M*(iHy)M = iH,.

Of course, this is not the sole M which renders zﬁl,z = 1,2 equivalent.
Indeed, it is not even the sole M which renders the above Type I Cartan
decompositions of su(4) equivalent. An M € SU(4) renders the above Car-
tan decompositions equivalent if and only if MM7T = (0, ® o), with ¢ a
fourth root of unity [8].

Note the above choice of setting % =-1 fOTw(s)ds, may not always
be possible if the control fields in both the cavity-QED system and the
quantum-dot system are always required to be of the same sign. However,
EuT the same, we still obtain gates

1
which are, up to a phase factor, the swap and the phase gate respectively.

in this case by choosing 3 fOT w(s)ds and
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We describe quantum and classical Hamiltonian dynamics in a common
Hilbert space framework, that allows the treatment of mixed quantum-
classical systems. The analysis of some examples illustrates the possi-
bility of entanglement between classical and quantum systems. We give
a summary of the main tools of Berezin-Toeplitz and geometric quan-
tization, that provide a relation between the classical and the quantum
models, based essentially on the selection of a subspace of the classical
Hilbert space. Coherent states provide a systematic tool for the inverse
process, called dequantization, that associates a classical Hamiltonian
system to a given quantum dynamics through the choice of a complete
set of coherent states.

1. Introduction

In order to describe the dynamics of a bipartite system, in which one part is
quantum and the other one is classical, we have to describe the classical and
quantum systems in a common mathematical framework. The construction
is guided by the idea that we can consider the classical system as a limit,
and as a particular case, of a quantum system. The framework we consider
is provided by the Koopman-von Neumann [1, 2] representation of classical
mechanics combined with a quantization procedure of the Berezin-Toeplitz
type.

This construction is to be distinguished from models in which the cou-
pling between a classical system (e.g. a classical electromagnetic field) and
a quantum system composed of many identical atoms is described by a
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coupling involving the average of some quantum observable (e.g. the elec-
tric dipole moment). This type of effective models is useful e.g. to describe
the induced classical field produced by a large number of atoms excited by
the initial electromagnetic wave. It is implicitly assumed that the quantum
average provides an effective description of the collective retroaction of the
atoms on the classical system. The models we discuss in this article are
meant to describe the dynamics of a single quantum system in interaction
with a single classical object. A prototypical example is a model for the
Stern-Gerlach experiment in which the motion of the center of mass of the
atom is treated classically and the spin is treated quantum mechanically.

In Section 2 we summarize the mathematical framework of quantum
dynamics. In Section 3 we describe a formulation of classical mechanics
in a Hilbert space framework, on the basis of the formulation of Koopman
and von Neumann. Once classical and quantum dynamics are formulated in
the same mathematical framework, in Section 4 we describe the formalism
to treat mixed systems, in which one part is classical and another one
is quantum. We illustrate this formalism with a simplified model for the
Stern-Gerlach experiments, in which the motion of the center of mass is
considered as classical and the spin quantum mechanical. Section 5 presents
with a minimum of mathematical formalism some of the main ideas of
geometric and Berezin-Toeplitz quantization. This allows to establish a well-
defined relation between classical and quantum models. The main idea is
that one can obtain quantum models from the Koopman-von Neumann
representation of classical dynamics in a Hilbert space just by selecting a
suitable subspace of the classical Hilbert space. In Section 6 we describe
the inverse process, called dequantization, in which starting with a given
quantum system and a set of coherent states one constructs a classical phase
space and Hilbert space, a corresponding polarization subspace, classical
observables and a classical dynamics.

2. Hilbert Space Framework of Quantum Dynamics

A quantum dynamical system is defined by the following elements:

(i) A separable Hilbert space H.

(ii) An algebra of observables A and a representation p(A) as linear op-
erators on the Hilbert space H. The physical observables are given by
the self-adjoint elements.

(iii) The dynamics, in the Heisenberg representation, is defined by a deriva-
tion operator Dy, that acts on the algebra p(A). The derivation is



Dynamics of Mized Classical-Quantum Systems 67

constructed from the Hamiltonian H, which is a particular self-adjoint
element of the algebra A. The derivation D can be expressed in terms
of the commutator with a linear operator H acting on the Hilbert space
H: Dy = i[+H, -]. The Heisenberg equation for an observable A can
be written as
oA . L
— =Dy(A)=1|-H,A|.
(iv) The Hamiltonian H defines also the dynamics of the states ¢ € H in
the Schrodinger picture, by

0 1.
P

at  h
We remark that, in order to prepare a common notation with the classi-
cal systems, all the dependence on Planck’s constant & is attached to the

operators.

3. Hilbert Space Framework of Classical Dynamics

The Koopman-von Neumann [1-3] formalism is a representation of classi-
cal dynamics on a phase space M in terms of a Hilbert space of square
integrable functions Lx := La(M, dpu), with respect to a measure dy. The
classical observables, which are differentiable functions f : M — C are rep-
resented on Lg by a commutative algebra of multiplication operators M :
For £ € L

(Ms€)(z) == f(2)€(2)-

In order to simplify the notation we will sometimes write f instead of M.

3.1. Koopman-Schrodinger representation

The classical time evolution is determined by a Hamilton function H(z),
where we denote the local coordinates by z = (p,q) € M, p = p1,...,pd,
q = q,-..,q4- The classical Hamiltonian flow, denoted by z(t) = ®(z,),
which satisfies the classical Hamilton equations
dp _ 8I{cl dq _ chl
dt — dq’ dt ~ dp’

which can be written as

d®:(z0) . %
— oo = J VHa(®i(20)); J:(1 o)’ v:<88>

(3.1)
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can be used to define a unitary flow on the Koopman Hilbert space [1, 2, 39]:
UK (t,t0)&0(2) = &o(P_(1—t,)(2)). We will use a slightly different unitary
flow, which we will call Koopman-Schrédinger flow, that includes a time-
dependent phase:

E(z,t) == URS (1, t0)€0(2) := e P@I10g0 (@, 41(2)),  €(2,0) = &o(2),
(3.2)
with

6<z,t—to>=%<<t—to> Hal2)+ [ dt AHd(«bﬂ_(t_tO)(z))), (33)

to

where the function Ay, (p, q) will be chosen as [4-7]

1 OH., OH.,
Ana(pa) = —5 > <pj$jl +qj 8%1). (3.4)

The flow (3.2) with the phase (3.3) is called the prequantum flow in the
framework of geometric quantization [4—6]. The first term in (3.3) is called
a dynamical phase and the second one a geometrical phase. The constant h
introduced in (3.3), which has the dimension of an action ([time]-[energy])
is necessary in order to have dimensionless numbers in the exponential.
Its numerical value has to be determined by comparison between the pre-
dictions of the quantum or of the mixed models with the corresponding
experimental measurements.

The interpretation of the classical wave function £(p, ¢, t) is that pdu :=
|€(p, q,t)|*du gives the probability density at time ¢ for a particle to have
a momentum p and a position ¢g. This interpretation comes from the fact
that p is a real positive function that satisfies the Liouville equation % =
—{H, p}, which is the equation that describes the time evolution of the
probability densities p in phase space defined by the flow of Egs. (3.1).
Indeed Eq. (3.2) implies that p(z,t) = po(®_(1—t,)(2)), with po = |&o?,

Op

and thus 32 = —{H,, p}, where the brackets {,-} denote the Poisson

brackets defined by {h, f} = Zj g—gg—é — g—:j%.

For a purely classical system this global phase §(z,t) is thus irrelevant
since it is the square of the absolute value |£(z,t)|? that gives all the phys-
ically relevant quantities. We will see that the analogue of the phase term
plays an essential role in the description of quantum systems and of mixed
classical-quantum systems.
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By Stone’s theorem [39], this unitary flow has a selfadjoint generator
GH,,, i.e. it can be written as

UKS(t,t) = UKS (t — tg) = 71 (t10) Gy (3.5)

The dynamics of the vectors of the Hilbert space satisfies therefore
the following Schrodinger type equation, which we will call the Koopman-
Schrédinger equation:

;08
=G 3.6
igy = Grat (3.6)
The generator G, can be written explicitly as the sum of three operators
Gu, = Mp,, + My, , + Xu,,, (3.7)
or explicitly,
3Hc OH. O0H, dH. 0O
G, = ~Ho — Z L % 1 Z l_ _ l_,
2h j dq; Opj Oq;  Oq; Op,
(3.8)
where My, = + My, is the multiplication operator with the Hamilton
function, Ma,, = %MAHM is the multiplication operator with %AHN (p,q),
and Xp, := —iXp,, is the vector field associated to the Hamilton function
H_, i.e. the differential operator
~ ) OH. 0 0H., 0 .
Xch = _ZXch = ZZ - o = _Z{Hcla }

dp; dq;  Bq; Op;

The dynamics of the classical system defined by Eq. (3.6) is called pre-
quantum dynamics, since, as we we will discuss in Section 5.3, it is the
starting point for the construction of the quantum dynamics in the frame-
work of geometric quantlzatlon [4- 6] The motivation for the addition of
the terms My, and My, , in(3.8)is

(i) The term Mj,, is added in order to have G(z)=1 = 3 1. If we had only
Gu,, = Xp,, it would lead to Gf(;)—1 = 0, which would not allow a
systematlc construction of the dynamics of mixed systems.

(i) Xp,, satisfies X{f g = i[X, X,], but this property is not satisfied
by My, + Xp.,. The motivation of the choice (3.4) for Ay, is that
the operator Vg, := My ., T X, can be interpreted as a covariant
derivation associated to ch [4, 7], and as a consequence G, satisfies

Gif.gr =1iGy, Gyl
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Remark. (1) The action of the Poisson brackets is defined both on the
algebra of observables (functions f € A, and their representation as multi-
plication operators p(f) = My) and on the (differentiable) vectors of the
Koopman Hilbert space Lg.

(2) The operators My, and Xp_, commute, since

[MHCL 5 XHCl]é- = Hcl{Hclaé-} - {Hclchlé-}

and {He, Haé } = Ha{Het, €} + {Het, Ha }6 = Ha{Hey, €}

However, except for special choices of the Hamiltonian H;, the opera-
tors M, Am,, and Xg,, do not commute.

The unitary Koopman-Schrodinger operator (3.2), (3.3) can be writ-
ten as

—i(t—t0)Gr,,

UKS(t) — e—iée—i(t—to)XHcl —e

Some examples of operators Gy, are given in Table 5.1.

3.2. Koopman-Heisenberg representation

One can also define a dynamics on the algebra of observables, which we will
call the Koopman-Heisenberg representation, by

Mf(t) = (UK(t))_leUK(t) — itGH,, Mfe_“GHcL.
Since U (t) = e~10e~#XH. it can be also written as
Mf(t) — eitXHcl MfeiitXHcL )

It satisfies the following Koopman-Heisenberg equation

oM )
3—tf = Z[Gchva]v (3'9)
which can be written equivalently as
oM s
3—tf :Z[XHCpr]:M{Hcl,f}' (3.10)

The last equality can be understood by letting it act on an arbitrary vector
e Lk:
i[Xm., Mfl€ = iXn, (Ms€) - X¢(iHp,, (€))
= {He, (Mp&)} — My({Hea,&}) = {Ha, (fO)} — f{Ha, &}
= {Ha, [} + [{Ha, & = f{Ha, &}
= {Ha, [} = Min,, 1€
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We remark that the Koopman-Heisenberg dynamics does not involve the
phase d(z,t) we introduced in (3.2). The Koopman-Heisenberg equation
(3.10) is equivalent to the equation for the time evolution of a classical
observable f(p, q)

i
% - {HCla f}7

but written in terms of the corresponding multiplication operator. Thus,
the Koopman-Heisenberg equations for the particular observables p and ¢
are equivalent to Hamilton’s equations.

We remark that the generator of the dynamics is an operator that does
not belong to the algebra of observables, but it is an external derivation
acting on them. Indeed for a Hamilton function H,; the dynamics is defined
by the derivation Dy ,, acting on the algebra p(.A) by

claMf] = M{Hchf}'

This provides a complete framework in which classical mechanics can be

Dy, (My) :=i[Xg

considered, from the mathematical point of view, as a particular type of
quantum system.

This formulation opens up the possibility to construct models of a quan-
tum system in interaction with a classical one.

4. Dynamics of Mixed Classical-Quantum Systems

We consider a bipartite system composed of a quantum system (Q), defined
on a Hilbert space H¢ and a classical system (K) with a Koopman Hilbert
space Lx. The total Hilbert space will be £ = Lg ® Hg. The observables
of the total system will be linear combinations of operators of the form
My ® B, where B is a selfadjoint operator of the quantum system. We
first consider the two subsystems without coupling. The evolution of the
quantum subsystem is defined by a Hamiltonian 1 x ® I?OQ /h and the one of
the classical subsystem by Gg, ., ® 1¢/h, with Gp, , = MHo,cl + /N\Ho’d +
X Ho.or» and Ho ¢ is the uncoupled classical Hamilton function.

The interaction between the classical and the quantum subsytems is
determined by observables that are linear combinations of terms of the
form

Mg, ® ﬂl/h

where f1; is a self-adjoint operator defined on Hg and ¢g; = gi(p,q) is a
function on the classical phase space.
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The corresponding dynamics of the interaction is defined by operators
of the form

Kint - ZGQI ® ﬂz/h

. ~ 1 oyl . 0g; 0g; .
with Gy, = My, +Ag, + Xy, ie. Gg.€ = £9:€ — 55 (p5% +a %2 )€ —i{9:, ).
The Schrédinger-Koopman equation for a mixed classical-quantum sys-
tem can thus be written as

ZE = K¢a

with
K =1q® Hoo/h+ G, ., ® 1g/h+ Y Gy, @ jui/h.

The corresponding Heisenberg-Koopman equation for the dynamics of an
observable of the form

B(t) == " (My ® A)e*“K
is
0B

E = Z[K,B]

4.1. Example: Stern-Gerlach experiment

We consider a simple model of the Stern-Gerlach experiment, in which the
motion of the center of mass of the atom is described classically, and the spin
as a quantum variable. The total Hilbert space is K = L2 (R%, d3p d®q) @ C?.
The states ¢ € KC can be represented by
., - v (P, q)
Y =0v4(p,q) ®|+) +v-(p,q) @ |— E( . )
WED e -G = (0
The observable corresponding to the total energy is
1 . .
H=—p%?1—-~B S,
5P @1 -7B(@)®
where S; = (h/2)o; and o; are the Pauli matrices.
The operator that generates the corresponding dynamics is

K- ﬁ;aﬁmm—v;a& © Si/h.

As a simple model we take a magnetic field of the form B = (0,0, Bs)
with B3 () = bo — bi1gs, and ¢ = (q1, g2, g3). We remark that this B cannot
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be an actual magnetic field, since V - B = —b # 0. We use it only as
the simplest mathematical illustration of the types of behavior that can be
expected. For a recent discussion of realistic models of the Stern-Gerlach
experiments see [9-11].

Since the gradient of the magnetic field is only in the g3 direction,
we can restrict the model to one dimension. The Hilbert space is £ =
Lo(R?,dp dq) ® C?, where we denote p = p3, ¢ = q3. Absorbing —~ into
the coeflicients, the observable corresponding to the total energy can be
written as

1
H=—p"®1+ (bp + b1q) @ 03.
2m

The corresponding Koopman-Schrodinger equation is

Oy _

1
N (—Gp2 @ 1+ (boG1 +b1Gy) ® ‘73)1/"

2m

If we write ¢¥(t) = (v4(p,q,t),v—(p,q,t)) the above equations become two
independent linear partial differential equations of first order:

dvy  p Ovy vy i
5% = m oq +b o T (P, Qv+, (4.1)
ov_ p Ov_ ov_ i
9o _ POy =0 _ 4.2

with
1
d(p,q) = <bo + 551(1)-

These equations can be solved explicitly, e.g. with the method of charac-
teristics. The solution corresponding to an initial condition

va(p, gt =0) =02 (p,q)

is given by

) 0 p by
ve(p,q,1) = e Ay <p Ebit, g — U F %t2> (4.3)

where d1(p, ¢,t) is a phase given by

P oo b os|bi
héy ==+|qt — —t"F —t°| — £ bot.
* [q 2m :F6m }2 0
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4.2. Physical interpretation — classical-quantum
entanglement

The physical interpretation of 1= (v (p, q,t),v_(p, ¢, 1)) is that [v+(p, ¢, t)|?
gives the probability for the center of mass of the particle to have a position
g, a momentum p and a spin component +//2 in the gs-direction. This
dynamics can be interpreted as follows.

We consider initial conditions that are a tensor product of the spin and
the momentum-position, i.e. of the form

S+
wazm:é“m@®(s>
with |s4|? 4+ |s_|?> = 1. Thus, in the initial state the spin and the center of
mass are not entangled. We consider an initial state that is well-localized
both in momentum p and in position ¢, described e.g. by narrow Gaussians

_ (p—p0)? _ (a—q0)?

5(0) (p7 Q) — 1 e 2w e 2w?2

/TTWpWg

with pg = 0. The limit of complete localization corresponds to

lim €9 (p.q)* = 3(p — po)d(q — a0).

Wp, Wqg—

We consider the following four examples of initial conditions:
. 1
0 wle=0 = pas ;).
- —0) = ¢ 0

(i ot =0) =V (1) 5.

@ vt=0 =m0 s ().
In (i) and (ii) the wave packet of the center of mass will follow a single
trajectory without modification of its shape. It will move and accelerate in
the direction 4¢3, depending on the initial sign of the spin.

In cases (iii) and (iv) the state becomes a coherent superposition of two
wave packets for the center of mass, that move in opposite directions. Both
packets have the same shape, but the weight is given by a multiplicative
factor |s4|? determined by the initial state of the spin. We remark that in
this case the spin and the center of mass are entangled, since the state ()
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cannot be written as a tensor product of a spin state (s1, s2) and a center
of mass state £(p, q):

w0 = 0000 () +o-tans () 2ewane ().

since this would imply v4(p, ¢,t) = 8 v—(p,q,t), with a constant 3.
This example shows that it is possible to entangle a classical and a
quantum degree of freedom.

5. Berezin-Toeplitz Quantization — Geometric Quantization

In this section we review, with a minimum of mathematical formalism, some
of the main ideas of Berezin-Toeplitz quantization and its relation with
geometric quantization. We also summarize some elements of the theory of
coherent states and their application to quantization.

In order to establish the relation between a quantum system and its
classical counterpart we have to consider separately the relations between
the Hilbert spaces, between the algebras of observables and between the
derivations defining the dynamics.

The Berezin-Toeplitz quantization consists of selecting a subspace LcC
L of the Koopman Hilbert space and a map that assigns to each multipli-
cation operator My on Lf an operator Ty, on £ defined as the projection
of My on L. In general two operators T, , T, corresponding to two dif-
ferent multiplication operators My, , My, do not commute with each other.

Geometric quantization can be viewed as an extension of this procedure
to the quantization of the generators of the dynamics, i.e. the Hamiltonians.
The link between the quantization of the observables and of the generators
of the dynamics is given by the Tuynman relation [42].

5.1. Selection of a polarization subspace

As a first example we consider a system with one degree of freedom and
phase space M = R2. The Koopman Hilbert space is Lx = L2(R2, dp dq),
i.e. the square-integrable functions on the phase space.

The first step in the procedure of quantization is known in the literature
on geometric quantization as the choice of a “polarization”, which here we
formulate as the choice of a polarization subspace L C Lx. We present
a simple description of the construction in terms of action-angle variables



76 H.-R. Jauslin and D. Sugny

1,0, defined by the canonical transformation
1 .
I=5(p*/Bo+q*o), P =/21Bysino, (5-1)
0 = arctan(p/+/B0,q\/50),  a=/2I/Bocosb, (5.2)

where [y is an arbitrary reference constant (with units of a mass times
a frequency By = mowp, or equivalently of an action times the square of
a length). The function arctan(y,z) of two arguments is defined as the
single-valued function that gives the unique angle § € [0,27] such that

cos® = y/\/y? + 22 and sin 0 = z//y? + 22

5.1.1. Construction of a basis of L

We will use the following basis of Lo(R2,dp dq), expressed in action-angle
coordinates:

ém/7m(I, 0) ‘= v m e*ﬁll(m/+m)/2ei(m*m/)9, m,m’ € Ng ={0,1,2,...}
(5.3)
where vy, is the normalization factor, and X is an arbitrary fixed real
constant. Since the argument of the exponential should be dimensionless,
A must have the dimension of an action. We remark that a constant that
makes the variable dimensionless in the function I(™'+m™)/2 is included in
the normalization factor vy, ,,, to simplify the notation.
One can verify that (5.3) is a basis of La(R?,dp dq) = L2(R,dp) ®
Lo(R, dg) by first considering the known basis of Lo(R, dp)

H, (p/\/M)efﬁPQ/z, m' € Ny
where H,,,, are the Hermite polynomials, and the basis of L2(R, dq)
Hulg/Bo/@N)e B2 m e N,
The set of functions
pm’qmefﬁ (p2/ﬁo+q2ﬁo)/2 7 m,m’ € Np

is therefore a basis L2 (R?, dp dq), and defining the dimensionless complex
variable

NI e 54

another basis is given by the functions

10,2 ’ 1y om/dm
312 xm m = U € 2)\11 5 ez(m m)G’

gm’,m = Dm’,m e
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which coincides with (5.3). We remark that the measure du expressed in
the complex variables z is

du(z) :=dq dp = 2\d*z, with d?z =dz, dz;, 2=z +iz. (5.5)

We can relabel the basis vectors through

1
k:=m-m', m:§(n—|—k), (5.6)
1
ni=m-+m', m’zi(n—k), (5.7)
and write the basis as
Eni(1,0) := vy pe” /260, (5.8)

withn € Nog, k € {-n,—n+2,—n+4,...,n—2,n}, v, = (n! 2\ ) =1/2,

5.1.2. Selection of a polarization subspace L£LC Ly by the choice of a
subset of the basis

The selection of the polarization subspace can be performed by selecting a
subset of this basis. In the standard Berezin quantization one selects the
subspace L C L as follows:

First one chooses a particular value for the constant A = A, where A
is equal to the constant that we had introduced in Eq. (3.3), when we
introduced a phase in the unitary Koopman evolution. Then one selects
the subspace generated by the subset {n,} C {£,x} of the basis functions
defined as

nn(1,0) = gn,k:—n(la 0) = vy eiﬁllnﬂeime ) ne€Nyg (5.9)
=i, 2" /2, (5.10)

with v, = (n! 20 A1) ~Y2 and o, = (n! 27 h)~1/2.

We remark that different choices of the constant A\ lead to different
subspaces, e.g. the function e~/ is not contained in the subspace L if
N # h. Thus the choice of A equal to Planck’s constant % is non-trivial,
in the sense that it is not just a conventional choice of units, but it is an
essential ingredient in the definition of the quantum model. Its numerical
value in any given system of units must be determined by comparison with
experiments.



78 H.-R. Jauslin and D. Sugny

5.1.3. Definition of an isomorphism between L C L and Fock space

The basis (5.9) of £ is labeled by a single index n € Ny. One can define an
isomorphism Z between the subspace £ (whose elements are functions of
p,q) and a Hilbert space H, that will be the Hilbert space of the quantum
system, which can be defined formally as the space generated by a set of
orthonormal states {|n)}nen,. The isomorphism is defined by

E:inn—n)

which in the Dirac notation can be written as
2= [n)nal-
n

As concrete examples for the quantum Hilbert space H we consider two
examples:

(i) We can take H as the abstract Fock space F constructed from a ground
state |0) and the creation operator a' : |n) := v, (a?)"(0).
(ii) One can take H = L2(R,dxz) and for |n) the basis of eigenfunctions of
the Hamiltonian of a harmonic oscillator
R 4?2 mw?

Hyo == +——17,
ho. 2mda:2+ 2 x

with m and w such that mw = [y, where 3y is the constant used in
(5.1), i.e

E 0 |n) = (@) = v Hy(2y/mw/R)e 25 /N, (5.11)

where H,, are the Hermite polynomials.

Remark. Since z*:= \/%e_w, by Eq. (5.8) the subspace L can be also iden-
tified as being isomorphic to the Hilbert space of anti-holomorphic functions
g9(2*) [30-32], with scalar product (g1,g2) = [, dz e 1#7gr(2%) ga(2%),
which is the usual formulation in the literature on geometric and Berezin
quantization.

Summary. The polarization subspace £ C Lk is the subspace generated
by the orthonormal set of functions

Mn 1= Up I/2¢=in0 =351 — Uy z*"e_“*/Q, n € Ny, (5.12)

with v, = (n!27x hB"*1)~1/2 and #,, = (n! 27 h)~'/2. The isomorphism Z :

Nn — |n) gives the representation in the quantum Hilbert space H.
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5.2. Toeplitz quantization of the observables

The Toeplitz quantization of operators of the classical Hilbert space consists
simply of taking the projection of the operator on the polarization subspace:
To a multiplication operator My acting on Lk one associates an operator
T,

My v Ty, := Pz My Py, (5.13)
where P is the orthogonal projection from Lk to the polarization subspace
L. By composition with the isomorphism = one defines the associated opera-
tor on H:

Mj— =T =ET; 2 ' =2 PsM;Ps =,
which can be expressed in terms of the bases &, p=_, of £ and |n) of H as

My f=Tp =Y |0) (| Mglna)(n]. (5.14)

n’.n

One can calculate the matrix elements for some of the basic polynomial
functions explicitly:

(M 1210n) = Ot n—1v/m0, (5.15)
(M2" M) = dnr 1V + 1 (5.16)

and

<777’L’ |Zm(2*)k|nn> = 5n’,nfm+k

xvVin+tk-—m+1)---(n+k—-1n+k)(n+k)n+k—1)---(n+1),

which leads to their identification in terms of creation-annihillation opera-
tors af,a (either in the abstract Fock space F or in La(R, dx):

Z=a, (5.17)
2 =al, (5.18)
Tobyom = 2hzm = gk gim, (5.19)

We remark that the Berezin-Toeplitz quantization with the chosen polar-
ization subspace yields the operators (5.19) in anti-normal ordering, i.e.
with all the @' on the right.
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If we use the representation H = Lo(R, dx) defined by the isomorphism

(5.11), and
q:\/%(z—kz*), p:@(z—z*), (5.20)
&= Q—ZO(aMT), ﬁ:@(awﬂ), (5.21)
we obtain
g=M,=:1% (multiplication by z), (5.22)
p= —ih% = p, (5.23)
7 = (p) +%ﬁ01——h28 - hgoll, (5.24)
F =@ gpl=at g, (5.25)
-1 (ﬂlop +ﬂox2) = —ih%, (5.26)
Hpo =wl = — ;;;);+m7°"2”+% (5.27)

2
where Hy ,, = wl = whzz* = ﬁpz + ¢

5.3. Toeplitz quantization of the generators of the dynamics —
geometric quantization

The Toeplitz quantization, that we first have defined for multiplication
operators as the projection into the polarization subspace L, can be ex-
tended to the differential operators of the generators of the dynamics:

Gy Tg, == PsGyP;. (5.28)

By composition with the isomorphism = one defines the associated operator
on the quantum Hilbert space H:

Gy Gy :=Z PsG,Px 571,

which can be expressed in terms of the bases 7, of £ and |n) of H as

Gy Gy =3 ) (0| Gylna ) (nl. (5.29)

n’,n
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The Schrodinger equation in the Hilbert space H, corresponding to a clas-
sical Hamilton function H.; is thus given by
.00 oY

8t 6H61w7 ie. 8t ﬁHd%/Ja with ﬁch = h(A?Hcl.

The Poisson brackets can be expressed in terms of the complex coordi-
nates (5.4), choosing A = f, as

B oh of Oh Of
{h f} ﬁ 62 0z3 82 3,2]
and Ay as

1 of L of

For a Hamilton function of the form f = z*2*™ the quantized generator of
the dynamics is given by

WGy = akat™ — km at~Daftm=1), (5.30)
This result can be obtained by the following steps: We first determine

k+m k _xm

Ay = e (5.31)
~ 0 0
X, — (k=1) xm Y k *(m—1) Y .32
hXy =kz el 55 (5.32)
hGy = f+ Ay + hX; (5.33)
E+m\ & wm (k1) «m O k_s(m—1) 0
(1 5 >z 2" 4+ kz e T mE 9 (5.34)

Then we determine Xf == Px Xva =L as

— K
By = S M akatm

km aF=Dgtm=1), (5.35)
which combined with
Toipem = aFal™ (5.36)

yields (5.30).
Remark. Eq. (5.30) is a special case of Tuynman’s relation [42], which

allows to express the quantization of the generator of the dynamics Gy in
terms of the Toeplitz quantization of an associated observable 7(f):
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Proposition (Tuynman’s relation [42]).
O*f
020z

This relation can be written in a more general context as 7(f) := f+ %Aqyg,
where Ayp is the de Rham Laplacian, which in our case is given by Ay =

WGy =Ty, with 7(f):=f— (5.37)

—%af—;z*. We notice that in [42] the complex variables z are defined with
a convention that differs from ours by a factor V2. We remark that
0% f h(1l0%*f o%f
= —== — . 5.38
0z0z* 2 <60 0q? + 0o op? ( )

In Table 5.1 we give for some examples of the expressions of the operators
Af,)?f,ff,éf. We use the notation & = M,; p= —iha% . In Table 5.1
we have expressed the quantized operator corresponding to the action I, in
the phase representation [12-14] where the Hilbert space H is generated by
the functions {emel\ n e Np}. We remark that there is no simple explicit

expression for the Ty, Gy corresponding to a general potential V'(g).
For the harmonic oscillator we have:

1 1
Hpo =w| —p*+ -mwg?® | = wl = hwzz*, (5.39)
2mw 2
Am,, = —Hpo., (5.40)
= 1 90 1 0 0
X, = —iw( =—pe + S | = i Al
o Zw(mepaq + meq8p> a9 (541)
Guy,., = XHh.o. ) (5.42)
~ 1 huw
T —p? 4 = — 4
Hy o (2mwp + 2mwx) +5 (5.43)
1 hw
= hwaa' = hw (a*a + 5) +5 (5.44)
Hyo = héHh_o_ = hXHh_D_ (5.45)
= hw(aal — 1) = hwa'a (5.46)
(1,1, hw
= <2mp + 5 MW x) 5 (5.47)

5.4. Quantization by coherent states

An alternative formulation of the quantization of multiplication operators
on L using coherent states was proposed in [33-36]. As we will discuss



Table 5.1. Some examples of the expressions of the operators Ay, )?f, ff, @f.

! A X Gy Ty WGy = Hy
1 0 0 i1 1 1
Zkxm —HTmzkz*"” (5.32) (5.34) akgtm akatm — pmak—1 gt(m—1)
? —34 i Fa+igs & &
P —3P ~i%g P = igy 2 P
¢ _g? qua% 22‘15% 24 % 2 220
2 _p? —ip —ip 2 P2 + p2 — hba
I -1 —i{l,} ~i{l,} = ~igy —ihZ + hl —ihd:
V(a) -395% gL e %v_%‘;(%_ia%)

swagshQ WnIuDNH -100185D0)) PaTLpy fo SoMuUDUf(]
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below, this formulation yields the same quantized operators as the Toeplitz
quantization. It can also be extended to yield the same quantization of the
generators of the dynamics.

5.4.1. Definition of coherent states

There are several definitions of coherent states that emphasize different
types of properties [15, 17, 27]: Minimization of the Heisenberg uncertainty
relations [25], group theoretical properties [20, 23], annihilation operator
eigenfunctions [26].

For the purpose of establishing relations between classical and quantum
systems one can use a definition that addresses only one property that is
shared by all the other definitions: We consider a Hilbert space H and a
phase space M with a volume measure dpu.

Definition. A complete set of vectors indexed by the points of M, {\C;é) €
H}z,em, is defined by a continuous map M — H, zq = [, ), such that

[ dntao) 1292 = 1 (5.48)
M

Definition. The corresponding coherent states are defined as the normal-
ized vectors

1

H H
- : 5.49
C2) = 551429 (5.49)
with v2(z,) = (C;UCEHD) The non-normalized vectors |Cg), will also be

called unnormalized coherent states.

5.4.2. Construction of the coherent states determined by the
selection of a polarization subspace

In [27, 33, 36] a general construction of coherent states was proposed which
is based on the selection of a polarization subspace L. We assume that the
elements of £ are continuous functions. One defines for each point z, € M
of the phase space an evaluation functional, that assigns to each function
its value at the point z:

0z, L—C (5.50)
1€) — &(z0)- (5.51)



Dynamics of Mized Classical-Quantum Systems 85

Under the assumption that this linear map is continuous, by Riesz’s theorem
[39] there is a unique vector |(; ) € H such that V|¢) € £

0z,16) = (G | €)-

One can give an explicit expression of the functional <C§0| in terms of the
arbitrary orthonormal basis of continuous functions{|n,)} € £L:

Czo Znn Zo 77n (5.52)

since, V() € ‘év €) = 2=, 1) (nn|€) and thus,

5£0|€ 25 ([7)) (M l§) = Znn zo (1n]€)-

The corresponding vector can thus be written as

[Cz0) = D (20) ) (5.53)
The set of vectors |, ) satisfies the following completeness relation:

/ dpi(z0) 1Coy) (Coy| = 1 (5.54)
M

since

/M dpi(z0)|Ca, ey | = Z ( /M dpi(zo) 1 (gom(go) )0

= Z5n’,n|77n/><77n| =1,

where we have used [, du(zo) 755 (20)1n(20) = Onr.n

We remark that, since the evaluation vector | ) is a function of z which
belongs to the subspace Ev, we can write it as

¢, (2) Znn (20) (2

In the limit case when the polarization subspace coincides with the total
Hilbert space £ = L, the evaluation vector tends formally to a Dirac delta
function:

(5, (2) Ev 6(z — z)-
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The coherent states |C ) determined by the choice of the subspace L
are defined by normalizing the vectors |(, ):

Cs,) = €20

b
v(20)

with

V¥ (z9) = (CeolCzy) = Zﬁn (20)17 (20) (M [0) = Z 0 (20)]?
One can define the analogue of the the evaluation vectors and of the
evaluation functionals in the quantum Hilbert space H (e.g. in Fock space
F orin Ly(R, dz)) by

1626 = E(I¢2,)) Znn (20)In) (5.55)

o1t = (| = Znn 20)( (5.56)
where {|n)} is the orthogonal basis of the space H.

Remark. As we will see in Section 5.4.3 in the quantization of observables
and of the dynamics we don’t actually use the normalized coherent states
|C, ), but directly the evaluation functionals ((;,|, <C§| and their duals, the
evaluation vectors |C, ), |CZ> (that we will also call unnormalized coherent
states). The essential property are the completeness relations (5.48), (5.54).
We remark, however, that for the standard Glauber coherent states [18, 19],
as well as for the spin or atomic coherent states of Gilmore [22] and of
Perelomov [21], the normalization factor v(z,) is independent of z,, and
thus the coherent states and the unnormalized coherent states are related
by just a multiplicative constant.

In summary, the choice of a polarization subspace £ and the isomor-
phism E define the coherent states (5.56) uniquely. We will see in Sec-
tion 6.0.2 an inverse property: A given set of coherent states in H deter-
mines uniquely a polarization subspace L C L and the isomorphism Z.

5.4.3. Coherent state quantization of observables

Using these unnormalized coherent states one can associate to each multi-
plication operator My on Lx an operator C’Mf on the subspace L:

Crry = [ dnlzo) F2)lGe, ), | (5.57)
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The following argument shows that the quantized operator Cys, defined
by Eq. (5.57) with the coherent states, is identical to the Toeplitz operator
(5.13) defined by projection on the polarization subspace L: Cu; = Ty

By inserting the representations (5.52), (5.53) into (5.57), we obtain

Cory = 3 [ dutzo) 1(z0) 1 (z0) malzo) b

n’,n

=S ( o) £Cea) o) maCeo))

n’,n

and using the fact that

/ du(2) £(2) 150(2) 1(2) = (e | M 1)
M

and defining the projector Px := >, |n,)(n,| into the polarization subspace
L, we can write

Cum, = Z |70 (M | M g [112) (|

n’'n

= PLVMfPLV ETMf,

which is the Toeplitz operator (5.13).

Using the analogues of the evaluation vectors and functionals defined
by Egs. (5.55) in the quantum Hilbert space H (i.e. on Fock space F or in
Ly(R, dz)), the quantized operator f corresponding to the observable f is
given by

F= [ dutzo) fla) 12 (5.58)
M

5.4.4. Coherent state quantization of the generators of the dynamics

The Toeplitz quantization of the generator of the dynamics can also be
expressed in terms of coherent states. The formula (5.57), originally defined
for multiplication operators, can be extended to the differential operators
X, appearing in the generators G|

Cx, = /M dp(zo) [¢z,) X5°((Czo]) (5.59)
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where the notation X;° indicates that the differential operator acts on the
variables z, and not on z:

X5 ((Cs,]) = X5° Zﬁn(zo)<nn| = ZXQ(%(Q)))WM
= Z{Q(ZO), n"(§0)}<nn|-

The coherent state quantization of the generators of the dynamics can thus
be written as

Cq, = /M dp(zg) [Cz,) G3°({Cz, D)- (5.60)

The result is again the same one as the one obtained by Toeplitz quan-
tization:

Cg, =Tg,-

This can ve verified by an argument along the same line as the one for the
multiplication operators:

Co, = [ duteo) Iz G5 (1) (.61

=5 | dutzo) i (ea) G o)) d ol (562

= S ind ([ dnzo) (o) GO o)) (] (5.3

= Z 1 ) (1 | G 1) (1| (5.64)
= PéGgpé = TGg- (565)

6. Dequantization by Coherent States

Coherent states can be used for the opposite process, called dequantization,
which is the construction of a classical system for a given quantum model
[37, 40].

The general problem of dequantization can be formulated as follows:
Given a quantum system defined on a Hilbert space H, with observables A
and a dynamics generated by a Hamiltonian H, the goal is to find

(a) a phase space manifold M and a measure du,
(b) a subspace £ C La(M,du), and an isomorphism = between £ and H,
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(¢) for each relevant observable A a function f4 : M — C such that the
Toeplitz quantization of f4 yields the operator A: E Ty, E71 = A,
(d) a function H such that the Toeplitz quantization of G, yields the

operator H.

We remark that dequantization is not a classical limit procedure involv-
ing i — oo but a correpondence, i.e. a map that assigns a classical system
to a given quantum system.

We remark that the dequantization of the Hamiltonian, i.e. of the gen-
erator of the quantum dynamics, is different than the dequantization of the
observables. A procedure of dequantization along the above requirements
can be formulated using coherent states as follows.

6.0.1. (a) Construction of a phase space manifold from a set of
coherent states

The first step is the construction of a set of coherent states. For any given
quantum system, the choice of coherent states is not unique. The approach
of Gilmore and of Perelomov, based on a group theoretical construction,
yields a phase space manifold M, a measure dp and a set of unnormalized
coherent states satisfying the completeness relation [ dpu(z,) |GGzl = 1.
This step is described in detail in [20, 23, 41].

6.0.2. (b) Construction of the polarization subspace and of the
isomorphism = from a given set of unnormalized coherent states

If a complete set of unnormalized coherent states {\CZ) € M} em is given,

one can construct a polarization subspace L C Lx and an isomorphism
Z: L — H such that the states |(; ) defined by Eq. (5.53) coincide with
the states |CZ)>:

= _|FH
h‘|C£0> - |<§0>'
This can be shown as follows. We introduce a map Ep,s : H — Lk by

Erus 19— & defined by &(zg) = (I [0).

We will call Zp,s the Husimi map since |£(z,)|? is the Husimi function
corresponding to the state ¥. The Husimi map defines an isomorphism

between H and a subspace £ of L, that satisfies the following properties:
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(i) Epus is a continuous linear map that preserves the scalar products,
i.e.

< Efus (wl) | Efus (¢2) >EK = <¢1|¢2>H

since

< EHus (¢1) | ZHus (¢2 / d,u Z() HHus (1/)1)) ZHus (1/)2)
— [ dutzo) (walcZn
M

=l [ dntea) 12T o)

= (P1]h2)n

This implies that the image of ¥ € H is indeed in the space Lg of
square-integrable functions.

(ii) The image Epys(H) =: L is a subspace of L.

(iii) We chose an arbitrary orthonormal basis {|n)}ncrcz of H. Its image
by the Husimi map defines

N = Efus|n).

The set of functions {n, }nercz is an orthonormal set that spans the sub-
space L C L. If we define the isomorphism Z : ﬁ — H by N — |n), we
can identify it as the inverse of the Husimi map : Z = = Hus, and

El¢.y) =B mi(20) In)

=Y mlz) In) = Icf}).

We consider as an example the case of the standard Glauber coherent
states defined on the Fock space H by

|Cg> = ezatz*&m =0).

With respect to the basis {|n)} they are expressed as

|CH) = e77/2 |n (6.1)
>
Since they satisfy the completeness relation

1 1
1= 21 HN (H| / Hy 1~ H
- [ @aczyen = oo [au@icryel
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the unnormalized coherent states are
1
CH _ CH .
| £> \/ﬁ| £>
The image of the corresponding Husimi map Zg,s : H — Lk is spanned
by the following vectors:

1 .
= — //H _ n,—zz"/2
Zrus|n) = ((n) = z"e . 6.2
This subspace is different from the polarization subspace £ we chose in
(5.12), since 2™ generates holomorphic instead of anti-holomorphic func-
tions. In order to obtain the subspace £ we have to choose a slightly differ-
ent set of coherent states, exchanging z and z*:

*at—za 1
n=0). (D= 7=ICT). (63

|C"?> =€

which leads to the subspace generated by

—/ _ 'H _ 1 xn  —z2" /2
h‘Hus|n> - << z Tl> - \/mz € ’ (64)

which is equal to the polarization subspace L € L of the Berezin-Toeplitz
quantization that we defined in (5.12).

6.0.3. (¢) Dequantization of the observables — covariant and
contravariant symbols

For a given operator A one can define two types of symbols, which are
functions or more generally distributions on the phase space M:

(i) The contravariant symbol f; — also called upper bound symbol or P-
symbol — is defined as a function (or more generally distribution) such
that A =Ty, ie.

A=Ty =2 PefuP 57t = [ dula) o) IO (69

(ii) The covariant symbol S; — also called lower bound symbol or Q-
symbol — is defined as

S alz0) = (CZLAICT). (6.6)

We remark that while for some operators A the symbols can be expected
to be smooth functions on M for other operators the symbols may not be
well-defined or they may be a more singular object like e.g. a distribution.
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The validity of the following formal relations between an operator A and its
covariant and contravariant symbols must be analyzed for each particular
type of operator.

(1) The covariant Q-symbol S ;(z,) can be calculated directly, provided
that the coherent states are in the domain of definition of the operator
A, i.e. provided that the scalar product is well defined. For the standard
Glauber coherent states, it can be expressed also as [17, 23]

1 o U
Si(z0) = ;/Cdzz e?% ~*0% Ty(Ae™? ae’mT). (6.7)

(2) The contravariant P-symbol f;(z0) can be written as the following
formal expression:

1 o P .y
filzo0) = = / d?z e*0* ~%0* Tr(AezaTe_Z 4. (6.8)
T Jc

The covariant symbol S ; is generally easier to calculate and more regu-
lar that the covariant one f;. f; can be expressed in terms of S ; through
their Fourier transforms: defining the Fourier transforms

~ 1 -
Fa(w) = —/sz Fa(z)ens v (6.9)
™ Jc
S j(w) = 1 / d*z S (z)ev v (6.10)
™ Jc
and their inverses
fA(z) — l/dZZ fA(w)e_wZ*—i_w*z, (6.11)
T Jc
1 ~ -
Silz) == / d*z S 4(w)e =tz (6.12)
T Jc

one can establish [17, 23] the relation
Fa(w) =e"""S4(w),
which, applying the inverse Fourier transform, can be written as
[4(2) = 7 8 4(2) = e~ (AN, (6.13)

Remark. This relation is also true for the conjugate Glauber coherent
states (6.3), since it is invariant upon the exchange of z an z*.
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6.0.4. (d) Dequantization of the Hamiltonian generator of the dynamics

Given an operator H in H, we want to determine a function H (p, q), such
that

WGy = H
Using Tuynman’s relation, this is equivalent to

Ty =H

The function h := 7(H) is, by definition, the contravariant symbol of H,
which according to Egs. (6.6), (6.13) can be expressed as

2 A
h = e~ 7= (M| H|CT). (6.14)
In order to obtain the function H we have to invert Tuynman’s relation
(5.37):
2
 O°H _h,
0z0z*

which we can write formally as

22 \7!
=(1- .
H ( 32’82’*) h

Inserting (6.14) we obtain

92\
H=(1—-—— ~ 7o~ S| H|C. 6.15
(1-55m) < (G (6.15)
We remark that —% = —%( Blo gz + ﬁo ) is a positive operator
(~ —A in adapted coordinates). Thus (1 — %)’1 is well deﬁ?ed and
a

bounded in a suitably defined function space [42]. However, e~ 2:0:* is an
unbounded operator, which is the origin of the regularity difficulties of the
contravariant symbol. It will be regular if the contravariant symbol is in
the domain of the Laplacian.

7. Conclusions

In summary, the formalism that we have described allows one to construct
models describing the interaction between classical and quantum systems
in a well-defined Hilbert space framework. The geometric quantization of
a classical system consists of selecting a subspace of the classical Hilbert
space of functions on phase space. The quantization of the observables is
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defined by projecting the classical observables on this subspace. The quan-
tization of the dynamics involves first the addition of a dynamical and a
geometrical phase to the classical dynamics and then projecting the gen-
erator of the dynamics on the subspace. The dequantization of a quantum
model consists of the inverse procedure: given a Hamiltonian, an algebra
of observables represented in a Hilbert space, and a set of coherent states,
one can construct an associated phase space manifold and the classical
Hilbert space of square-integrable functions, with a suitable subspace that
gives back the original quantum model when the geometric quantization is
performed.

In the definition of the quantum models by Berezin-Toeplitz-geometrical
quantization, Planck’s constant A appears in two places, that can be con-
sidered conceptually independent: The first one is in the phase factor (3.3)
of the pre-quantum Koopman-Schrédinger wave function. The second one
is in the selection of the polarization subspace, which depends crucially
on the value of the constant A. Although in principle the two constants
could be taken with two different independent values (to be determined
by comparison with experiments), they are taken to be equal to a single
constant .
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QUANTUM MEMORIES AS OPEN SYSTEMS
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Promising candidates for quantum memory are N-spin systems with
specially designed Hamiltonians weakly coupled to heat baths. Their
dynamics can be described by quantum dynamical semigroups of the
Davies type. The rigorous results concerning 2D and 4D Kitaev models
are briefly reviewed and their physical meaning is discussed.

0. Introduction

Any attempt of large scale implementations of the idea of quantum comput-
ing demands fault-tolerance. The existing theory of fault-tolerant quantum
computing (FTQC) with the famous threshold theorems [1, 2] is based on
the phenomenological assumptions which disagree with the fundamental
features of the Hamiltonian approach to quantum computation [3, 4]. On
the other hand the rigorous analysis of Hamiltonian models of computers
executing generic quantum algorithms is still out of range. Therefore, it is
reasonable to restrict the discussion to the problem of the existence of quan-
tum memory (QM), i.e. of a device which can preserve an unknown M-qubit
state for a sufficiently long time. One should also have an efficient methods
of preparation and readout of such a state. In any case, the most important
feature of QM is its scalability. Firstly, one should be able to compose a
M-qubit memory from M units (1-qubit QMs) each of them consisting of N
physical qubits. Secondly, under achievable external conditions (low enough
temperature, high vacuum, screening , ..., etc.) the life-time of encoded
qubit observables should increase exponentially with N. The last condition
is necessary to allow arbitrary long effective quantum computations. In the
following by QM we mean such a scalable, exponentially stable 1-qubit QM.
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It is obvious that the idea of QM presents a challenge to the Bohr
Correspondence Principle (BCP). In its general formulation BCP demands
that:

Classical physics and quantum physics give the same answer when the sys-
tem become large,

or in other words:

For large systems the experimental data are consistent with classical prob-
abilistic models.

Indeed, assuming that BCP is universally valid, large N QM device should
be described by a classical model and therefore cannot carry a genuine
quantum information.

Therefore the natural question arises:

Are there fundamental obstacles to build a Quantum Memory?

Although some more or less heuristic “no-go theorems” for QM have
been presented [5, 6], the rigorous analysis of the proposed models for QM
is inevitable to clarify this issue. All models considered in the following are
interacting systems of N physical qubits called spins weakly coupled to a
heat bath at the temperature 7' > 0. Although, there exist different sources
of noise, only the thermal fluctuations cannot be completely eliminated by
a proper “engineering”. Under certain conditions on the system Hamilto-
nian and its coupling to a heat bath the dynamics of the N-spin systems
is governed by the quantum Markovian master equation (QMME) in the
Davies form [7] (a particular case of the Lindblad-Gorini-Kossakowski-
Sudarshan QMME (8, 9]). For such models the question of existence of
stable encoded qubit reduces to the the spectral analysis of the correspond-
ing Davies generator in the Heisenberg picture. This leads to interesting
mathematical problems which were treated in the papers [10-12] for the
particular models: 1D Ising, and 2, 3, 4D Kitaev models. The Kitaev models
were considered as relatively simple candidates for QM [13, 14]. We shall
briefly discuss the obtained rigorous results. While the 2D and 3D Kitaev
models do not support stable encoded qubits the 4D case possesses exponen-
tially stable qubit observables. However, the effective manipulations with
such an encoded qubit are questionable.

1. Encoded Qubit
By a physical qubit we mean a “natural” system described by 2-dim Hilbert

space and the algebra My of 2 X 2 matrices spanned by I, ¢%, o¥, 0%.
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Sometimes this description is exact like for spin-1/2 or photon’s polar-
ization, in other cases only approximated like for a “2-level atom” or
mesoscopic bistable systems. An encoded qubit can be identified with a
subalgebra Q of the algebra of observables A of the total system spanned
by the self-adjoint elements I, X, Y, Z satisfying X2 = Y2 = 72 = I,
XY =iZ, and cyclic permutations. Equivalently Q can be seen as a sub-
algebra generated by X, Z € A such that

X=X zZz=27', X?=27%=1, XZ+ZX=0. (1.1)

In the following the total system is a N-spin system with the 2% x 2" matrix
algebra 4 = Myn~. As an illustration, consider the following examples:

(1) Trivial encoding into spin
X:Uf®l[271\7]a Z:Uf®l[271\7] (12)

(2) Encoding for 1D Ising model with periodic boundary conditions and
the Hamiltonian

N N
D —
H =—JY ojo5, ==JY by, (0% =07) (1.3)
j=1 j=1
written in terms of bonds b; = o707, ,. We define two examples of

encoded qubit generators commuting with HAP:

X=0{®Ro5 & 0%, Z=0i{®0c5&- 0%, (1.4)
X'=XF,, Z'=ZF., Fj.=F;,
’ (1.5)
F2, =1, F, .-function of bonds.

One can show that the example (1.5) is the most general encoded qubit
commuting with all bonds. It means that such qubit observables are con-
stant of motion for all Hamiltonians which are functions of bonds. A similar
construction will be used for Kitaev models also.

2. A Generic Model of Classical Memory

In order to understand the mechanism of information protection against
thermal noise we begin with the brief discussion of the classical case. Typi-
cally, to encode classical information metastable local minima of free energy
separated by free energy barriers are used. As the height F' of such a barrier
is proportional to the size of the system given by the number of its micro-
scopic constituents N the probability of transition between local minima is
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dominated by the Boltzmann factor exp{—F/kT} what leads to exponen-
tially long (in N) life-times.

As paradigmatic examples one can consider classical Ising models used
to encode a single bit — magnetization’s sign. To see what are the necessary
conditions to achieve stability we compare a mean-field Ising model with
the Hamiltonian

N

with the 1D one given by (1.3). Comparing the energy difference between
two spin configuration:

tt+t+++++++++ and +++————++++++,
———

k-times
one obtains

AE™ = Jk — i AE'P =27, (2.2)
2N’
For the mean-field model the energy difference grows with the number of
flipped spins what provides a mechanism of bit’s protection against noise
and leads to the phase transition phenomenon below the critical tempera-
ture. On the other hand for 1D Ising model only finite portion of energy is
needed to reverse all spins and hence no phase transition is present.

A more detailed analysis of the stability for classical lattice models in-
volves stochastic dynamics which simulates the evolution of the system
coupled to a heat bath. The standard example is the Glauber dynamics for
classical Ising models.

Denote by s = {o, = £1, k =1,2,..., N} the configuration of N spins,
and by s/ the configuration s with one “j”-spin flipped, o0; — —o;. The
time-dependent probability distribution on the set of configurations denoted
by Ps(t) satisfies the following Markovian Master Equation

d a B
%PS = ’yz;(PSJ —€e kT Ps) (23)

Jj=

where E;(s) = Hy(s?) — Hn(s) and v is the relaxation rate. The Glauber
dynamics possesses several important properties which are consistent with
the phenomenology of thermal relaxation:
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(1) Equilibrium Gibbs state

pet — z-1e~ (2.4)
is a stationary solution of (2.3),
(2) For any initial state Ps(0) the solution of (2.3) converges to P2?
lim P,(t) = P9, (2.5)

t—o0

(3) The detailed balance condition holds, i.e. at equilibrium the probability
flow from s to s7 is exactly compensated by the reverse process.

There exist numerous results for Glauber dynamics, both rigorous and
numerical supporting the picture presented above of metastable exponen-
tially long living states below the critical temperature for models exhibit-
ing phase transitions. In order to check whether a similar mechanism of
metastability can be used to protect a quantum state one has to propose
suitable N-spin quantum models with quantum evolutions corresponding
to Glauber dynamics.

3. Davies Generators

Consider a quantum N-spin system with the Hamiltonian Hy weakly cou-
pled to a heat bath at the temperature T' > 0. The structure of the coupling
is fundamental for the discussion of stability. A generic coupling can be seen
as a combination of two extreme cases: collective bath coupling and private
baths one. The interaction Hamiltonian of the collective type has form

N
Hig = Y < aj-‘) ® F* (3.1)
j=1

u=x,y,2

and is invariant with respect to spin permutations. This invariance im-
plies the existence of decoherence-free subsystems corresponding to some
subalgebras of observables which are not affected by the environment
[15, 16]. Physically, such a symmetry with respect to permutations can
be treated only as a rough approximation (compare the phenomenon of
superradiance). Real systems possess certain ergodic properties which for-
bid the existence of decoherence-free subsystems. Such ergodicity is realized
by the private heat baths coupling of the form

N
Hipp= Y > otaFt, (3.2)

p=z,y,z j=1
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which will be used here as a simplifying assumption. Moreover, we assume
that all heat baths are identical as well as all baths’ observables F* = F.
Therefore, also Hg = ZH’” and a bath’s equilibrium state wp = ®w%’j
with identical copies of H gj and why”. J

The starting point for the analysis is the reduced dynamics for the
density matrix of the spin system given in terms of a partial trace over the
bath

p(t) = Tep (U(1)p(0) © wsUT (1)) (3:3)

where U (t) is a unitary dynamics of the total system governed by the Hamil-
tonian

Hyp=Hy+Hp+ )Y _ Sa®F,. (3.4)

Strictly speaking the physical Hamiltonian Hy in (3.4) should be re-
placed by a bare Hamiltonian which contains some counterterms used to
cancel the Hamiltonian corrections caused by the interaction with the bath.
We do not go into details of this renormalization procedure and in the final
formulas concerning QMMEs only physical Hamiltonian appears. In the
interaction Hamiltonian the explicit small coupling constant A is present,
and S, is a shorthand notation for ¢** from Eq. (3.2). The standard
assumption

Tr(wpFa) =0 (3.5)

is also added.

Denote by {w} the set of Bohr frequencies of the Hamiltonian Hy (i.e.
all differences of its eigenvalues), and let S,(w) be the discrete Fourier
components of S, in the interaction picture, i.e.,

Sa(t) = exp(iHnt)Sq exp(—iHnt) = Z Sa(w) exp(iwt) . (3.6)
{w}
A well-known sequence of approximations involving van Hove weak coupling
limit, discussed for example in [7, 17] leads to the following QMME
dp

o = —ilHN P+ Lp, (3.7)

N)Ir—l

2303 R) (190(@). pSaw)'] + [Sa(@)p. Saw)']).  (38)
o {w}
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Here
R(w) = / Ty (wp F()F) di (3.9)
where F(t) = etHet fe~iHBt The spectral density R(w) at equilibrium state
satisfies the Kubo-Martin-Schwinger condition
R(—w) = e “/*T R(w). (3.10)

For the further discussion the Heisenberg picture version of the evolution
(3.7), (3.8) is more convenient

% —iHA+ LA, HA = [Hy, Al (3.11)
where
LA = %)\2 S5 R@) (Sa(@) 4, Sa@)] + [Sal@)', ASa(w)) . (3.12)
o (@)

The sum G = iH + L* generates a semi-group of completely positive,
identity preserving transformations on the algebra of observables with cer-
tain additional properties due to the weak coupling limit construction and
the KMS condition:

(D1) The canonical Gibbs state is stationary with respect to (3.7,3.8)
Tr(peq etg(X)) = Tr(p* X) (3.13)

where
o—Hn /KT

peq — W. (3.14)

(D2) The semi-group is relaxing, i.e. any initial state p evolves to p©?

tlirgo Tr(petg(X)) =Tr(p* X), (3.15)
(D3) L* satisfies the quantum detailed balance condition
HL = L"H (3.16)
and
Tr(peq vt £*(X)) =T (peq (cr()! X). (3.17)

Equation (3.17) expresses the self-adjointness of £* with respect to
the Liouville scalar product

(X, Y)eq=Tr(p* X"Y). (3.18)
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(D4) The dissipative part £* of the generator is negative definite.
(D5) Spectral decomposition yields the orthonormal modes X,, v =
0,1,...,22N — 1 decomposition

A(t) = Ze(wrxu)t<wa(0)>ele,, Ay >0 (3.19)

v

with Xog = I, iwg — A9 = 0 the only eigenvalue equal to zero.

(D6) The diagonal elements of the density matrix computed in the Hamil-
tonian basis evolve independently of the off-diagonal ones and their
evolution is governed by a kind of Glauber dynamics.

Due to (D2) any initial state of the system will eventually relax to equi-
librium. However, it does not exclude the existence of metastable states
with life-times exponentially growing with N. The existence of the corre-
sponding metastable observables which could encode qubits depends on the
properties of the lowest non-zero eigenvalue of —L* called spectral gap.

4. Kitaev Models

The Kitaev models in D = 2,3,4 dimensions are N-spin models on a
D-dimensional lattice with a toroidal topology, and with a Hamiltonian
exhibiting the special structure:

Hy=-Y X,-)Y Z.. (4.1)

Here, X5 = ®jes07, Zc = ®jeco; are products of Pauli matrices belonging
to certain finite sets on the lattice called “stars” and “cubes” such that all
X, Z. commute. The observables X, Z. generate an abelian subalgebra
Agp in the total algebra Myn. The commutant of A,p, denoted by C, is
noncommutative, and provides a natural basis for encoded qubits. Indeed,
similarly to the construction for a 1D Ising model (1.4) one can define
bare qubit observables X", ZF € C where u = 2,3,4 corresponds to D
independent encoded qubits. They are products of the corresponding Pauli
matrices over topologically nontrivial loops (surfaces). The choice of loops
is, of course, non unique.

The Davies generators for the Kitaev models are particularly simple,
due to a strict locality of the model (absence of wave propagation). This
property implies that the Fourier components in (3.6) are local and corre-
spond to only a few Bohr frequencies, independent of the size of the system.
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This makes the analysis of spectral properties of the Davies generator
feasible. Despite this simplification the proofs of the results are too in-
volved to be reproduced here; we refer the reader to [10-12] for details, and
present here only heuristic arguments.

For the 2D Kitaev model the terms containing ¢, ¢* in the interaction
Hamiltonian (3.2) are sufficient to guarantee all properties (D1)-(D6). The
form of the Markovian master equation in the Heisenberg picture is the
following

dA 1
i i[Hy, A 5;{( }L A, a;] + [a;r-,A]aj

+e % a; A, a,;] +e % [a;, A] a}) - [a,?, [a? A]]}

VR

N
1 — _
5 S (0014 0) + (8], AY + e by [A,0]] 4+ €% [y, A1)
j=1

— 05, 5. X} (12)

We do not define here the operators aj, aJ, b;, b but rather give their
physical interpretation. The operator a; (a}) annihilates (creates) a pair of
excitations (anyons) attached to the site j and corresponding to the part
of the Hamiltonian — " Z. in (4.1) (type-Z anyons), while ajo- generates
diffusion of anyons of the same type. Similarly, the operators b;, b;r-, b? act
on the type-X anions. It follows that the 2D Kitaev model is equivalent to
a gas of noninteracting particles (anyons of two types) which are created/
annihilated in pairs and diffuse. As a consequence there is no mechanism
of macroscopic free energy barrier between different phases which could
protect even a classical information. Rigorously, it was proved that the
the hermitian part of the Davies generator (4.2) possesses a spectral gap
independent of the size N and therefore no metastable observables exist.
Two main mathematical tools used in the proof are: (1) the fact that for a
positive operator K acting on the Hilbert space the inequality K2 > cK,
¢ > 0 implies that a spectral gap of K is bounded from below by the number
¢, (2) the Davies generator is a sum of many negatively defined terms,
some of them can be skipped to simplify estimations without increasing
the spectral gap.

The stability properties of the 4D Kitaev model are much more interest-
ing. Here, the physical picture is rather similar to droplets in the 2D Ising
model [14]. The basic excitations of the system are represented by closed
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loops with energy proportional to the loops’ length providing the mecha-
nism of a macroscopic energy barrier separating topologically nonequivalent
spin configurations (3D model provides this mechanism for one type of
excitations only). The structure of the evolution equation is always similar
to (4.2) with the operators a;r-, b;r- creating excitations of two types and a?,
b? changing the shape of excitations but not their energy.

The structure of exponentially stable qubit observables XK, Zr e C

with ¢ = 1,2, 3,4 is similar to the construction for the 1D Ising model (1.5)
Xt =XHMFl, ZM=ZrFF, (4.3)

where F}', F! are hermitian elements of the algebra A,, with eigenvalues
+1. One should notice that the bare qubit observables X# are highly
unstable with relaxation times ~+/N. The main tools in the proof of
metastability are: the Peierls argument applied to classical “submodels”
of the 4D-Kitaev model generated either by —> X, or —>__Z., and the
following inequality

_<A7‘C*A)>ﬁ < 2?3]?({]%(“))} Z<[SOHA]7 [SOHA]>57 (4'4)

valid for any Davies generator (3.7), (3.8) and any A in the eigenspace of
[Hn, -]. The formula (4.4) is very useful because it involves only S, instead
of Fourier components S, (w).

The metastable observable (say X #) is constructed by the following
operational procedure, which determines its outcomes:

1. Perform a measurement of all observables o7

2. Compute the value of the bare observable X* multiplying the outcomes
for spins belonging to the “surface” which defines X*.

3. Perform a certain classical algorithm (polynomial in N') which allows to
compute from the o;- measurement data the value 1 of “correction”,
i.e., the eigenvalue of F}.

4. Multiply the bare value by the correction to get the outcome of XH,

The values of qubit observables of above are obtained by the efficient
operational measurement procedure. However, this measurement is highly
destructive because the observables o7 do not commute with the total
Hamiltonian (4.1). Therefore, this measurement cannot be used for the
standard procedure of state initialization, which is necessary to operate
on QM.
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5. Concluding Remarks

The models emerging as attempts to design QM, like those proposed by
Kitaev, are interesting from the point of view of mathematical physics.
Their equilibrium and nonequilibirum properties are nontrivial, neverthe-
less tractable by rigorous methods. In particular, they give interesting and
relatively simple examples of quantum irreversible dynamics governed by
Davies generators. New methods of studying their ergodic/spectral proper-
ties were developed which should be applicable for other types of models as
well. The conclusions which can be drawn from the examples are not opti-
mistic for the very idea of QM. Namely, either no metastable qubit exist
or there are serious problems with their accessibility and control. One can
think about a kind of “Heisenberg relation” due to the fact that the same
physical interactions used to control a system provide its coupling to an
environment. Obviously, further rigorous studies of models are necessary
to clarify these questions. For example, one cannot exclude that the ulti-
mate bounds on the efficiency of quantum information processing will be
provided by phenomenological thermodynamics, in particular by its Second
Law [6].
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We survey the modern status of two major analytical problems in quan-
tum information theory. One is the famous additivity conjecture for
information quantities related to the classical capacity of quantum chan-
nel. Another is less familiar and less studied problem of optimizers of
the information quantities characterizing Bosonic Gaussian channels.
We show that for gauge-invariant channels, the validity of the Gaus-
sian minimizer conjecture for the output entropy implies Gaussianity of
the ensemble maximizing the y-capacity.

1. Formulation
1.1. The additivity problem

For a quantum channel ® (see Sec. 2.1), a noncommutative analog of the
Shannon capacity, which we call x-capacity, is defined by

Cy(®) = sup Y m®lo] | =Y mH @) | (1.1)
{mi.p;} j j
where the supremum is over all quantum ensembles, that is finite collections
of states (density operators) {p1,...,pn} with corresponding probabilities
{m1,...,m}. Here H(p) = — Tr plog p denotes the von Neumann entropy of
the density operator p. The quantity (1.1) is closely related to the capacity
of quantum channel ® for transmitting classical information [20].
The problem is: does the the additivity property

Cy (@1 ® @2) = Oy (P1) + Cy (P2) (1.2)
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hold for tensor product of any pair of quantum channels ®, @57 The prob-
lem can be traced back to [3], see also [20].

Such additivity is proved rather simply for the Shannon capacity of par-
allel classical channels, but in the quantum case it is established only for few
cases including both “very classical” and “very quantum” channels. Similar
additivity conjectures exist also for other interesting entropy characteristics
of quantum channels such as the minimal output entropy

11(2) = inf H(@p]), (13)

namely

o

H(®, @ ®y) = H(®y) + H(Ds). (1.4)

In the case dim H < oo, which we assume in the first part of this paper, both
inf in (1.3) and sup in (1.1) are attained by continuity-and-compactness
argument and will be replaced by min and max correspondingly. However
it is not so in infinite-dimensional case, and attainability of the extrema
requires separate study, see Sec. 2.4.

The reason for the additivity to hold in the classical case is most easily
seen for the minimal output entropy. Since entropy is concave, it attains its
minimum at an extreme point of the simplex P(X') of classical states, i.e.
probability distributions on an underlying phase space X', which is just a
distribution degenerated at some point x € X. But every extreme point of
P(X; x X») is product of extreme points of P(X;):

ext P(Xl X Xg) = ext ’P(Xl) X ext ’P(Xg), (15)

which immediately implies the additivity (1.4) in the classical case.

A detailed account of the problem status until 2006 was given in the
author’s talk at the last ICM [23]. A year later came important findings of
Winter [49] and Hayden [14] which showed existence of a pair of channels
breaking the additivity of closely related quantity — the minimal output
Rényi entropy for all values of the parameter p > 1. Quite recently, basing
on this progress, Hastings [12] announced proof of existence of channels
breaking the additivity conjecture (1.4) corresponding to p = 1, in very high
dimensions. This still leaves open the question of explicit demonstration of a
counterexample; other important questions concern what happens in small
and moderate dimensions (e.g. additivity for non-unital qubit channels) and
additivity for certain important classes like Bosonic Gaussian channels.
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1.2. The problem of Gaussian optimizers

Particularly interesting class in infinite dimensional case constitute quan-
tum Gaussian channels (see Sec. 2.3), which can be considered as a natural
generalization of Gaussian channels in classical information theory, where
it is well known that their Shannon capacity under quadratic (power) con-
straint is attained on Gaussian inputs. The conjecture is then that also
quantum Gaussian channels have Gaussian optimizers, e.g. the y-capacity
of a quantum Gaussian channel ® under additional input constraint of
the type Tr (ZJ ijj) F < E, where F is a “quadratic Hamiltonian”, is
attained on a (continuous) Gaussian ensemble of pure Gaussian states. Or
even more simply, the unconditional minimum of the output entropy is
attained on a pure quantum Gaussian state.

In the commutative analysis, a related problem of Gaussian maximiz-
ers which refers to L,-norms of integral operators with Gaussian kernel
has been studied rather exhaustively (see e.g. the paper of Lieb [32] and
references therein).

There is an intriguing connection with the additivity problem. In the
paper [50] it is shown, by using the quantum central limit theorem, that if
the additivity holds, then the average state of the optimal ensemble can be
chosen Gaussian; however this still leaves untouched the hard problem of
Gaussian optimizer for the second term in y-capacity which turns out to be
intrinsically connected to another key quantity — entanglement of forma-
tion. Thus, although the Gaussian optimizers problem looks more special,
it might be even more difficult to solve than the additivity conjecture.

Another connection with the additivity conjecture comes when one
intentionally restricts to Gaussian states, respectively ensembles, in the
optimization problems (1.3), respectively (2.15) for a Gaussian channel ®,
which results in the quantities H%“%(®), respectively CZ“*($). One
then asks whether the additivity properties (1.4), respectively (2.18) hold
for these Gaussian quantities. Surprisingly, even this substantially simpli-
fied problem has so far only partial solution: the additivity was proved only
for some special classes of quantum Gaussian channels [41, 18].

2. Quantum Channels
2.1. Additivity and entanglement

Let H be a finite-dimensional Hilbert space of dimensionality d and £(H)
be the algebra of all linear operators in H.
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Finite quantum system is described by the noncommutative algebra
£(H). The convex subset of £(H)

SH)={p:p"=p>0,Trp=1}

is called the quantum state space. Operators p from G(H) are called den-
sity operators or quantum states. The state space is a convex set with the
extreme boundary

P(H) =extS(H)={p:p>0,Trp=1,p>=p}.

Thus extreme points of &(H), which are also called pure states, are one-
dimensional projectors, p = Py, for a vector 1) € H with unit norm, see, e.g.
[20].

Classical system can be described by the commutative subalgebra €(H),
consisting of all operators diagonal in a fixed orthonormal basis. Clas-
sical states are the density matrices p € €(H), which have form p =
diag[n()]z=1,....a with 7 = {m(x)} — a probability distribution.

We shall consider linear maps ® which take operators A in d-dimensional
unitary space H to operators A’ = ®[A] in d’-dimensional H’. The map
O L(H) — £(H’) is called positive if A > 0 implies ®[A] > 0.

The dual ®* of the map ® is uniquely defined by the relation

Tr ®[A]B = Tr AD*[B); A, B € £(H). (2.1)

A positive map  is called trace preserving if it takes quantum states
into quantum states (possibly in another space H'), and unital if (1) = I,
where I, I’ denote unit operator in the corresponding Hilbert space.

Especially important for us will be the class of completely positive (CP)
maps [46, 5]. The map ® : £(H) — £(H’) is completely positive, if for
d=1,2,... the maps ® ® Idy are all positive, where Idg: £4 — £4 is the
identity map of the algebra £4 of all complex d x d-matrices. It follows that
tensor product of CP maps is again CP, since

P ® Py = (Idd’l ® (I)Q) o (‘bl ® Idd2).

There are positive maps that are not CP, a basic example provided by
matrix transposition A — AT in a fixed basis.

A completely positive trace preserving map & is called channel; the dual
channel ®* is a completely positive unital map.

For a channel ® consider the quantity H(®) defined in (1.3). Unlike the
classical case, there is no obvious reason for the additivity (1.4), because
there is no analog of (1.5). In fact

ext &§(H1 @ Hz) 2 ext G(Hy) x ext &(Ha), (2.2)
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since apparently, there are continually many pure states Py in H; ® Ha,
given by vectors 1) not representable as a tensor product ¥; ® 19 (namely,
all linear combinations of such vectors which do not reduce to products).
In quantum theory tensor product H; ® Ha describes composite (bipartite)
system. Vectors that are not of the form ¥ ®1)9, as well as the corresponding
pure states, are called entangled. In an entangled pure state of a bipartite
quantum system, neither of the parts is in a pure state, in sharp contrast
to the classical systems.

Turning to the x-capacity (1.1), the additivity problem can be formu-
lated in physical terms as: Can entanglement between input states increase
the classical capacity of quantum channel? The latter is defined as the max-
imal transmission rate per use of the channel, with coding and decoding
chosen for increasing number n of independent uses of the channel

P =R @P
————

n

such that the error probability goes to zero as n — oo (see [20]). A basic
result of quantum information theory says that such defined capacity C(®)
is related to C, (®) by the formula

C(®) = lim (1/n)Cy(®%") = sup(1/n)Cy (™).
Since C,(®) is easily seen to be superadditive (i.e., C)(P1 ® P2) >
Cy(®1)+C,(P2) ), one has C(®) > C, (P). If the additivity (1.2) holds for
given channel ®; = ® and arbitrary channel ®5, then

Cy (@%™) = nCy (®), (2.3)
implying
C(®) = Oy (D). (2.4)

Such a relation is very much welcome mathematically giving a relatively
easily computable “single-letter” expression for the classical capacity of the
quantum channel ®. One might ask if formally weaker additivity property
(2.3) holds globally, i.e. for all channels. However, a result in [9] shows
that this would imply the additivity for all pairs of different channels (1.2).
Since this is not the case, the asymptotic equality (2.4) cannot hold for all
channels.
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2.2. Different forms of the additivity property
From the definition of x-capacity it follows that

Oy (@) < mnax H (2 (p)) - penéi&) H (2 (p))- (2.5)

To find out the intrinsic connection between the output entropy H (P (p))
and the y-capacity, let us rewrite the expression (1.1) in the form

Cx(®) = max [H(2(p)) - Ho(p)), (2.6)

where

Hy(p)=  min > w(a)H(@(p(x)))

x

is the convex closure [34] of the output entropy H(®(p)). The minimum
here is taken over arbitrary finite probability distributions on &(H). The
conjectured superadditivity property is: for arbitrary state p12 € G(H; ®
Hz) and arbitrary channels ®1, Po

~ YOEN N
Ho,ga,(p12) > Ha, (p1) + Ha, (p2), (2.7)

where p1, p2 are the partial traces of p12 in Hi, Ha (for the notion of partial
trace see the next section). The function H'q,(p) is a natural generalization
of another important quantity in quantum information theory — entangle-
ment of formation Ep. In fact

Hy (p) = Ep(VpV™), (2.8)

where V is the Stinespring isometry for the channel ® [38] and reduces to
it when the channel ® is simply a partial trace.

Proposition 1. For given channels ®1, ®5 the superadditivity property
(2.7) implies both additivity properties (1.2) and (1.4).
Proof. Indeed, let p{5 be a minimizer for H(®; ® ®2)(p12), then
H(®y ® o) = H((®1 @ 05)(p1y)) > Ho,ew, (p))
> Ha, () + Ha, (p§) > H(®1) + H(D2),

whence (1.4) follows. On the other hand, (2.7) and subadditivity of quantum
entropy

H(o12) < H(o1) + H(o2),
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imply
H((®1 ® ®2)(p12)) — I:I‘I’i@q’z (pr2)
< H((®1 ® ®2)(p12)) — Ho, (p1) — Ho, (p2)
< [H(@1(p1)) — He, (p1)] + [H(@2(p2)) — Ha, (p2)] -
By using (2.6), we get
Cy(P1 @ @2) < Oy (P1) + Cy (P2),
ie. (1.2). 0

In [24] several individually equivalent formulations of the additivity
property for channels with constrained inputs, which formally is substan-
tially stronger than additivity of the unconstrained C,, were given. It was
shown that the additivity for channels with constrained inputs holds true
for certain nontrivial classes of channels, e.g. a direct sum mixture of the
identity channel and entanglement breaking or diagonal channel.

Quite remarkably, however, all the additivity properties turn out to be
the same globally. By combining the correspondence (2.8) and the convex
duality technique of [2] with a powerful channel extension technique, which
allows to use effectively arbitrariness of channels in question, Shor [45] had
shown equivalence of the global properties of additivity of the minimal
output entropy, Cy, Er and of superadditivity of Er.

Theorem 1 ([45]). The conjectures (1.2), (1.4) and (2.7) are globally
equivalent in the sense that if one of them holds true for all channels ®q,
Dy, then any other is also true for all channels.

The channel extension technique was used in [24] to show that additivity
for two fixed constrained channels can be reduced to the same problem for
some unconstrained channels, and hence, the global additivity for chan-
nels with arbitrary input constraints is equivalent to the global additivity
without constraints.

These global equivalences also guarantee existence of channels breaking
all other forms of the additivity conjecture, if only one of them, say, the
minimal output entropy is shown to be nonadditive globally. However, the
applicability of individual statements like Proposition 1 remains unaffected.

2.3. Nonadditivity of quantum entropy quantities

The quantum Rényi entropy of order p > 0,p # 1 of a density operator p
is defined as

1
Ry(p) = = log Tr " (2.9)
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and in the limit p — 1 the quantum Rényi entropies uniformly converge to
the von Neumann entropy of a density operator p

lim Ry (p) = —Trplogp = H(p).

Defining the minimal output Rényi entropy of the channel ®
R,(®) = min R,(®(p)),
o) = min Fy(®(p)
one has the additivity conjecture similar to (1.4)

R, (¥ @ ®2) = R, (B1) + R, (D). (2.10)

Again, the inequality < is obvious here. Note, that validity of (2.10) for some
specific channels @1, ®5 and p close to 1 implies (1.4) for these &1, Ds.

There are several important classes of channels for which the property
(2.10) can be proved for all p, including all entanglement-breaking chan-
nels (Shor [44], King [28]), all unital qubit channels (King [29]) and the
depolarizing channel (King [30]) as well as for complementary channels
(Holevo [22], King et al. [31]). A significant role in the proofs is played by
the Lieb-Thirring inequality [33]

Tr(AB)? < Tr APBP, (2.11)

for A, Be £(H), A, B>0,and p > 1.
However, there is an explicit example of transpose-depolarizing channel
[48]), where the additivity breaks for d = dim H > 3 and large enough p:

1
®(p) = i-1 [I—PT] ‘
In particular, (2.10) with ®; = ®o = P fails to hold for p > 4, 7823 if d = 3.
Nevertheless, the additivity of H(®) and of C,(®) holds for this channel,
as shown in [37, 7, 1].

A breakthrough in the negative solution of the conjecture (2.10) came in
2007. It was shown that in very high dimensions there always exist channels
for which (2.10) does not hold for any p > 2 ([49]) and for any 1 < p < 2
([14]). Specifically, in [49] it was shown that the additivity of the Rényi
entropy with p > 2 for the couple of channels ®, ® (complex conjugate in
a fixed basis) breaks with probability tending to 1 with d — oo for the
uniform mixture of unitary evolutions

1 & .
D(p) = - Z U;pU;, (2.12)
j=1
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where U;; j = 1,...,n is a sequence of random independent unitary
operators distributed according to the normalized Haar measure, and
n= 153—24d10g d. A simple but efficient upper bound for Rp(ib ® ®) is

p
p—1

Ry(®® ®) < R, (@0 ®)()(¥]) < —L—logn,  (213)

where |¥) is the maximally entangled vector in the same basis, and in
the second inequality one uses the special property (U ® U) |¥) = |¥) for
arbitrary unitary U.
More difficult is the probabilistic lower bound

lim P{Rp(cb) > log @} =1

d—o0 3
for random @ of the form (2.12). A key ingredient is a large deviation
estimate for sums of random operators inspired by the classical Bernstein-
Chernoff-Hoeflding inequality [15], which show that (2.12) becomes close
to completely depolarizing channel in the sense of operator norm

I €
D(p) — = < =z
o3 <5

while preserving entanglement to the degree given by (2.13).

Hayden [14] used a general open system representation of the channel
® with the the random evolution operator distributed uniformly over the
group of unitaries. Then the upper bound

Ry(®® @) < Ry (2 ® 2)(|¥) (¥])) < plogd + O(1)

sufficient if 1 < p < 2,* can be obtained similarly to (2.13), while the
probabilistic estimate

dlln;OP{Rp (®) >logd —2} =1

is based on another large deviation phenomenon — the measure concen-
tration which is used to establish concentration of the output entropy [16].
This is closely related to the early important observations going back to
Lubkin [36] that given a random uniformly distributed pure state vector
|ap) of a composite system AB, the entropy of the partial state pp of the
smaller system tends to its maximal value log dp as logds — oo, and hence
pB becomes almost chaotic.

2The whole range 1 < p can be also covered by this construction as shown later by
Winter. Subsequently, there were also negative results for p = 0 and p ~ 0 [6]. For the
later improvements see the merged article by Hayden and Winter [17].
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Hastings [12] explored this phenomenon at full strength along with exact
probability distribution of the spectrum of pp found in [35, 51]. He general-
ized Winter’s construction by considering non-uniform mixtures of unitary
evolutions with random weights distributed in such a way that the output of
the channel ® is distributed precisely as p4 from the uniformly distributed
|ap) , while the output of the complementary channel ® — as pp. He uses
the estimate

logn

H@® ) < H((® o d)(|0) (¥))) <2logn—

again similar to (2.13), while the most difficult part

. . logn

dli,n;oP{H((I’) > logn — W} >0
for n, d/n large enough is obtained by comparing the consequences of the
aforementioned distribution of the spectrum of pp and an original prob-
ability estimate of the minimal output entropy (Lemma 4 of [12]), avoid-
ing straightforward use of e-nets and the “union bound”, which does not
attain the goal in the case p = 1. Hastings gave only a sketch, and the
detailed proof following Hastings’ approach was given by Fukuda, King
and Moser [8].

Although, combined with theorem 1 this gives a definite answer to the
additivity conjecture, several important issues remain open. All the proofs
above use the technique of random unitary operators or random states and
as such are not constructive: they provide only evidence for existence of
counterexamples but do not allow to actually produce them. Attempts to
give estimates for the dimensions in which nonadditivity can happen so far
has led to overwhelmingly high values: the detailed estimates made in [8]
gave n ~ 3.9 x 104, d ~ 7.8 x 1032 breaking the additivity by the quantity of
the order 10~°. While this does not exclude possibility of better estimates,
based perhaps on a different (but yet unknown) approach, it casts doubt to
finding concrete counterexamples by computer simulation of random uni-
tary channels. It remains a mystery what happens in realistic dimensions:
perhaps the additivity still holds generically for some unknown reason, or
its violation is so tiny that it cannot be catched by numerical simulations.”

bThat such a possibility is not excluded in quantum information problems is well illus-
trated by Shor’s counterexample to Levitin’s conjecture concerning maximizers for acces-
sible information [43].
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From the physical side, that would mean that, strangely, entangled encod-
ings are rather useless “practically”, in contrast to entangled decodings
which show the superadditivity starting from d = 2 [20].

In any case, this work is fundamental from the mathematical side, finally
closing attempts of a general proof and stressing the importance of conti-
nuing efforts to find further particular cases where the additivity holds for
this or another reason.

2.4. Infinite-dimensional channels

The additivity problem is still open for the minimal dimension 2: it is not
known if the additivity holds for all nonunital qubit channels, although
a strong numerical evidence in favor of this was given in [39, 13]. Never-
theless there are several good reasons to consider the problem in infinite
dimensions. There is a good chance that additivity holds for important
and interesting class of Gaussian channels that act in infinite dimensional
Hilbert space, see e.g. [11, 10].

Shor’s channel extension used in the proof of equivalence of different
forms of the global additivity conjecture for finite dimensional channels is
related to weird discontinuity of the y-capacity as a function of channel
in infinite dimensions. This also calls for a mathematically rigorous treat-
ment of the entropic quantities related to the classical capacity of infinite
dimensional channels [25].

In infinite dimensions, analysis of continuity properties of the entropic
characteristics of an infinite-dimensional channel becomes important since,
as it is well known, the entropy may have rather pathological behavior. It is
lower semicontinuous and “almost everywhere” infinite [47]. Another issue
is the study of conditions for compactness of subsets of quantum states and
ensembles, giving a key for attainability of extrema in expressions for the
capacity and the convex closure of the output entropy. Such a study was
undertaken in series of works [21, 25, 42].

There are two important features essential for channels in infinite dimen-
sions. One is the necessity of the input constraints (such as mean energy con-
straint for Gaussian channels) to prevent from infinite capacities (although
considering input constraints was shown quite useful also in the study of
the additivity conjecture for channels in finite dimensions [24]). Another
is the natural appearance of infinite, and, in general, “continuous” state
ensembles understood as probability measures on the set of all quantum
states. By using compactness criteria from probability theory and operator
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theory one can show that the set of all such generalized ensembles with
the barycenter in a compact set of states is itself weakly compact. With
this at hand a sufficient condition for existence of an optimal generalized
ensemble for a constrained quantum channel can be given. This condition
can be efficiently verified in the case of Bosonic Gaussian channels with
constrained mean energy [25].

The generalized ensemble is defined as a Borel probability measure 7 on
the state space &(H). The average state of the ensemble 7 is given by the
baricenter

Pr = / pr(dp).
S(H)

Let F' be positive self-adjoint operator usually representing energy, £ —
a positive constant. Then the constrained y-capacity of channel ® is de-
fined as

C(@FE) = sw  H@p) - [ H@p)md)| (219
T &(H)
— swp [H®[) - Halp)], (2.15)
p:Tr pF<E
where
folp) = int [ H(@()a(do). (2.16)
S(H)

Similarly to (1.1), there is a relation to the constrained classical capacity

1
C(®,F,E) = lim =C, (%", F™ nE). (2.17)

n—oo n
If the additivity property
C (%", F™ nE) = nC,(®, F, E), (2.18)
holds for the channel ®, then
C(®,F,E)=Cy(®,F,E).

This is closely related to superadditivity of the convex closure of the output
entropy (2.7), which in particular implies additivity of the x-capacity with
linear constraints [24].
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3. Gaussian Systems

3.1. Canonical commutation relations, symplectic space
and complex structures

In quantum mechanics the canonical commutation relations (CCR) arise in
quantization either of a mechanical system with finite degrees of freedom
or of a classical field by representing it as an infinite collection of oscillators
and hence as a mechanical system with infinite number degrees of freedom.
However, in quantum optics one usually deals only with a finite number
of relevant oscillator frequencies, thus again reducing to mechanical system
with a finite number s of degrees of freedom. We give below a very brief
account of the CCR and Bosonic Gaussian systems based on them, see e.g.
[19, 26, 4] for further detail.

Such a system is formally described by canonical observables q;,p;;5 =
1,...,s, which are operators in underlying Hilbert space satisfying the
Heisenberg CCR

95, pk] = 1011, g, qx] =0, [pj,pe] =0 (3.1)
Let us introduce the column vector of operators

R= [Q17p17 .. '7QS)pS]T7

and the real column 2s-vector z = [r1,y1,...,Ts,Yys] so that

R'z =Y (2;q; + y;p;)-
j=1

Mathematically it is convenient to approach to the CCR via the unitary
operators

W(z) =expiR z (3.2)

satisfying the Weyl-Segal CCR
W(2)W(2) = exp BA(z, z')] W(z+ ), (3.3)
where

A(z,2) =Y (@y; — ajy)) = 2T A (3.4)
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is the canonical symplectic form, where A = [Aj;] is the (2s) x (2s)-skew-
symmetric commutation matriz of components of the vector R,

0 -1

_ . 0 -1
A= . = diag L 0] . (3.5)
0 -1
1 0

The space Z of real 2s-vectors equipped with a nondegenerate skew-
symmetric form A(z, z’) is what one calls a symplectic space. It represents
the phase space of the classical system, the quantum version of which is
described by CCR.

Lemma 1. Let a(z,2') = zTaz’ be an inner product in the symplectic

space (Z,A). Then there is a basis {ej,h;;j =1,...,s} in Z in which the
forms A, a have the matrices
-1

A:diag[(l) 0]; d:diag[‘gj 3] (3.6)
J

with a;; > 0.

Indeed, consider the matrix & = A~'a which is the matrix of the oper-
ator (denoted by the same symbol) satisfying

a(z,2') = Az, az2').

The operator & is skew-symmetric in the Euclidean space (Z,«) : &* =
—&, hence there exists an orthogonal basis {e;, h;} in (Z,«) and positive
numbers {¢;} such that

bdej = —ajhy;  ahy = aje;.

Choosing the normalization a(ej, e;) = a(h;, hj) = «; gives the basis with
the required properties.

Any basis in which the matrix of A (z,z’) has the canonical form (3.5)
is called symplectic. Denoting by T the transition matrix from the ini-
tial basis in Z to the symplectic basis, i.e. the matrix with the columns
{ej,hj;j=1,...,s} we have

A=TTAT; a=T"aT.

We can also define the canonical variables §; = R'e;,p; = RThj;j =
1,...,s, s0 that TTR = R, where R = [G1, 1, - -, Gs, Ps) ' -
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Operator J in Z is called operator of complex structure if
J*=—-E, (3.7)
where F is the identity operator in Z, and
Az, Jz) > 0; z€Z. (3.8)
or in the matrix notations
—AJ=JTA>0. (3.9)

For any inner product a on Z defined by the corresponding positive-
definite matrix, there is an operator of complex structure J commuting
with the operator & = Ao

[J,A'a] =0, (3.10)

namely, the orthogonal operator J from the polar decomposition & =
J|&| = |@|J of the skew-symmetric operator & One has J = T.JT~! where
J has the matrix
J=—A = diag [ 0 1] (3.11)
-1 0
in the symplectic basis associated with the inner product «a(z, 2’).

With every complex structure one can associate the cyclic one-
parameter group {e?’} of symplectic transformations which we call the
gauge group. The gauge group in Z induces the unitary group of the gauge
transformations in ‘H according to the formula

W(e?’2) = e EW (2)e??C, (3.12)

where G = %RTJA_lR is selfadjoint positive operator in H. In terms of
generators, this reduces to

RTe#) = ¢ WG RT19C, (3.13)
A selfadjoint operator F'in H is called gauge invariant if
e WO R = |
for all real ¢. Consider the quadratic operator ' = RTeR, where € is a
symmetric positive-definite (energy) matrix. By using (3.13) we find that

it is gauge invariant if e*’ee¥’ = ¢, or, equivalently, Je +eJ T = 0, which
by (3.9) is the same as

[J,eA] = 0.
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For every energy matrix €, there is an operator of complex structure satisfy-
ing this condition: it is the orthogonal operator from the polar decompo-
sition of €A. One has J = TJT~! where J has the matrix (3.11) in the
symplectic basis associated with the inner product €(z,2’) = A(z,eAz’) =
2T AeAZ.

In quantum optics, where the field is reduced to a finite collection of
oscillator modes, there is a preferred complex structure arising from the
oscillator Hamiltonian which gives rise to creation-annihilation operators
and amounts then to usual multiplication by 1.

3.2. Gaussian states and channels

Let W(z); z € Z, be a representation of the CCR in H. The state p is called
Gaussian, if its quantum characteristic function

¢(z) = TrpW(z)

has the form
1
o(z) = exp <Z m'z— ngaz) , (3.14)

where m is a column (2s)-vector and « is a real symmetric (2s) X (2s)-matrix
satisfying the matriz uncertainty relation

a— %A > 0. (3.15)

Let J be an operator of complex structure in Z and let {ei“’G} be the
corresponding gauge group in H. From (3.12) it follows that the Gaussian
density operator p is gauge invariant, e%?%p ¢?¢ = p, ¢ € R, if and only
if its characteristic function satisfies ¢(e¥”2) = ¢(z), which is equivalent to
m =0and J a+aJ = 0. By using (3.9), the last condition can be written
as (3.10). As we have seen in Sec. 3.1, for arbitrary « there is at least one
operator of complex structure in Z satisfying this condition, namely the
orthogonal operator J from the polar decomposition of operator A~'a.

The condition (3.15) amounts to the fact that in the diagonal form (3.6)

osz%, j=1,...,s. (3.16)
When o = %, the Gaussian state is pure and has the covariance matrix
%AJ corresponding to the form

%j(z,z’) = %A(Z,JZ/). (3.17)
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Let p be the Gaussian state with zero mean and covariance matrix c«,
and pg is the pure Gaussian state with zero mean and covariance matrix
%AJ . They are both gauge invariant relative to the complex structure J.
Then the following decomposition holds

p= / W (2)p0W ()" P(d?*2), (3.18)

where P is a J-invariant Gaussian probability measure on Z.
Indeed, the inequality (3.16) implies that the form

a(z,2') — %j(&z’) (3.19)

is nonnegative definite, hence the characteristic function of the state p admit
the decomposition

1 1
exp |:—504(Z72):| = ¢(2) exp [—gj(z,z')] , (3.20)
where
1 1. /
p(z) = exp|—3 | al(z,2) — 5i(2,2)
2 2
is symplectic characteristic function of a Gaussian probability measure P:

o(z) = /exp(iA(z',z))P(dgsz’). (3.21)

The relation (3.18) then follows from (3.20), by comparing quantum char-
acteristic functions of both sides and taking into account (3.3).

In quantum optics with the preferred complex structure arising from the
oscillator Hamiltonian, the gauge-invariant pure state is the vacuum state
and the relation (3.18) gives Glauber’s P-representation e.g. of a tempera-
ture state p into coherent states W (z)poW (2)* (see e.g. [27]).

Let Za, Zp be two symplectic spaces and consider a channel ®:
T(Ha) — T(Hp). The channel is called Gaussian if the dual channel
satisfies

O [Wi(25)] = Wa(Kn2s) exp| il(z5) — %,u(zB, .l (3.22)

The parameters (K, 1, 1) of a quantum Gaussian channel satisfy the condi-
tion (see [4])

[Ap — KTALK]. (3.23)

N =

=
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Any Gaussian channel has the covariance property
B[Wa(2)poWa(2)"] = Wi (K'2)®[oo] Wp(K'2)" (3.24)

where K’ is symplectic transpose.

Assume that in Z 4, Zp operators of complex structure Ja, Jp are fixed,
and let G4,Gp be the corresponding gauge operators in H 4, Hp acting
according (3.12). Channel ® is called gauge covariant, if

Dlei?Ca peivGa] = (0GB P[ple—i#Cn (3.25)

for all input states p and real numbers ¢. For the Gaussian channel with
parameters (K, [, u) this reduces to

1=0, KJg—JaK=0, [Az'u, Jp]=0.

Thus, a natural choice of the complex structure in Zp is given by any Jp,
commuting with the operator Aglu. Existence of such a complex structure
is proved similarly to (3.10) with the difference that the matrix p can be
degenerated.

In optimization problems with bounded mean energy a natural complex
structure in Z4 is determined by the energy operator A = R eR, namely,
J 4 is the operator of complex structure in Z 4, commuting with the operator
€A 4, so that

Jae+eJ] =0. (3.26)

In the case of usual Hamiltonian of the oscillator system the action of
Ja reduces to multiplication by ¢ in the complexification associated with
creation-annihilation operators.

3.3. The classical capacity

It is natural to consider the classical capacity of quantum Gaussian chan-
nel ® under the additive input constraint corresponding to the quadratic
energy operator F' = R"eR with positive-definite matrix e. However find-
ing the classical capacity C(®, F, F) in general depends on the solution of
the additivity problem. A natural estimate for C(®, F, E) is given by the
quantity C,(®, F, E), defined by the relation (2.14), which coincides with
C(®,F,E) in case of additivity. In any case, it gives a lower bound for
C(®, F, E).

However even the computation of C,(®, F, E) for Gaussian channels
remains in general open problem. At least in [25] it was shown that an
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optimal ensemble always exists and C,(®, F, E) is given by the relation
(2.14) with sup replaced by max.

Consider the following hypothesis of Gaussian optimal ensembles:
For a Gaussian channel ® with the quadratic input energy constraint the
mazimum in the expression

Cy(®,F E) = mﬂr%??SExﬂw), (3.27)
where
xo(m) = H@(e) = [ H@(e)n(d), (3.28)
S(H)

is attained by the Gaussian ensemble 7, consisting of generalized coherent
states W (2)poW (2)*, where po is a pure Gaussian state, with Gaussian
probability distribution P(d*"z).

For such an ensemble the covariance property (3.24) implies
H(®[W (2)poW (2)*]) = H(®[po]), and hence

xa(m) = H(®[pr]) — H(P[po]), (3.29)

which leads us to the hypothesis of Gaussian minimizer for the out-
put entropy: For a Gaussian channel ® the minimum of the output en-
tropy is attained on a (pure) Gaussian state po.

Assume that the channel is gauge-covariant. Then from (2.15), where
the expression under the supremum is concave function of p by concavity
of the entropy and convexity of Hg(p), it follows that the optimizing state
p can be chosen gauge-invariant since the averaged gauge-invariant state

1 2m

PZ% o

eiapGAp e_“"GAdcp
gives at least the same value of the maximized concave function. Moreover,
consider the gauge transformations in H 4 and define their action on the

generalized ensembles by the formula
To,(U) =7m({p:e*Crpe %1 c U}), ¢ e€l0,2n],

for Borel subsets U € &(H 4). Generalized ensemble is gauge invariant, if
7, = 7. By using concavity of the functional x4 (7) and using averaging
of ensembles over ¢ one shows that maximum in (3.27) is attained on a
gauge-invariant ensemble. Again, it follows that the average state of such
optimal ensemble is gauge-invariant.

The following proposition relates the two hypotheses for gauge-covariant
channels.
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Proposition 2. Let Gaussian channel ® be gauge-covariant with respect
to the complex structures Ja, JJp. Assume that the minimum of the output
entropy is attained on a G 4-invariant Gaussian state pg. Then the hypothe-
sis of optimal Gaussian ensembles is valid, and the optimal ensemble m can
be chosen such that the output state pp = ®[pr] is Gp-invariant Gaussian
state.

Proof. Let 7 be an optimal ensemble. Denote pp = ®[pr], then Tr g F <
FE and

C\(®, F, E) = xa(r) = H(pp) — Ha(px)
< H(pp) — H(®) = H(pp) — H(®[po]),  (3.30)
by the general inequality Hg () > H(®) and the assumption H(®[pg]) =
H(®).
Consider G g-invariant state

1 2m

— 5 eiwcAﬁﬂe_i@GA d(p,
2

pa =

then TrpaF' = Tr p, F. Let now ﬁA be the Gaussian state with the same
first and second moments as g4, then again

TrpaF = Tt poF = Tr p, F. (3.31)

Moreover, pa is Ga-invariant Gaussian state and pp = ®[pa] is Gp-
invariant Gaussian state with

H(pp) > H(®[pa)) > H(pp). (3.32)

Here the first inequality follows from the principle of maximal entropy while
the second — from concavity of the entropy. Since pg is pure G 4-invariant
Gaussian state, then one has the decomposition (3.18) for the state p = j .
Denote by 7 ensemble of generalized coherent states W (z)poW (2)* with
Gaussian distribution P(d?*z). Then

i = ¥lpa] = [ OV )palV () )P
. / WK 2)®[po] W (K'2)* P(d*2)

by the covariance property (3.24), therefore

Hy(pa) < H(®[po]) = H(®).
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By the relation (3.31), ensemble 7 satisfies the energy constraint. Moreover
xa(7) = H(pp) — Ha(pa) > H(pp) — H(®[po)). (3.33)
Bringing together the inequalities (3.30), (3.32), (3.33), we obtain

Xa(7) > xao(m) = Cy (P, F, E), therefore 7 is the optimal ensemble with
the required properties. O
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DISSIPATIVELY INDUCED BIPARTITE ENTANGLEMENT
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Two non-directly interacting qubits with equal oscillation frequencies
can be entangled on a short time-scale by a purely dissipative mechanism,
that is, by the irreversible reduced dynamics that result from weakly
coupling them to a common suitably engineered environment. Depending
on the two-point time-correlation functions of the latter, the generated
entanglement may also persist asymptotically in time.

1. Introduction

Quantum systems can be considered isolated only if the coupling with the
environment which contains them can be neglected; if the coupling is weak
but not negligible, one may derive a reduced dynamics for the embedded
system alone by eliminating the degrees of freedom of the environment.
The resulting time-evolution is irreversible and, under certain assumptions
and via certain approximation techniques, may turn out to be even Marko-
vian [1-4]. These systems are known as open quantum systems and evolve
according to a so-called quantum dynamical semigroup that incorporates
the dissipative and noisy effects due to the environment. Usually, the lat-
ter acts as a source of decoherence: in general, the corresponding reduced
dynamics irreversibly transforms pure states (one-dimensional projections)
into mixtures of pure states (density matrices).

One of the most intriguing aspects of quantum coherence is entangle-
ment, that is the existence of purely quantum mechanical correlations,
which has become a central topic in quantum information for its many
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applications as a physical resource enabling otherwise impossible informa-
tion processing protocols [5, 6]. The entanglement content of a state of two
qubits embedded in a same heat bath is generally expected to be spoiled
by decoherence effects; it turns out that this is not the only possibility:
if suitably engineered, the reduced dynamics due to the environment can
entangle an initial separable state of two dynamically independent systems.
Indeed, although not directly interacting between themselves, there can be
an environment mediated generation of quantum correlations between two
systems immersed in it.

This possibility has been demonstrated analytically for two qubits with
a same oscillation frequency [7] and two identical harmonic oscillators [8]
evolving according to a reduced master equation of the typical Lindblad
form [9, 10], obtained via the so-called weak-coupling limit, while for har-
monic oscillators in a heat bath of other oscillators it has been derived
numerically from the exact time-evolution [11].

2. Two Qubit Master Equation

The problem we will address in the following regards whether an initial sep-
arable pure state 1)) ® |¢) of two non-interacting qubits with Hamiltonian

Hs =2 (08" + o) (2.1)

can become entangled when weakly coupled to an environment B, typically,
an infinite heat bath in a thermal equilibrium state pg, via an interaction
of the form

2 3
H=>Y 0o x, (2.2)

where 05,12772?2 are the Pauli matrices for the two qubits and X i(a

tian bath operators with zero mean, Tr(pg Xfa)) = 0.* The total Hamilto-
nian is thus of the form Hy = Hg + Hg + A\ Hy, with A a dimensionless
coupling constant and Hp the Hamiltonian relative to the bath degrees of
freedom.

In general, the state of the compound system S + B at time ¢ > 0 is a
correlated state psp(t) = exp (—itHr)psp exp (itHr) from which the state

of the two qubits can be extracted as p(t) = Trp(psp(t)) by tracing out

) are Hermi-

aFor sake of simplicity, we shall keep, a finite-system notation, traces, density matrices,
despite the bath having infinitely many degrees of freedom.



Dissipatively Induced Bipartite Entanglement 135

the environment degrees of freedom. The time-evolution equation for p(t)
is complicated, plagued by non-linear and memory effects that make im-
possible to disentangle a meaningful dynamics for S alone out of the global
one for S + B. However, if the coupling between S and its environment B
is sufficiently weak, A < 1, one may follow a number of approaches aim-
ing at the derivation of a memoryless, that is Markovian, master equation
[1, 2, 4, 9]. One of these is the so-called weak-coupling limit; it consists of a
number of approximations: 1) one starts with an initial state psp = p® pg;
2) considers the term of order A\? in the Dyson-series expansion of the time-
evolution in the interaction representation; 3) goes to the slow time-scale
T = tA2, typical of the dissipative effects; 4) assumes that on this time-
scale the bath time-correlations decay sufficiently rapidly that system and
bath are practically disentangled, psp(7/A?) ~ p(7/A?) ® ps and, finally,
5) performs an ergodic (time) average that eliminates all off-resonant oscil-
lations (rotating-wave approximation). This procedure yields the following
Kossakowski-Lindblad master equation:

dip(t) = —i[Hs + X Hia, p(t)] +A? D[p(t)] =: Llp(t)].  (23)

The environment contributes to the generator of the reduced dynamics
with an Hamiltonian Hy2 and a purely dissipative term D[p(t)]; both of
them depend on the environment through the two-point time-correlation
functions

GE}“’) (t) =Tr (PﬂXi(a) et Xj(-b)e*“HB) : (2.4)

The bath-induced Hamiltonian H15 consists of three terms; two of them
provide a Lamb-shift of the single qubit Hamiltonians, while the third one
represents a bath-mediated spin—spin interaction:

Hipt = Z hi? otVo! (2.5)

1,7=1

where the 3 x 3 matrix h(1?) = [hl(;Q)] is real, but not necessarily Hermitian,
with entries constructed with the Hilbert transforms of the bath two-point
correlation functions. Instead, the purely dissipative part reads

Z C(“b) ( (a) o(t) §b) _ %{Gj(b)alga) ’ p(t)}> ,  (2.6)

a,b=1,2
1,j=1,2,3

where the 3 x 3 matrices C'(?%) = [C’(ab)] have entries constructed with the
Fourier transforms of the two-point correlation functions.
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. . ctth (2

Remark 2.1. The 9 x 9 Kossakowski matrix C' = oy e | turns out
to be positive definite; this fact guarantees that the master equation (2.3)
generates a semigroup of dynamical maps on the two-qubit density matri-
ces, vt = exp (tL), p — p(t) = ~¢[p|, for ¢ > 0, which are completely posi-
tive [1-3, 12]. Complete positivity is necessary to guarantee that the reduced
dynamics consistently describe a physical process. Indeed, one can always
think to couple the given two qubits (1,2) system with other two qubits
(3,4) (a so-called ancillary system) that are dynamically inert; namely, the
time-evolution of the composite system is of the form 7; ® id. If the maps
~¢ were not completely positive, then there would surely exist an entangled
state pent of the composite system (1,2) 4 (3,4) such that v ® id[pent] is
no longer positive and thus not a state [13].

Certainly, the bath-induced interaction (2.5) contributes to entangle
suitable initial separable two-qubit states; what is however interesting is
that the same may be true of the purely dissipative part of the generator,
D[p(t)]. This effect hinges upon the non-local character of the action cor-
responding to the off-diagonal blocks C'(*?) and C?1) of the Kossakowski
matrix and depends on the trade-off between the purely decohering local
action of the diagonal blocks.

3. Dissipative Entanglement Generation

We shall first concentrate on the environment induced entanglement of two
open qubits at small times and discuss sufficient conditions for an initial
separable state 1)) ® |¢) to become entangled. One knows [5, 6] that a two-
qubit state p is entangled if and only if under partial transposition T, of
the second qubit, say, id ® T'[p] is no longer positive. In order to make this
happen, it is sufficient to consider the expansion of the evolving two-qubit
state up to first order in ¢,

p(t) = [0) (W] @ o) (¢l + t L[[v)(¥] @ o)l

and impose that

(Vlid @ TL{lY) (@] @ [¢)(s]]l¥) <0, (3.1)

for at least one, pure entangled two-qubit state |¥) orthogonal to |¢) ®|®).
In fact, in such a case the first-order expansion of the evolving p(t) acquires
a negative eigenvalue under partial transposition which means that p(t) is
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entangled for ¢ sufficiently small. The state |¥) must be entangled, other-
wise, by duality, id ® T'[|¥)(¥|] would return a positive matrix and the first
order contribution in (3.1) could not become negative; also, the orthogonal-
ity request eliminates the zeroth order term. Using the orthonormal bases
{|¥), |¥1)} and {|¢),|¢$L)}, one then inserts the expansion

(W) = al) @ |¢L) + BlYL) @) +nlvr) @ oL)

into (3.1) and uses the (2.5) and (2.6). In this way, the following sufficient
condition has been derived in [14].

Proposition 3.1. A separable two-qubit state 1) ® |p) gets entangled at
small times under the dissipative time-evolution ¢ generated by (2.3) if

6 = (u| M Ju) (w|(CENT |v) — |<v| (%6(0(12))4—2'}1(12)) |u>|2 <0, (3.2
where C@®) are the block components of the Kossakowski matriz C' = [Ci(;b)]
in (2.6), h(1?) = [h§;2)] is the 3 x 3 matriz whose entries appear in (2.5),
while Re(X) = (X + X*)/2 extracts the real part of a matrix X and
XT denotes its transposition, while X * its complex conjugate (with respect
to a fized orthonormal basis). Moreover, given the two qubit vector states
[0, |#) € C% with orthogonal partners |11 ) and |¢1), |u) and |v) are three-
dimensional vectors with components

up = (WYlog|vL), v = (oL|oi|d). (3.3)

Remark 3.2. The previous inequality can be read as a sufficient condition
for a purely Hamiltonian time-evolution to be able to generate entangle-
ment: just set the Kossakowski matrix C' = 0. It amounts to the presence
of an interaction between the qubits of the form (2.5). When there is no
Hamiltonian interaction between the qubits, then condition (3.2) tells that
entanglement generation by dissipation is possible if the non-local effects are
stronger than the decohering ones. Finally, when both the Hamiltonian and
the dissipative contributions are present, then they may increase or dimin-
ish the entanglement generation capability of the environment depending
on the sign of Sm ((v|Re(C)|u)(v[h1D |u)*).

Furthermore, in [15] it has also been proved that, if § > 0, no separable
states 1)) ® |¢) can get entangled by the environment at small times.

Example 3.3. Consider a purely dissipative time-evolution ; generated
by a master equation without Hamiltonian interaction and a Kossakowski
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matrix of the form C' = (ﬁ ﬁ) with A = [a;;] = AT > 0 a 3 x 3 matrix:

=3 S 0 (0 gy — L0
Op(t) Z Z i (Ul p(t)o; 2{0'J op ,p(t)}). (3.4)

Such a dissipative generator results from coupling two two-level atoms to
a relativistic Bose thermal field [7]. Let o3| 7, ) = =| 1, ]); then, given an
initial separable two-qubit state of the form | [)®| 1), respectively | T)®| |},
it turns out that |u) = |v) = (1,4,0), respectively |u) = |v) = (1,—1,0),
whence (3.2) reads

A4+ AT 2 A—AT 2
sl = = |l =)

§ = (ul Alu) (u| ATu) — |(ul
= — |%m(a12)|2 <0.

Therefore, the initial pure separable states | |) ® | T) and | 1) ® | |) become
entangled at small times as soon as Sm(aq2) # 0.

On the other hand, to the state | 1) ® | T) there correspond |u) =
(1,—4,0) L |v) = (1,4,0), so that § = 4(1+b)% > 0 and no entanglement at
small times can be dissipatively generated in such case (see Remark 3.2).

In order to check the fate at finite time of the entanglement dissipatively
generated at ¢ — 07, it is necessary to integrate the master equation (2.3),
a task very rarely accomplishable. However, if in the previous example, we

1 b0
choose A = <—ib 1 o) with 0 < b < 1 to guarantee A > 0 and thus
0 01

the complete positivity of the generated dynamical amps 7;, and consider
a purely dissipative (namely, without Hamiltonian contributions) master
equation (2.3), then it can be explicitly solved (see the Appendix).

With a solution of (2.3) available, then the time-behavior of the entan-
glement in a two-qubit state p can be monitored by means of the concur-
rence [16]. Consider a two qubit pure state

[¢)) = a|00) + 3]01) + ~|10) + &|11)

where 03]0) = |0), o3|1) = p|1), with |a|? + |B]> + [7|> + [0]* = 1. If it is
separable, the reduced density matrix p; = Tra(|1))(¢)|) obtained by partial
tracing over the Hilbert space of the second qubit,

<|0<|2+|[3|2 OW*+55*>
P11 = * * 2 2 ?
o’y + 3% [y]* 49|
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is a projection and vice versa. Therefore, the closer p; is to a projection,
the less entangled is |¢); this vicinity is usefully measured by the so-called
entaglement of formation [6], that is by the von Neumann entropy of p;
(or equivalenty of ps since the reduced density matrices of a bipartite pure
state have the same non null eigenvalues):

1-p 1—-p 1+p 1+p
S(p1) = ——~log —= — ——log — (3.5)
p=+vV1-C2, 0<C=2ad—py|<1. (3.6)

Given the two qubit vector state
) = 02 @ 3|¢)*) = —a* [11) + B [10) + ¥*[10) — 6* |00),

where |¢*) is the conjugate vector of |¢) with respect to the basis |0),]1),
it is immediate to check that the 4 x 4 matrix

R = [) () (). (3.7)

has C? =4 |ad — ﬂ7|2 as positive eigenvalue. The square root of the latter is
known as the concurrence of the pure state |1): when it is maximal, C' =1,
then p = 1 and S(p1) = log2 is maximal, in which case [¢) is mazimally
entangled; otherwise, when C' = 0 is minimal, then p = 1, S(p1) = 0 and
|1 is separable.

In conclusion, for two qubit pure states, their entanglement is con-
sistently measured by the concurrence C' of which the entanglement is a
monotonically increasing function. For two qubit density matrices p, the
entanglement of formation (3.5) is replaced by

1nf{ZASp1 : ZAW ¢|} (3.8)

that is by the smallest convex combination of the entanglement of formation
S(ph) = Tra(]1") (1]) of the pure states |1*) (1] in terms of which p can be
convexly expanded as >, \i[¢") (1|, A > 0, >°. A\; = 1. Surprisingly, the
variational quantity (3.8) can be expressed as in (3.5) with the concurrence
C in (3.6) substituted by

C = max {0, /\1 — )\2 — /\3 — )\4} y (39)

where Ay > Ag > A3 > A4 are the square roots of the (positive) eigenvalues
of the 4 x 4 matrix

R— pU(l) (2) paél) (2) 7 (3.10)
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which generalizes the matrix R in (3.7) and similarly has non-negative
eigenvalues. In the following, we will deal with density matrices

a 0 0 0

p= 0 b ¢ a,byd,e>0, a+b+d+e=1, bd>c?
0 ¢c d 0 77777 ’ -
0 0 0 e

written with respect to the orthonormal basis | 11), | T1), | 11), | 11). In
such a case, the concurrence can readily be computed as

C(p) = max{0,2(|c| — Vae)} . (3.11)

Example 3.4. Consider the purely dissipative reduced dynamics studied
in the Appendix. The initial separable pure states | 1) ® | |} and | |) ® | T)
correspond to initial conditions p33 = pgg = 1/2 and p3q = py3 = +1/2
with respect to basis used to solve the time-evolution equation. They thus
evolve into density matrices (with the notations in the Appendix)

p11(t) 0 0 0
0 lf2pss)Ee™™  2pss(t)-1 0
p(t) = 2p33?t)—1 1+2p33 (415)3Fe_4t
0 4 4 0
0 0 0 p22(t)

In both cases, the concurrence (3.11) is given by

1

pas(t) — —‘ N/ROr=0}

O(t,b) = :

when C(t,0) > 0, otherwise C(p(t)) = 0 and the state is no more entan-
gled. In Fig. 1, C(t,b) is plotted as a function of ¢ > 0 for three values
of the parameter b: all three behaviors rapidly saturate showing that the
entanglement production stops; further, at a fixed time ¢, the larger the
parameter, the higher the curve.

In the case of the initial separable state | 11), its only non-trivial entry
with respect to the orthonormal basis used in the Appendix is p1; = 1;
therefore it evolves into

p1i(t) O 0 0
0 P332(t) P332(t) 0
p(t) = 0 P332(t) P332(t) 0

0 0 0 paaft)
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0.5 1 1.5 2

Fig. 1. C(t,b) for | 1]), | 11) and b=.3,b=.5,b=.9.

In this case, C(t,b) = p33(t) — 24/ p11(t)p22(t) is never positive (see Fig. 2);
therefore, the environment is not able entangle it also at finite times and
not only for ¢t — 0F.
1 1
As an initial state, let us now consider p = §| TH{L |+ §| IDAT |5 it

is separable and mixes the first two cases of this example. The dissipative
time-evolution sends it into

p11(t) 0 0 0
1 0 1+P233(t) P33(;)*1 0

p(t) = 9 0 P33(£)*1 1+P§3(t) 0 ’
0 0 0 p22(t)
where the entries are as for | T]); Fig. 3 plots

C(t,b) = 1_+33(t) =V p1i(t)p22(t)

and shows again generation of entanglement at finite times, its increase with
increasing values of the parameter b and its saturation when ¢ increases.

-0.05
-0.1
-0.15
-0.2
-0.25
-0.3

Fig. 2. C(t,b) for | 17) and b= .3, b=.5,b=.9.
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0.5 1 1.5 2

Fig. 3. C(t,b) for 1| T1)(1L [+ L[ I1)(IT|and b= 3, b= 5 b= 9.

3.1. Persistence of Entanglement

The constant value taken up by the concurrence in Figs. 1 and 3 is easily
understood by computing the asymptotic state resulting from the explicit
time-evolution ¢ — p(t) given in the Appendix: a generic initial two-qubit
density matrix p goes asymptotically into

Pm:(;lzngHx |+(1+b) R|2)(2 V3| + paa |4)(4]
S 0 0 0
|0 s oy o (3.12)
| oo ey GRS o | ’
0 0 0 (1+b)2R

3+b2

where R = 23’21 pii and pyq take memory of the initial state (notice that
the p;; are the coefficients of the expansion of p with respect to the or-
thonormal basis used in the Appendix, while the matrix is in the standard
representation). Then, using that R = 1 — py4, the concurrence (3.11) of
the asymptotic state poo is given by
1
Ce=37w

if Cso > 0 otherwise C(ps) = 0 and, though initially entangled, the state
becomes asymptotically separable.

Using (3.13), the asymptotic concurrences of the states studied in Ex-
ample 3.4 are readily computed to be

- 0.058252 ifb= 3
Coo = 577 = 4 0153846 ifb =5 .
+ 0425197 ifb=.9

(11 =% — 4paa| —2(1 - 1)), (3.13)
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for the initial pure separable states | T]), | | 1) and the mixed separable state
L1 [+ 31 11)(U1 |, while for | 11) it turns out that Ca = — 3= < 0.

This asymptotic behavior could have been deduced without solving the
master equation (2.3), rather by inspecting the zero eigenvalue subspace of
its generator: D[p] = 0. The available theory [17-19] is seldom constructive;
however, in the case of a purely dissipative generator as in (3.4), it can
constructively be applied [13, 20].

Notice that the maximally entangled Bell-state |4)(4| is left invariant
by the dissipative time-evolution v; considered in the previous examples.
This explains the mechanism of entanglement generation and its asymptotic
persistence with respect to the initial mixed state

1 1 1 1
ST+ 51D = 51303+ 514) ).

When equally mixed, the maximally entangled Bell states |3) and |4) yield
a separable state. However, since the maximal entanglement of |3)(3| gets
rapidly depleted by 7; as shown in Fig. 4, while y:[|4)(4|] = |4)(4], it is
decoherence which makes entanglement emerge.

0.05 0.1 0.15 0.2

Fig. 4. C(t,b) for |3) = % and b=.3,b=.5 b=".9.

Appendix

In order to solve the master equation (3.4), one first recasts the generator
in the form

3

Do) = 3 o (Sentt) =, — 55550, 00},

i,7=1
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1 b 0
where ¥; = 01(1) + 01(2); and then, after diagonalizing A = (—ib 1 0), one

0 01
rewrites it as

Dp(t)] = 2(1+ 1) (z o(0)% - Hmn p(t)})
+2<1—b)(z+p<> - E-z o))

+ 33 p(t) % {E p(t)},

where Y4 = 0(1) + ai and oy = (07 £ i04)/2.
Because of their behavior under the action of . and X3, it proves
convenient to represent p(t) = Zf j=1Pi7()[) (4], with respect to the or-

thonormal basis

[T+ - =11

v2 oo V2
Inserting the expansion of p(¢) in the right and left hand sides of the master
equation, one obtains the following equations

=110, 2 =111, B =

p11 = —4(1+b)p11 +4(1 — b)pss, pi2 = —12p12

p13 = —2(4+b)p13 + 4(1 — b)p32, p1a = —2(2+0)p1a

P22 = —4(L = b)pa2 +4(1 + b)ps3 P23 = —2(4 = b)pas + 4(1 + b)ps:
P33 =4(1+0b)p11 +4(1 —b)p2e — 8pss, p2a = —2(2—b)paus

p3a = —4paa, pas =0,

plus the complex conjugated. Some of them are immediately integrated,

pa(t) = prze ", pua(t) = prae

p3a(t) = psae . pua(t) = paa.

—2(24b)t —2(2-b)t

p2a(t) = pase

Of the remaining ones, two of them couple the off-diagonal terms p13 and
pag yielding

2(1 —b)p32 — bp13
V4 — 3b2

2(1+b)p13 + bps2
V4 — 3b2

p13(t) = p1s FL(t) + F_(t)

p32(t) = pa2 Fy(t) + F_(t),
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while the other three couple the diagonal entries and obtain

_(1-b)?
p11(t) = 312 R
TR Lo =20 =)o + (14 6)%pss o

(1+0b)(340?)
2(14b)p11 — (1 —b)*(p22 + p33)
34 b2

p22():(1+b n_ \/— (1+b)p11 — (1 —b)? (p22+p33)E,(t)

E+(t) )

3+02 (1-=0)(3+b?)
~ (140)%p11 — 2(1 4 b)paz + (14 b)?pss 2.0
3+ b2 A
_(1-?)
pasll) = 575 B
L1 (L+b)3p11 + (1 = b)3paz — 2(1 — b?) p33 E_(1)

(3+b2)(1—b?)
2(1 +0%)p3z — (1 = b*)(p11 + p22)
3+ b2
where R = p11 + paa + p33 = p11(t) + p2(t) + p33(t) is a constant of the
motion and

E-’r (t) )

o~ H2—VITT) 4 o~ 42+
Ei(t) = 5 ,

o= 26(4—VA=3b%) | o—2t(4+V/1-35?)
Fi(t) = 5

are quantities which decay asymptotically with ¢ — 4-00. The remaining
entries p;;(t) follow from complex conjugation.
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SCATTERING IN NONRELATIVISTIC
QUANTUM FIELD THEORY

Jan Derezinski

Department of Mathematical Methods in Physics
University of Warsaw
Hoza 74, 00-682 Warszawa, Poland
E-mail: jan.derezinski@fuw. edu.pl

The lecture notes are devoted to some topics in scattering theory for
certain models inspired by quantum field theory. As a toy example, we
describe scattering theory for van Hove Hamiltonians, where all basic
objects can be computed exactly. We also sketch the formalism, basic
results and some open problems about the so-called Pauli-Fierz Hamilto-
nians — a class of models describing a small quantum system interacting
with a bosonic field, which have an interesting and nontrivial scattering
theory.

1. Introduction

The main aim of these lectures is to sketch the formalism and basic results
of the scattering theory for certain classes of models inspired by quantum
field theory (QFT). We hope that we will convince the readers that this
subject has both mathematical elegance and physical relevance.

In our lectures, we mostly consider models that are quite simple. In
particular, they always have localized, fast decaying interactions. We are not
going to consider relativistic, or even translation invariant models, whose
scattering theory is mathematically more dificult, and often problematic.

In Section 2 we describe the standard formalism of scattering theory
[24, 28, 32|, whose starting point is a pair of operators H and Hj on a
single Hilbert space. Then, in Section 3 we consider scattering theory of
Schrodinger operators [28, 10], which, at least in the short range case, is an
application of the standard formalism.

Later on we will see that when one wants to study scattering in QFT
models, even very simple ones, the standard formalism has to be modified
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substantially. Therefore, strictly speaking, Sections 2 and 3 do not belong
to the main subject of our lectures. Nevertheless, we believe that it is in-
structive to start with a discussion of these topics, so that the reader can
compare them with scattering in QFT.

We use the term “quantum field theory” in a rather broad meaning.
Roughly speaking, for the purpose of these lectures, a quantum field theory
Hamiltonian is a self-adjoint operator whose definition is based on the for-
malism of second quantization, involving creation/annihilation operators
and Fock spaces. In Section 4 we briefly recall this formalism [5, 7].

In Section 5 we describe in formal terms general principles of scattering
in QFT with localized interactions [13, 20, 31]. We explain, in particular,
the meaning of renormalization, which in such models is finite and well
understood.

In Section 6 we describe scattering theory of a certain exactly solvable
class of Hamiltonians — van Hove Hamiltonians [8].

In Section 7 we discuss the so-called representations of the CCR [5, 7].
They arise naturally in the context of scattering theory for bosonic Hamil-
tonians and allow us to describe some difficult situations typical e.g. for the
infra-red problem.

Section 8 is devoted to the scattering theory for a class of Hamiltonians
describing a small system interacting with bosonic quantum fields. Follow-
ing our earlier works, we call them Pauli-Fierz Hamiltonians, although other
names can be found in the literature as well. We describe some rigorous
results about this subject, as well as some intriguing unsolved problems
[10-12, 14, 15].

In our lectures we do not discuss scattering theory for translation in-
variant QFT models. This subject is more difficult and its rigorous under-
standing is limited. Let us give a list of what we know rigorously about this
subject.

(1) Scattering theory for N-body Schrédinger Hamiltonians is well under-
stood, thanks to the work of Enss, Sigal, Soffer, Graf, the author and
others, see [9] and references therein. It can be interpreted as a rather
special example of a quantum field theory [6] for a class of Hamiltonians
preserving the number of particles.

(2) The Haag-Ruelle theory gives a satsfactory framework for scattering
theory in a relativistic quantum field theory satisfying the so-called
Haag-Kastler or Wightman axioms in the presence of an isolated shell
in the energy-momentum spectrum [23].
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(3) Formal perturbative scattering theory for (nonrelativistic) translation
invariant QFT models is described in [13, 31].

(4) Compton scattering at weak coupling and small energy has been studied
in an interesting paper of Frohlich, Griesemer and Schlein [15].

2. Basic Abstract Scattering Theory

In this section we recall the standard formalism of scattering theory in an
abstract setting. This topic is well known, see e.g. [28, 24, 32]. Later on we
will use a different formalism, but we believe that it is instructive to start
with the standard approach.

2.1. Mypller and scattering operators

Suppose that we are given two self-adjoint operators Hy and H = Hy + V.
The Mpller (or wave) operators (if they exist) are defined as

S:I: — s lim eitHe—itHg
’ t—+oo ’

They satisfy STHy = HS* and are isometric.
The scattering operator is introduced as

S =8t5".

It satisfies HyS = SHp. If Ran ST = Ran S—, then it is unitary.
Let us note in parenthesis that in the old literature one can sometimes
find a scattering operator of a different kind

S=8%ts"r, (2.1)
which satisfies SH = HS. Both scattering operators are closely related:
S =885

2.2. Measurement of observables

In this and the next subsections we try to describe how the scattering oper-
ator leads to measurable quantities. We will call them (abstract) scattering
cross-sections. Let us note that scattering cross-sections in the context of
Schrédinger operators or QED are discussed in essentially every textbook
on quantum mechanics or quantum field theory. In distinction to those
presentations, we will try to do it in an abstract setting, disregarding the
concrete form of a quantum system. I find it curious that the abstract
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formalism of scattering cross-sections is quite complicated and involves a
nontrivial condition, which we will call the predictiveness, see (2.6). Note
also, that one treats differently the initial time (when the state is prepared)
and the final time (when an observable is measured).

We will go back to scattering cross-sections in Subsection 3.2, where we
consider them in the context of Schrédinger operators,

Let us start with recalling some of the basic principles of quantum
mechanics. Let p be the density matriz representing a state prepared at
time ¢_. (Recall that a density matrix is a positive operator of trace 1).
Let A be a self-adjoint operator representing an observable measured at
time t,. We learn at basic courses of quantum mechanics that the average
outcome of the measurement, which we call the expectation of the measure-
ment, equals

Tr Aefi(t+7t7)Hpei(t+7t7)H'

In realistic situations, it is often difficult to determine the initial state p.
Typically, the only thing that the experimenter uses to prepare the initial
state can be mathematically described by a certain commuting family of
self-adjoint operators, which we will call the control observable.

Suppose that the control observable has continuous spectrum (which
often happens in practice). Then there does not exist a density matrix,
which commutes with the control observable, In fact, this follows from the
fact that density matrices have pure point spectrum. Therefore, in such
a case it is impossible to prepare a state which has a sharp value of the
control observable.

Let us try to describe this situation with a more formal language. The
control observable will be represented by a *-homomorphism

Coo(X) 3 f=1(f) € B(H), (2.2)

where X is a locally compact Hausdorff space and Cu(X) denotes the
commutative C*-algebra of continuous functions on X vanishing at infinity.
(For example, we can think of X as R? and (f) as f(D), where D denotes
the momentum.) We can assume that the *-homomorphism + is injective.
If not, Kery = {f € Co(X) : f=0o0nY} for some closed Y C X, and
we can replace in an obvious way Coo(X) with Coo (X\Y).

It is convenient to extend the x-homomorphism + to a normal -
homomorphism, denoted by the same symbol

L£2(X) 5 f = y(f) € BH), (2.3)
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where £°(X) denotes the commutative W*-algebra of bounded Borel func-
tions on X.

Let U be a Borel set in X and let 1y denote the characteristic function
of U. Let B be a self-adjoint operator. We define two real numbers

o+ (U,v,B) :=sup{TrpB : pis a density matrix, p = v(1y)py(1lv)},
o_(U,v,B) :=inf{TrpB : p is a density matrix, p = v(1y)py(1v)}.

Clearly, o (U, p, B), respectively o_ (U, p, B), is an increasing, respectively
decreasing function of the set U.
Let x € X. We set

oy(x,7v,B) = inf{o;(U,7,B) : €U openin X}, (2.4)
o_(z,v,B) :=sup{o_(U,7y,B) : x € U open in X}. (2.5)

We will say that z is predictive for (v, B) if
o (2,7 B) = 04 (2,7, B), (2.6)

and then we set o(z,7, B) equal to (2.6).
For instance, if x is closed in X (which, by the injectivity of v implies
Y(14z3) # 0), then z is predictive for (v, B) iff the value of

(U|BY) (2.7)

does not depend on a normalized vector ¥ € Ran~y(l{,}), and then
o(x,~, B) equals (2.7).

Let us go back to the situation where the experiment is prepared at
time ¢_. and the observable A is measured at time ¢, . We assume that the
experimenter tries to prepare the initial state so that the initial value of the
observable given by v equals x. We also assume that x € X is predictive
for (7, elt+=t-)H Ae=i(t+=t-)H) Then the expectation of the measurement
is close to

o (x7,y7ei(t+7t,)HAefi(t+7t,)H) '

2.3. Physical meaning of the scattering operator

The physical importance of the scattering theory is based on the fact that
in practical situations it takes a long time to prepare states and to mea-
sure observables. Scattering theory provides a natural way to take this into
account.

Suppose that Hy is an operator, which is “easy to control” by the ex-
perimentalist. Let p be a density matrix and A a self-adjoint operator. We
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assume for the moment that the experimentalist is able to prepare the state
e 1t Hopeit-Ho at time t_, and to measure the observable el*+Ho Ae=it+Ho
at time t;. Suppose also that the standard Mgller operators exist, and
hence the scattering operator S is well defined. Then it is easy to see that,
for t_ — —o0, t4 — 00, the expectation of the measurement converges to

Tr ASpS*. (2.8)

Thus, in principle, we can determine the full information about the operator
S, up to a phase factor, from experiments.
One can argue that the experiment described above is rather difficult to
perform for arbitrary A and p. Let us modify it to make it more realistic.
Assume that the observable A commutes with Hy. Then

elt+HQAeflt+Ho — A

does not depend on the time of measurement ¢, and thus should be easy
to measure.

p is a trace class operator, hence there exists an orthonormal basis con-
sisting of its eigenvectors. If [Hy, p] = 0, then Hy has pure point spectrum.
But in typical situations Hy has continuous spectrum. Therefore, there are
no density matrices commuting with Hy. It is therefore natural to apply
the formalism described in the previous subsection.

First we need to choose a control observable. A possible choice would
be the free Hamiltonian Hy, or in the language of the previous subsection,
the *-homomorphism

Coo(sp Ho) > f = f(Ho) € B(H),

given by the functional calculus. Physically, it means the only observable
that we control when preparing the initial state is the energy.

In practice, the experimentalist, when preparing the initial state, con-
trols other observables as well (e.g. the momentum). Assume that they can
be described by a *x-homomorphism 7 defined on a C*-algebra Co.(X), see
(2.2). It is natural to assume that f(Hp) for f € Co (R) belongs to the range
of v (which means that the free Hamiltonian is one of control observables).

Suppose that the experimentalist prepares the state at time ¢_ with
the control observable « arbitrarily close to x € X. Then he performs the
measurement of the observable A at time ¢,. It follows from the definitions
(2.4) and (2.5) that the expectation of such a measurement lies inside or
very close to the interval

[U_ (m, v, ei(t+*t7)HAefi(t+7t7)H),0_+ (m, v, ei(t+*t7)HAefi(t+7t7)H):| .
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Let us now take the limits t_ — —oo, t4 — oo. Assume that we are
allowed to change the order of relevant limits. Then, for any ¢ > 0, there
exists T" such that, for t_ < =T, T < t,, the expectation of the measure-
ment lies in

[o— (z,v,5*AS) — €, o4 (x,7,5*AS) + €.

In particular, let us assume also that x is predictive for (v, S*AS). Then,
as t_ — —oo and t; — oo, the expectation of the experiment becomes
close to

o(x,v,S*AS). (2.9)

(2.9) can be called the scattering cross-section at x € X for the obseruv-
able A.

2.4. Problem with eigenvalues

As before, H and Hj is a pair of self-adjoint operators. It is easy to see that
if the standard Mgller operators exist and HoW¥ = EWV, then HV = EWU.
Thus, on the subspace spanned by eigenvectors of Hy, the Mgller and scat-
tering operators are equal to the identity. Because of that, in practice the
standard formalism of scattering theory is usually applied to Hamiltonians
Hy without point spectrum.

In models inspired by QFT, typically, both Hy and H have ground
states, and these ground states are different. Thus, standard scattering
theory is not applicable. Instead, one can sometimes try other approaches.

2.5. Alternative kinds of Mgller operators

There are various possible alternative kinds of Mgller operators, which can
be used instead of standard ones. Let us describe two of them.
The strong Abelian Mgller operators are defined as

o0
S, :=s-lim e/ ettt oFitHo gy
eN\.0 0

They satisfy ijbHO =H ijb, but do not have to be isometric. If the stan-
dard Mgller operator exists, then so do the Abelian Mgller operators, and
they coincide.

Another type of Mgller operators that can be found in the literature are
adiabatic Mpller operators. To define them we first introduce the dynamics
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with an adiabatically switched on interaction

d

Uet) =iU:(t) (Ho + ety

U.(0) =1,
Then one sets

£ T - —itHo
Sqi=w ll\r‘%t—lgtnoo Uc(t)e .

One expects that under quite general assumptions ijb coincides with Sfd.
In such a case, we will denote them by SZ. (The subscript “ur” stands for
unrenormalized.)

Suppose that the vacuum amplitude operators Z* = SE*SE have
trivial kernels. Then we can define the renormalized Mgller operators

St = gt (7%)71/2,

They also satisfy St Hy = HSE and are isometric.
If Ran St = Ran S,

rn?

then the renormalized scattering operator
Sen =SS

is unitary and HySyy = SinHo-

2.6. Dyson series for Mgller and scattering operators

Set V(t) = eloVe~i*Ho  Expanding in formal power series we obtain

o0

S;{b = lim Z / eV (t,) - V(t)dt, - - - dty,
N0 = Joo>t, > >0

Sfi=1lim >~ / iPe Uttty (1 ) V() dty, - - - dty.
N0 = Joo>t, > >1>0

For Sy, := ST*S,,

ur?

after performing the € \ 0 limit we get

o0

Sur = Z/ "V (t) - V(t1)dty, - - - diy.
n=0Y0>tn>:>t1>—00

After expanding each term in Feynman diagrams, this formal expansion is
the usual starting point for analysis of scattering amplitudes in quantum
field theory.
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2.7. Other formalisms of scattering theory

The formalism of scattering theory that we described in this section started
from a pair of operators Hy and H acting on the same Hilbert space. Note
that this formalism does not apply to all situations of physical interest,
including many QFT models.

Usually, the main aim of scattering theory is to describe a certain single
self-adjoint Hamiltonian H acting on a Hilbert space H. We will call H
and H the physical Hamiltonian and the physical Hilbert space respectively.
The “free Hamiltonian”, or better to say, the “asymptotic Hamiltonian”
is not a priori given. It is even not clear that it should act on the same
Hilbert space and that it should be the same for the past and future. In
fact, part of our job is to guess the asymptotic Hilbert spaces H*? as well
as the asymptotic Hamiltonians HT together with a construction of the
Moller operators S* : H*2 — H, which should be isometric (preferably
unitary), and intertwine the asymptotic and physical Hamiltonians, i.e.
HS* = S*TH*2 1 do not know a single formalism that gives a universal
recipe how to do this. For various situations one often needs to find it
separately. An example of such a formalism is given in Section 8 where we
describe scattering theory for Pauli-Fierz Hamiltonians.

Let us mention that a common way to define Mgller operators is to
introduce appropriate identification operators J* : H*2 — H such that

S* =5 lim eltH jEe A", (2.10)
t—o0
Note that the usual scattering operator S = S™*S~ maps H ™ into H™ .
The alternative scattering operator S = §*tS5~*, introduced in (2.1), acts
on the physical space H.

Let us mention some interesting set-ups of scattering theory, which we

will not discuss in these notes:

(1) Many-body Schrodinger operators, see e.g. [10].
(2) Local relativistic QFT, the Haag-Ruelle theory, see e.g. [23].
(3) Obstacle scattering for classical waves.

3. Scattering Theory for 2-Body Schrodinger Operators

In this section we describe basic elements of scattering theory for
Schrodinger operators [28, 10]. In the short-range case they follow the rules
of the standard formalism, outlined in the previous section. In the long-
range case a modification is needed.
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3.1. Short-range case

Consider the Hilbert space L?(R?) and set
1 1
We say that the potential V(z) is short range if
V(@) <CA+ )77, p>0. (3.1)

Under this assumption one can show that the standard Mgller operators
S*E = s-limy_, 4o e e 1Ho exist and their ranges equal the absolute con-
tinuous spectral subspace of the operator H, denoted Ran1.(H). The last
statement is called the asymptotic completeness.

We define as usual the scattering operator S and we introduce the T-
operator:

S=1+iT.

3.2. Physical meaning of scattering cross-sections

Let £ be the momentum variable. Let é = £[¢|7! denote the angular vari-
able. Recall that T' commutes with Hy. Therefore, the T-operator has the
distributional kernel in the momentum representation:

T(E4,6-) = (14| = 1E-NT(14], 4, ).

The scattering cross-section at the energy A\?/2, incoming angle é, and
outgoing angle &, is defined as

o\ Er ) = [T En ). (3.2)

It is commonly accepted that the scattering cross-sections are physically
the most relevant quantities that are contained in the scattering operator.
Let us try to explain their physical meaning, following the idea sketched in
Subsection 2.3.

The rough idea of the scattering cross-section is as follows. Suppose that
we prepare a state concentrated around the momentum £_ and measure the
probability of finding the particle of momentum around &,. Assume that
the energies are the same: |€_|?/2 = |¢,|?/2. Then the probability of the
measurement is proportional to o(|¢4|,&4,£_), at least if the scattering
amplitude is well behaved (sufficiently continuous).

Let us make it more precise. Let D = —iV, denote the momentum
operator. Suppose that we want to measure the observable a(D) at time
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—it_Hy it_ Hg

ty. At time t_ prepare the state e pe , where for simplicity we

assume that the density matrix factorizes in the energy and momenta:

p(E=€L) = pen(€-1, €11 pan (€-. €L).

We also assume that a(D)p = 0 (so that we measure only scattered states).
By (2.8), the expectation of the measurement converges to

[ [ [ 7led & Onenrie.éné

% pen(€x | |64 Dpan (€, ED)IE4 117 1ELdEdEL. (3.3)
Let us make some additional assumptlonb Fix the incoming angle n_ €
541 Let us assume that £_ — T(|&4], &4, £_) is continuous at £ = A_,

uniformly for £, € suppa. Then it is easy to see that, for any € > 0, there
exists & > 0 such that if p.,(£—,&") is supported in the set

|é*_ﬁ*|§51 |él—_ﬁ*|§67

then the expectation value of the measurement (3.3) differs from

/ a(0)0 (x| € A Ypen (1€ ], €4 )4 |4 e
x / pan(€_ £ )AE_dE" (3.4)

by at most e.

Note that the operator T" enters (3.4) only through the scattering cross-
section. Therefore, scattering cross-sections are sufficient to describe exper-
iments with a well collimated incident beam.

3.3. Long-range case

Suppose that the potential satisfies V' = V| 4+ V5 where V5 is short-range
(satisfies (3.1)) and

|09VA| < Co(1+ |z))~1# >0, |aj=0,1,.... (3.5)

We then say that the potential is long range.

It includes the physically relevant Coulomb potential V(x) = z|z|™!,
where z is the charge.

One can show that for such potentials standard Mgller operators in
general do not exist. This is one of manifestations of the infra-red problem
in quantum physics. Nevertheless, it is possible to compute scattering cross-
sections for long range potentials.
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There are several methods to do this. The method presented in many
quantum mechanics textbooks goes as follows. First one approximates a
given long-range potential by a sequence of short-range potentials. E.g.
the Coulomb potential is approximated by the Yukawa potentials V,
ze #1#l|z| =1, For short-range potentials one can construct Mgller and scat-
tering operators, and hence the scattering cross-sections

U#(Av éla 52)

are well defined. Then one shows that there exists
li N3
P‘I{% Ou ()\7 517 62)7

which is interpreted as the scattering cross-section for V.

There exist better approaches to the long-range scattering. Instead of
the standard Mpgller operators, one defines the so-called modified Mgller
operators for long-range potentials, see e.g. [9]. One way to do it, which
works for y > % in (3.5), is as follows. One introduces the function

S(t, & t§2 / WVi(s€)d

Then one can show that there exists

SE =5 lim eftHe i5ED), (3.6)

t—too

(3.6) are called modified Mgller operators. They are isometric, intertwine
the free and full Hamiltonian, that is Sljr[Ho =H Sljr[. They also satisfy
asymptotic completeness, in other words Ran Sljr[ = Ran 1.(H).

We introduce the modified scattering operator by setting S, := Sfrr S,
and the T-operator by Sy, = 1 4 iT},. We can write the distributional ker-
nel as

Te(r,62) = 0(164] — [E-DThe (€4 ], €4, ).

Scattering cross-section are defined as

oA &, €)= [T\ &4, )% (3.7)

3.4. Freedom of the choice of modified Mgller operators

The main disadvantage of the formalism described above is the fact that in
general there is no canonical choice of Sljf. Nevertheless, this arbitrariness
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is quite limited. If we have two modified Mgller operators Sljfl and S’lerQ,
then there exists a phase function ¥* such that
S
Sil = Slj;zelw (D),

where recall that D = —iV,. This arbitrariness disappears in scattering
cross-sections, which are canonically defined.

There is, however, another construction, which is unique and canonical.
For long-range potentials, there exists self-adjoint operators D* such that,
for any g € C.(R?),

g(D*) =5 lim e g(D)e *H1,(H).

t—+oo

Unlike modified Mgller operators, asymptotic momenta are canonically de-
fined. Following [10], one can define canonically the whole class of modified
Mgller operators as isometric operators Sljr[ satisfying

g(D*) = Sg(D)SE".

4. Second Quantization

In this section we will fix our notation for operators on Fock spaces, which
will be the main language in the sequel.

4.1. Fock spaces

Let Z be a Hilbert space. Physically, it will have the meaning of a 1-particle
space. On ®™Z we have the obvious natural action of the permutation
group, denoted

Sp D0+ 0(0) eUR"Z).

Let us introduce the orthogonal projections onto symmetric/antisymmetric
tensors:

or ::% > e(o),

" o€ES,

1
o = o Z sgnoO(o).
oESy,
Many concepts are paralel for the symmetric (bosonic) and antisymmetric
(fermionic) case. The former will be often denoted by the subscript “s”
and the latter by the subscript “a”. We will write “s/a” to denote “either
sora”.
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The n-particle bosonic/fermionic spaceis defined as ®"/ Z .= @:/a@)”z.
The bosonic/fermionic Fock space is I's/o(Z) 1= ©5L ®¢/, Z- The vector
Q=1¢ ®S/aZ = C is called the vacuum.

4.2. Creation and annihilation operators
For f € Z we define the creation operator
a* (/)Y :=vn+10flifel, Vegl,Z

and the annihilation operator a(f) = (a*(f))".

Note that traditionally, in most physics textbooks, one uses a somewhat
different notation for creation and annihilation operators. One identifies Z
with L?(Z) for some measure space (Z,d¢). If f equals a function = 3 ¢ —
f(€), then one writes

/ FOa(©)de, alf) = / F©a(e)de. (4.1)

4.3. Field and Weyl operators

In the bosonic case, for f € Z we introduce the field operators

¢(f) = — (@ (f) +alf)),

Sl

and the Weyl operators
W(f):=e?W).
For later reference note that

QW (f)Q) = e IF1I7/4,

4.4. Wick quantization

Let b € B( ;L/a Z,®1 Ta ) We would like to define its Wick quantization.
To this end, it will be convenient to use the traditional notation, which
involves an identification of Z with L2(Z). This identification allows us (at
least formally) to represent the operator b by its integral kernel of b, which
is a function b(&1,...,&m, &), - -, &) symmetric/antisymmetric in its first
and last coordinates. The Wick quantization of the polynomial b will be

denoted by
= /b(gla "7§m7§':z)' 761)
a’ (&) a"(Em)a(&y) - a(§)dér -+ &ndy, - dgr. (4.2)
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It is the operator whose only nonzero matrix elements are between k + m
and k+n particle vectors. For ® € ®§/4;’”Z VS ®§/4;”Z , the corresponding
matrix element equals
(n+ k)l(m + k)!
E!

Let us remark that the operator (4.2) does not depend on the the choice
of the identification of Z with L?(Z). Moreover, (4.2) is consistent with the
usual traditional notation, in particular with (4.1).

(®|BY) = (@b 15Fw).

4.5. Second quantization of operators

For an operator ¢ on Z we define the operator I'(q) on I'y/,(Z) by

I'(q) =g®---Qq )
8.2 ®r,.Z
Similarly, for an operator h we define the operator dI'(h) by
dF(h)’ = (h ® (=1 4+t 1(r—1D)® ® h) .
82 ®r. 2

In the traditional notation, if A is the multiplication operator by h(¢), then
dI'(h) = [ h(§)agacdé.
Note the identity I'(eith) = ei*dl'(%),

5. Scattering for Hamiltonians of Quantum Field Theory

In this section we describe the basics of scattering theory of QFT Hamilto-
nians with localized interaction and without the “small system” (see Sec-
tion 8). Unfortunately, in many cases one has to work with formal power
series (see however [11]). Most of the general references on the subject are
quite old [13, 20, 31].

5.1. QFT Hamailtonians
Typical Hamiltonians of QFT have (at least formally) the form

Hy := Hy+ \V, (5.1)

where

Hy = / h(E)a* (€)al£)de, (5.2)
V= /Zvn,m(fla s 7€m7§;z7 s 761)

n,m

a*(&) - a"(§n)a(&y,) - a§)déy - - Emdg] - dg
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The polynomials v,, ,, should be even in fermionic variables. We will assume
that the one-particle energy is h(£) = /&2 + m?2.

The variable £ has the interpretation of a 1-particle momentum. Clearly,
Hj is translation invariant. The perturbation V is translation invariant iff
it has the form

'Un,m(gla cee 75771)5;7,7 s 751)

In our notes we will not consider translation invariant interactions. We
will always assume that vy m (&1, ... &m, &L, - -+, &1) are smooth and decay
fast in all directions. This simplifying assumption expresses in particular
the fact that the interaction is well localized. The scattering theory for such
interactions is much easier to study and better understood than that for
translation invariant interactions.

We will not worry too much about the self-adjointness of Hy. If we
encounter problems, we will work with formal power series.

Actually, in the case of fermions one can define (5.1) as a self-adjoint
operator, since the perturbation is bounded. In the case of bosons, the self-
adjointness holds if the perturbation is of degree 1. It is also true for 2nd
order perturbation that is sufficiently small. Otherwise it can be proven
only under special assumptions (e.g. for spacially cut-off P(¢)s interactions

[18]).

5.2. QFT Hamailtonians that do not polarize vacuum

Suppose that
Un,0 = Vo,n = 0. (53)

Then € is an eigenvector of both Hy and H, and the standard wave oper-
ators exist, at least formally, see e.g. [31].

Unfortunately, physically realistic Hamiltonians often polarize the
vacuum, and the standard formalism of scattering theory is inapplicable
in these cases.

5.3. Ground state

In general, at least formally, H) possesses a ground state 2, with the
ground state energy Ey. They depend on A in terms of a formal pertur-
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bation expansion:

Oy = i)\Qn Ey\ = i)\En
n=0 n=0

5.4. Feynman-Dyson approach

There exist two basic formalisms for scattering theory of QFT Hamiltonians
with localized interaction. The first approach can be traced back to the
early works on QED. We will call it the Feynman-Dyson approach. It starts
with introducing the unrenormalized Mgller operators. One can prove their
existence, at least as formal power series

oo
St —s-lime ottt (Fit(Ho—E) gy
6\0 0

oo
_ n ot
=) A"SE .
n=0

One can also show that the wvacuum amplitude operator Z = S *S;, =
S1*ST is proportional to identity and equals Z = [(,]Q2)|>. The renor-
malized Moller operators St := St 7Z~1/2 are formally unitary and so is
the renormalized scattering operator Sy, := S;HFSt.

5.5. The LSZ formalism

Instead of the scattering theory based on Mgller operators, one can proceed
differently. Following Lehman-Symanzik-Zimmermann, one can start by in-
troducing the so-called asymptotic creation/annihilation operators defined
as the limits

af(f) — tlgtnoo eitHa(e—ithf)e—itH7
a;:l: (f) -— lim eitHCl* (e_ithf)e_itH.

t—too
One can show their existence at least as formal power series. They satisfy
the usual canonical commutation/anticommutation relations (CCR/CAR).
Moreover, asymptotic annihilation operators kill the perturbed ground
state:

at (f)Q = 0.

The renormalized Mgller operators can be defined with help of asymp-
totic operators

SE T (f1) - a" () = a5 (f1) - ayE ()
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They are formally unitary and intertwine the CCR/CAR:

Sm za*(f) = ay (f)Srin A0
Srn )\a(f) = ay (f)S;‘;)\

Note that there is no need for renormalization.

One can construct the alternative renormalized scattering operator S
with help of asymptotic operators, even skipping the Mgller operators, as
the unique (up to a phase factor) unitary operator satisfying

Srn,Aa;7 (f) = a;Jr(f)S’rn,)\a
~rn,)\a; (f) = ai_(f)grn)v

6. Scattering Theory of Van Hove Hamiltonians

A wvan Hove Hamiltonian is a self-adjoint operator formally defined as

1= [ h©a" ©a(ds + [2(Qa@)ae + [ 2(@)a(€)ae,

where £ — h(§) € [0, oo[ describes the energy and £ — z(&) the interaction.
Van Hove Hamiltonians form a very instructive class of operators, whose
properties, and in particular the scattering theory, are very well understood
[8]. They can also serve as a simple illustration of the infra-red and ultra-
violet problem. In our lectures we will not discuss the ultraviolet problem
and we will always assume that at high energies the coupling function is
sufficiently regular, which is expressed by the condition

/ |2(6)2d¢ < oo,
h>1

Following [8], we will however discuss the infra-red behavior of van Hove
Hamiltonians, which is relevant for their scattering theory. One can distin-
guish 3 cases of the infra-red behavior of the coupling function. In the order
of an increasing singularity, we call them A, B and C.

6.1. Infra-red case A
We say that the coupling function belongs to Case A if

|2(§)I?
/h<1 AGE dé < oo. (6.1)

(The integral (6.1) is restricted to & with h(£) < 1.) Van Hove Hamiltonians
with the coupling function satisfying this condition are the most regular.
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It is easy to see that they are bounded from below self-adjoint operators
with the ground state energy

_ [1x@P
E = /h(f) de, (6.2)

and the spectrum [F, oo[. Besides, the coherent vector

o-on(- 5[50

is its unique ground state.
To see this it is enough to introduce the so-called dressing operator

U::exp<—a*(%)-+a(%>>. (6.3)

Ho = [ h(©)azacde,
then the operator H is up to a constant unitarily equivalent to Hy:

H— E=UHU". (6.4)

If we set

6.2. Infra-red case B

Let

2OF
/h<1 ne) <

2O,
/h<1 GER

In this case H can be still defined as a self-adjoint operator and is bounded
from below. Equation (6.2) defines a finite number E, which is the infimum
of the spectrum of H. However, H has no eigenvalues. This is related to
the fact that the dressing operator (6.3) is ill defined, and hence we cannot
write (6.4).

6.3. Infra-red case C
Let

/ 12(6)2de < oo,
h<1

SO .,
/ ne) “ -
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H can be still defined as a self-adjoint operator. However, H has no eigen-
vectors and its spectrum covers the whole real line.
For coupling functions satisfying

/ |2(6)2dé = oo
h<1

one cannot define a van Hove Hamiltonian at all.

6.4. Feynman-Dyson scattering theory for van Hove
Hamiltonians

Assume that h has an absolutely continuous spectrum (as an operator on
L?*(Z)) and Case A or Case B:

2(§)I?
dé < oo.
/5@
Then it is easy to show that there exists the strong Abelian Mgller operator
= s-lim 6/00 e~ teltH it (Ho+E) g
0

eN\0
We have S = UZ, where

|2(O)
Z = exp (— / d¢ ).
h2(€)
In Case A, the vacuum amplitude constant is nonzero and we can renor-

malize SZ, obtaining the dressing operator

St =8tz 1’ =U.

Sj:

ur

The scattering operator is (unfortunately) trivial:
S =8ts =1.
In Case B, the vacuum amplitude constant is zero. The Mgller operators
are not defined. However, if we are willing to introduce and then remove

a cut-off, then we can informally conclude that the scattering operator is
again equal to identity.

6.5. The LSZ formalism for van Hove Hamiltonians

It is easy to see that in Cases A, B and C, for f € Domh ™!, there exist
asymptotic fields:

a*(f) = lim_eta(e M et = a(f) + (fh2),

a*i(f) — tl}gloo eitHa* (e—ithf)e—itH — a*(f) + (Zlhilf)
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This allows us to compute the scattering operator S even in Cases B and
C. It is trivial — proportional to the identity.

From the point of view of asymptotic fields, the difference between
Case A and Cases B and C consists in the type of representations of the
CCR: in Case A it is Fock, but in Cases B and C it is not. (Here we use
the terminology that we will develop in the next section.)

7. Representations of the CCR

We have seen that the LSZ formalism leads to asymptotic operators
satisfying the usual canonical commutation/anticommutation relations
(CCR/CAR). These operators can have unusual properties, different from
the properties of the usual creation/annihilation operators on a Fock space,
as we saw for van Hove Hamiltonians in Cases B and C. Therefore, it is use-
ful to develop a theory of representations of the CCR/CAR in an abstract
form. In these lectures we will restrict ourselves to the case of the CCR.
We will follow [5, 7].

7.1. Definition of a representation of the CCR

Let Y be a real vector space equipped with an antisymmetric form w.
(Usually we assume that w is symplectic, i.e. nondegenerate.) Let U(H)
denote the set of unitary operators on a Hilbert space H. We say that

Y3y W7(y) e UMK)
is a representation of the CCR over ) in 'H if

W™ (y1) W™ (y2) = e~ 39192 W™ (y; +y2),  y1,y2 € V.

7.2. Regular representations of the CCR
Let Y 5 y — W™ (y) be a representation of the CCR. Clearly,
Rt W"(ty) € U(H)

is a 1-parameter group. We say that a representation of the CCR is regular
if this group is strongly continuous for each y € .

Assume that y — W7 (y) is a regular representation of the CCR. The
field operator corresponding to y € ) is defined as

T . : d T
" (y) = —igW (ty) )
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We have the Heisenberg canonical commutation relations

(0™ (Y1), &" (y2)] = iy1wyo.

7.3. Creation/annihilation operators associated with a
representation of the CCR

Let Z be a complex vector space with a scalar product (+]-). It is a symplectic
space with the form Im(:|-). Suppose that

Z3f—=W"(f)eUH) (7.1)

is a regular representation of the CCR. For f € Z we introduce the creation/
annihilation operators corresponding to (7.1)

Tk . i T id™ (i a™ o
a™(f) = \/5@5 (f) +197(if)), a™(f):

They satisfy the usual relations
[@"(f1),a"(f2)] =0, [a™(f1),a™"(f2)] =0,
[a™(f1),a™ (f2)] = (falf2)-

L v () — 167 ().

S

2

7.4. The Fock representation

We still consider a complex vector space Z with a scalar product. Let Z°P!
denote its completion. Consider the creation/annihilation operators acting
on the Fock space I's(Z°P!). Then ¢(f) := % (@*(f) + a(f)) are self-adjoint
operators and

Z 5 frexpig(f) € U (Ds(2P)

is a regular representation of the CCR called the Fock representation. The
vacuum (? is characterized by either of the following equivalent equations:

a(f)ﬂ =0, fez;
(Qe?NQ) = e~a U1 fez.

7.5. Coherent representations

In this subsection, following [12], we describe an important class of repre-
sentations of the CCR on a Fock space — coherent representations.
Let g be an antilinear functional on Z (not necessarily bounded). Then

Z 5 f o Wy(f) = W(f)eUW) e U (2)) (7.2)
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is a regular representation of the CCR. It will be called the g-coherent
representation. The corresponding creation/annihilation operators are

1
ag(f) = a(f)+ﬁ(f|g),

* % L
ag(f) =a (f)+\/§(g|f)-

The vector 2 is characterized by either of the following equations:

1
ag(f)2 = ﬁ(ﬂg)ﬁ,
(QUW, (f)Q) = e~ 1(INHRe(9),

It is easy to show that the representation f — Wy(f) is unitarily equiv-
alent to the Fock representation iff g is a bounded functional, equivalently,
g € Z°°!. More generally, Wy, is equivalent to Wy, iff g1 — g2 € Z°Pl. This
gives an obvious equivalence relation on the dual of Z. The equivalence
class of g with respect to this relation will be denoted [g].

7.6. Coherent sectors

Suppose that
Z3fW"(f)eU(H) (7.3)

is a representation of the CCR (e.g. obtained by asymptotic limits, so that
m = +). Let g be be an antilinear functional on Z. In this subsection we
describe a method that allows us to determine the largest subrepresentation
of W7 equivalent to a multiple of the g-coherent representation.

Let Span® (K) denote the closure of the linear span of K. Define

Ky :={¥ € H : a"(f)¥ = V2(g|f)¥} (7.4)
= {UeH : (VW™ (f)T) = ||U|%e (N +iRe(flo)y

HFy o= Span® {a™(f1) -+ ™ (f)¥ : W€K}, fi € Z} (7.5)

= Span” {W™(f)¥ : Ve K], fe Z}.
Kg is called the space of g-coherent vectors and H[ is called the [g]-
coherent sector of W™. In the case ¢ = 0, we have a somewhat different

terminology: K7 is called the space of Fock vacua and Hp is called the
Fock sector of WT™.
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We also define an isometric operator S7 : K @ [s(Z°P) — H by

S @ay(fi)---ay(fa)=a™(f1) - a™(fu)¥,
ST U@ Wy(f)2=Wr(f)¥

(7.6)

(In (7.4), (7.5) and (7.6) we give two alternative equivalent definitions. One
of them involves creation/annihilation operators and ther other one involves
Weyl operators.)

Theorem 7.1. The following statements are true:

(1) M, is an invariant subspace for W.

(2) 57 :Kj@ly(2° pl) — H”] is unitary.

(3) 5”1®W(f) Wr(f) S5, f € 2.

(4) If U is isometric such that Ul Wy(f) = WT™(f) U, f € Z, then
RanU C 'H[,

Thus HETg] is the biggest subspace of H, on which W7 is unitarily equivalent
to Wy.

7.7. Covariant representations

We still consider a representation of the CCR (7.3). Let h be a self-
adjoint operator on Z°P' and H a self-adjoint operator on H. We say that
(W™ h,H) is a covariant representation of the CCR iff

eitHWﬂ'(f) —itH Wﬂ'( 1thf) f c z.

The most obvious example of a covariant representation is (W, h, dT'(h)),
where W is the Fock representation. This follows from the identity

eitdF(h)W(f)e—itdF(h) _ W(eithf).

Let us now describe a somewhat more complicated example of a covari-

ant representation. Let g € h~1 Z°P!. Set z = %hg. Introduce the van Hove

Hamiltonian
dly(h) := dL(h) + a*(2) + a(2) + (z|h " '2).

Let W9 by the g-coherent representation. Then (Wy, h,dI'y(h)) is a covari-
ant representation of the CCR, that is

sy (Fle~dla(h) — T (cith f). (7.7)
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Note that (7.7) is obvious for g € Z°P!, because then

dly(h) = W (ig)dI'(h)W (-ig),

7.8. Coherent sectors of a covariant representation

The following theorem [12] shows that in some cases subrepresentations of
a covariant representation of the CCR are also covariant.

Suppose that Z 3 f+— W7(f) € U(H) is a representation of the CCR.
We will use the notation K, Hf, and 57 introduced in (7.4), (7.5) and
(7.6).

Theorem 7.2. Let (W™ h, H) be covariant. Then the following is true:
(1) K§ and Hf are e invariant. Let K§ = H|xz and set
Hf =Kj®1+1®dl'(h).

Then HST = S§H{ .
(2) Let g€ h=Y2Z. Then Hpy s e_invariant. Moreover, for some oper-

ator K7 on K7, if we set

Hf = KJ®1+1®dly(h),
then we have HS;T = S;TH;T.

(1) of the above theorem shows that one can always restrict a covariant
representation to its Fock sector, obtaining a covariant representation. This
covariant representation is very easy — the Hamiltonian restricted to this
sector decouples into a sum of non-interacting simple-minded terms.

(2) says that, under some conditions on g, the representation W7 re-
stricted to the [g]-coherent sector is still covariant. Moreover, it is unitarily
equivalent to

(1eWI,10h K] @1+1@dly(h)).

This fact can be used to analyze dynamics that are seemingly difficult, e.g.
such as those typical for the infra-red problem [4, 30, 33, 25, 26]. In fact, if
g ¢ 2P then the Hamiltonian H restricted to the [g]-coherent sector has
no eigenvectors, and in spite of that it is under control — its main part is
a well understood van Hove Hamiltonian.
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8. Pauli-Fierz Hamiltonians

Many physical situations are well described in terms of a “small quantum
system” interacting with quantized fields. The small quantum system can
be an atom, a molecule, a “quantum dot”, etc. One often assumes that it is
finite dimensional, or at least that its Hamiltonian has a discrete spectrum.
The quantized fields can describe electromagnetic radiation (photons), crys-
tal vibrations (phonons), etc. One often assumes that they are described
by a simple free dynamics.

The Hamiltonian of a composite system typically consists of three terms:
the Hamiltonian of the small system, the Hamiltonian of the quantum field,
and the interaction that couples them.

8.1. Definition of Pauli-Fierz Hamiltonians

We will restrict ourselves to the case of bosonic fields and we will assume
that the interaction is linear in the fields.

More explicitly, suppose that IC be a Hilbert space with a self-adjoint
operator K describing the small system. For instance, we can consider
the space L?(R?) with a Schrédinger operator K = —A + V(). Usu-
ally, we will assume that K has discrete eigenvalues, which is the case
if im0 V() = 00.

We assume that the bosons are described by the Fock space I's(Z),
where, for concreteness, the one-particle space is Z = Lg(Rd). As usual,
the dispersion relation of the bosons is assumed to be h(§) := /&2 + m?2,
m > 0. The parameter m will be called “the mass”.

The full Hilbert space is £ ® I's(Z). We fix a coupling function

= () € B(K).
An operator of the form
H:=Hy+YV, (8.1)

where

Hy=K®1+1® /h(ﬁ)a* (&)a(€)dE, (8.2)

Vo /v({) 2 a*(€)d¢ + he,

will be called a Pauli-Fierz Hamiltonian. Note in parenthesis that the ter-
minology in this area is not settled and other names are used in this context
as well, such as a generalized spin-boson Hamiltonian.
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8.2. Spectral properties of Pauli-Fierz Hamiltonians

Let us start with some results about the spectral properties of Pauli-Fierz
Hamiltonians.

Theorem 8.1.

(1) [10] Assume that (K +1)~" is compact and

Jasno Dl P < .
Then H 1is self-adjoint and bounded from below. If E :=infsp H, then
SPess H = [E +m, 0. (8.3)
(2) [16], see also [1, 2, 19]. If in addition

Jasn© P < .

then H has a ground state (the infimum of its spectrum is an eigen-
value).

(1) can be called an HVZ-type theorem for Pauli-Fierz Hamiltonians
(after a well known Hunziker-van Winter-Zhislin Theorem about N-body
Schrodinger Hamiltonians [29]). It implies that if m is positive, then H nec-
essarily has a ground state. By (2), if the interaction is sufficiently regular
in the infrared region, this ground state survives even if m = 0.

In typical situations one expects that H has no eigenvalues embedded
in its continuous spectrum. This expecation is often confirmed by rigorous
results. In fact, for a small non-zero coupling constant and some generic
assumptions on the interaction, one can show that the spectrum of H) :=
H + AV in |E + m, 00| is purely absolutely continuous, e.g. [2, 3].

In particular, if m = 0, this means that the only eigenvalue of H) is at
the bottom of its spectrum. One can often prove that it is nondegenerate.

8.3. Scattering theory of Pauli-Fierz Hamiltonians

In the case of Pauli-Fierz Hamiltonians, the formalism of scattering theory
based on Abelian Mgller operators (which in Section 5 we called the
Feynman-Dyson formalism) does not apply. Note that (8.1) is not an oper-
ator of the form (5.1), because of the presence of the small system.

It turns out, however, that a certain version of the LSZ formalism
works well for Pauli-Fierz Hamiltonians. This formalism will be described
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below, following its version described by Gérard and the author in [10-12].
(Frohlich-Griesemer-Schlein use a slightly different setup in [14]).

Theorem 8.2 ([10]). Suppose that for f from a dense subspace we have

I ] [ peru(ae +he
0

Define 21 := Dom h~=/2 ¢ L?(R%). Then the following holds:

dt < oo. (8.4)

(1) For f € 24, there exists
WE(f) = s, lim H1@W (e71th f)e~itH, (8.5)

2) WE(f)WE(fo) = e ' MUNIRIWE(f) + f5), f1, f2 € Z1;
3) R >t WE(Lf) is strongly continuous;

4) 1tHWi( ) —itH _ Wi( 1thf)

5) If HU = BV, then (U|WE(f)¥) = e~ I7I7/4) g 2.

A~~~

Note that the assumption (8.4) is very weak and it allows for m = 0.
Now we can follow the strategy developed in in Section 7. Using asymp-
totic Weyl operators W*(f) we introduce asymptotic fields
d
—WE(tf)

+ R
o(f) = idt t=0

and asymptotic creation/annihilation operators

() L ig(i
a™>(f) = \/5(¢(f) +i0(1f)),
1
V2
We also define the space of asymptotic Fock vacua:

K= {0 s (W) = e 1P w2 (3.6)
={¥ : a* ()T =0}. (8.7)

(Remember that (8.6) and (8.7) are equal to one another.)
Here is a reformulation of Theorem 8.2, where we use the terminology
introduced in Section T7:

a*(f) = —=(o(f) —i6(if))

Theorem 8.3. Under the assumptions of Theorem 8.2 the following is true:

(1) For f € Z, the limit (8.5) exists. Denote it by W*E(f).
(2) Z1 3 f — WE(f) are representations of the CCR.
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(3) These representations are regular.
(4) (W=, h,H) are covariant.
(5) Hp(H) C KF, where Hy(H) denotes the span of eigenvectors of H.

8.4. Asymptotic dynamics

Let us stress that so far in our scattering theory for Pauli Fierz amiltonians,
the starting point was a single Hamiltonian H, and not a pair of Hamilto-
nians (H, Hy). In fact, a priori it is not clear which operator should play
the role of the “free Hamiltonian”, or better to say, the “asymptotic Hamil-
tonian”. The operator Hy of (8.2), obtained by dropping the interaction
term, is in general not the right choice. In fact, typically, it even has a
completely different spectrum than H. In this subsection we will describe
how to introduce natural asymptotic Hamiltonians and to construct Mgller
operators.
First let us introduce the operator
Kf:=H -
It describes the energies of asymptotic vacua. (Under the assumptions of
Theorem 8.4 below we can prove, and under more general conditions we

expect, that the spectrum of K Oi coincides with the point spectrum of H.)
Define

H[%] = Span® {W*(f)¥ : Ve KF, feZ}.

Clearly, H[%] is the smallest space containing the asymptotic vacua and
invariant wrt asymptotic creation operators. It is the largest space on which
the asymptotic representations are Fock.

Define the asymptotic Fock Hilbert space HE* := KT @ T5(L*(R?)) and
the asymptotic Hamiltonian for the Fock sector

HEf* =Kfel+le /h(g)a*(g)a(g)dg.

Note that there exist unitary operators

Sy 1 Hg ™ — Hy CH,

which we will call the Mgller operators for the Fock sector, such that

Se@@a’(fi)---a*(fa)Q=a*(f1)---a™*(fa) ¥, ¥eK.
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The Mgller operators intertwine the creation/annihilation operators and
the Hamiltonian on the asymptotic space, and those on the physical space:

Syl®a*(f) = a™*(f)Sy,
Si1®alf) = a*(f)S5,
SEHF™> = HSE.
The scattering operators for the Fock sector is defined as
Soo = Sy * Sy -
It satisfies SooH, ™ = HarasSoo. If H[JB] = 'H[B], then Spp is unitary on
Hy ™ =Hy ™.

The operator Syo can be used to compute various physically interesting
scattering cross-sections.

8.5. Asymptotic completeness

Theorem 8.2 is not difficult to prove. The following theorem is deeper,
especially its second part.

Theorem 8.4 (Asymptotic completeness for massive Pauli-Fierz
Hamiltonians). Assume that m > 0. Then

(1) [21, 10, 11] H[%] =H, in other words, the asymptotic representations of
the CCR are Fock.

(2) [10] KE = H,(H), in other words, all the asymptotic vacua are linear
combinations of eigenvectors.

In the proof of Theorem 8.4 an important role is played by the methods
developed in the study of N-body scattering theory [9]. It is a rather satis-
factory result except for one aspect: it assumes the positivity of the mass,
which is not very physical. It would be very interesting to extend it to the
case m = 0. Here is a possible conjecture [12]:

Conjecture. Asymptotic completeness for massless Pauli-Fierz
Hamiltonians. Assume that h(€) = |£| and

/u+h@r%w@m%5<m.
Then

(2) K =Hp(H).
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Note that the above conjecture is true if dim /X = 1 (i.e. for van Hove
Hamiltonians). It is also true if v(§) = 0 for |£| < ¢, € > 0, (as remarked in

[14]).

8.6. Relaxation to the ground state

Common wisdom says that a typical small system interacting with a reser-
voir at zero temperature will relax to its ground state. For a wide and
generic class of Pauli-Fierz Hamiltonians this idea can be rigorously ex-
pressed and proven, and is essentially an easy corollary of their asymptotic
completeness and spectral properties.

As we remarked before, one can often prove that Pauli-Fierz Hamilto-
nians have only absolutely continuous spectrum except for a unique ground
state Uq, [2, 3]. If in addition asymptotic completeness holds [10, 14], then
the asymptotic space is Hi * = T's(2).

Introduce the C*-algebra

2A:= B(K) ® CCR(Z) c B(K®(I's(2))),

where CCR(Z) = Span®{W(f) : f € Z}. The following theorem comes
from [22, 14]:

Theorem 8.5 (Relaxation to the ground state). Assume that H is
a Pauli-Fierz Hamiltonian for which asymptotic completeness holds, and
there are no eigenvectors except for a unique ground state Wq,. Let A € 2.
Then

w- lim ™ Ae™H = (U, |AV,,) 1y.

|t]—o0

8.7. Coherent asymptotic representations

In the massless case asymptotic completeness does not always hold. In par-
ticular, the Fock property of asymptotic fields may be not true. To see this
it is enough to consider the case of van Hove Hamiltonians; more compli-
cated examples can be found in [12]. Nevertheless, following the formalism
of Subsection 7.6 and [12], one can try to look for coherent asymptotic rep-
resentations. This will allow us to study scattering amplitudes also in the
case where the Fock property breaks down.

In fact, assume that g belongs to the dual of Z;. Then one can define
the subspaces of asymptotic g-coherent vectors

KE = {0 eH : (PWE(f)¥) = |||PetUIN+RIDY
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the [g]-coherent sector
H[ﬂ;] := Span® {W*(f)¥ : Ve K], fe Z},
the g-coherent asymptotic Hilbert space
H;* =Ky @Ty(27),
and the g-coherent asymptotic Hamiltonians
+as . +
Hy*:=K;®1+1®dl(h).
The Mpyller operators for the g-coherent sectors ng : H;t as — H[ﬂ;] CH
intertwine creation/annihilation operators and the Hamiltonians:
Syl®a;(f) = a™*(f)S;,
SEL@ay(f) = a*(f)SE,
+ rrtas +
SyHy™ =HS, .

There exists an alternative time-dependent definition of the Mgller op-
erator, which follows the pattern (2.10). Define the g-coherent identifier
Jy i Hy* — H by

JE U@ W,(f)2=10W(f) V.
Then we can introduce the Mgller operators using this identifier:
Sf =5 lim eitH JEemitHy ™
t—+oo 9

Let g1, g2 belong to the dual of Z;. Then one can define the scattering
operator between the sectors corresponding to g1 and go:

— Qt*xQ—
Sga,gr = g, Sg,-

This operator can be used to define and compute scattering cross-sections
even if asymptotic fields have no Fock vacua.
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MATHEMATICAL THEORY OF ATOMS AND MOLECULES
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In these notes, we present some key aspects of the mathematical de-
scription of the quantum mechanics of nonrelativistic matter, i.e., atoms
and molecules. Special focus lies on the concepts of infinitesimal per-
turbations, stability of matter, the Hartree-Fock approximation and its
justification, and its generalization to a variation over quasifree states
which is termed Bogolubov-Hartree-Fock theory.

1. Relative Boundedness and Stability of the First Kind

According to classical mechanics, as it was known about the early 20th cen-
tury, the electron in a hydrogen atom must fall into the nucleus, emitting an
infinite amount of radiation energy. One of the early thriumphes of quan-
tum mechanics in 1925 — as invented by Schrodinger and Heisenberg —
was to provide a consistent model in which this does not happen, but the
energy of the hydrogen atom is bounded below by a least number — the
ground state energy.

Semiboundedness, i.e., boundedness from below, of the energy of a quan-
tum mechanical system became a fundamental principle which has been
established for many models and has served to this very day as a guideline
to derive new models.

While the semiboundedness of the hydrogen ground state energy was
early established by the explicit solution of the Schrodinger equation, a
systematic treatment of general interaction potentials that could describe
complex molecules or solids was lacking until about 1950, when Kato in-
troduced the notion of relative boundedness.
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Definition 1.1. Let H be a Hilbert space (always complex and separable).
(i) The pair (A, D) is called a linear operator on H
:<= D CHis asubspace and A: D — H is linear. (1.1)

We denote by L(H) the set of linear operators on H and call D
domain of A.
(ii) A linear operator (A,D) € L(H) is densely defined
i<= D=MH. (1.2)
(iii) A linear operator (A, D) € L(H) is closed
L= G(A,D) = G(A, D), where (1.3)
G(A,D) = {(6,49) | ¢ €D} C HOH

is the graph of (A, D).
(iv) For a densely defined linear operator (A, D), we set

D* = {Yp eH|[Iec<oVoeD: [(®|Ad)| < c-|o|}.  (1.4)

For ¢ € D* the map (¢ — (¢|Ap)) € B(H,C) defines a bounded linear
functional on H, since D C H is dense. By the Riesz representation
theorem, there exists a unique vector 6, € H, such that

VoeD: (Y[Ag) = (0y]9). (1.5)
We define the adjoint (A*, D*) € L(H) of (A,D) by
Vi eD*: A% = by. (1.6)

(Linearity of A* : D* — H is obvious.)
(v) A densely defined linear operator (A, D) is symmetric

<= D*"DOD and VpeD: A*p= Ap. (1.7)

In this case, (p|Ap) € R, for all ¢ € D.
(vi) A densely defined, symmetric linear operator (4, D) is semibounded
or bounded below

D= IC < oo A>C, (1.8)
= IC<oVeeD,|ol|l=1:{plAp)>C. (1.9)

(vii) A densely defined linear operator (A, D) is self-adjoint (s.a.)
<= (A", D) =(A,D). (1.10)
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Examples and Remarks

e Recall that the continuous linear operators on ‘H are exactly the bounded
linear operators on ‘H

B[H] := {A:H — H | Ais linear and continuous}
={4A:H-H | A is linear and bounded } (1.11)
= {A:H —H | Ais linear and ||Al|op < 00},

where the operator norm ||A||op is defined as

A
HA¢||H _ sup 1| A2 (1.12)
ver\foy [A%ln — yer(oywlr=1

[Allop :=

e In quantum mechanics, it is necessary to allow for unbounded operators
(for example, the position and momentum operators x and —iV ). Like-
wise, closedness of the operators is a minimal regularity assumption we
require, too.

e The Closed Graph Theorem in functional analysis, however, says that if
(A,D) € L(H) is a closed linear operator and D = H then A € B[H)] is
bounded.

e Therefore, the domain D C H of a closed, but unbounded, linear operator
(A, D) € L(H) is necessarily a proper subset D # H of H.

The importance of the notion of self-adjointness of a linear operator
(A, D), as opposed to its mere symmetry, lies in Stone’s theorem which
asserts that the self-adjointness of A is equivalent to the existence and
uniqueness of the solution of the initial value problem v, = —iHy, 1 € H,
known as Schrodinger’s equation. To formulate Stone’s theorem, we first
introduce the notion of strongly continuous groups.

Definition 1.2. Let H be a Hilbert space. A family {T'(t)},_, € B(H) of
bounded linear operators on H is called Cy-group : <

Vt,seR: T@)T(s) = T(t+ s); (1.13)
T(0) = 1; (1.14)
VypeH: (t — T € C(R;H). (1.15)

Theorem 1.3 (Stone (for Self-Adjoint Operators)). Let H be a
Hilbert space and (A,D) € L(H) a densely defined, closed linear opera-
tor on H. Then (A, D) is self-adjoint iff it generates a Co-group {e~"4};cp
of unitary operators on H. More precisely,
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(i) If (A, D) is self-adjoint then the Schrédinger equation
VteR: 4y = —iHy by €D, (1.16)

has a unique solution ¥y € CY(R;D) such that |[¢¢ll = |[volln,
for all t € R. Moreover, the linear operator Tp(t) : D — D de-
fined by Tp(t)ho = Y extends (by continuity) to a unitary operator
T(t) € B[H], and the family {T'(t)}1er constitutes a Co-group of unitary
operators.

(i) If {T(t)}ter is a given Cy-group of unitary operators, let Dr C H be
the subspace of vectors v, for which

—iAp) = 1&){%} exists, (1.17)

i.e., Dy :={y € H| —iApy € H}. Then Dr is dense, and (Ap,Dr) €
L(H) is a self-adjoint operator. In this case Ar is called generator of
the Co-group {T'(t)}1er.

Examples and Remarks

e Theorem 1.3 emphazises the importance of self-adjointness as a property
of linear operators. At this point it is not clear, however, that there are
any examples.

e The following example illustrates that practically every multiplication
operator by a real function is self-adjoint on its natural domain. Namely,
let (Q,%2, 1) be a sigma-finite measure space and f : @ — R a mea-
surable function which is almost everywhere finite, which means that
limy, oo p({w € Q1 |[f(w)| > n}) = 0. We set H := L(Q),

D :={¢pcH| fpecH} (1.18)
and A:D — H,
Vwe: (A9)(w) = [f(w) - p(w). (1.19)
Then (A, D) € L(H) is self-adjoint, and its spectrum is given by
o(A) = ess Ran(f) :=n {f()|Q €A p(Q\Q)=0}.  (1.20)

e The spectral theorem for self-adjoint operators says that, given a
Hilbert space H and a self-adjoint operator (A4, D) = (4*,D*) € L(H) on
H, there exists a measure space (2,2, i), a real, measurable, and almost
everywhere finite, function f : © — R, and a unitary linear map U :
H — L*(Q,dp), such that the domain D = {¢ € H|(f-U¢) € L*(Q,du)}
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is naturally preserved under U and that, after conjugation with U, the
operator A becomes a multiplication operator,

VY e L3(Q), f-veLl?)(Q), weQ: (VAU ) (w) = f(w)i(w).
(1.21)

The spectral theorem hence asserts that all self-adjoint operators are
multiplication operators, up to a unitary transformation.

e To be more concrete, let H = L%(R3) and [| - [1p](z) := %. Then
(|~|_1, 'DH—l) is self-adjoint with 'DH—l = {(p S LQ(R3)||'|_1§O S LQ(Rg)}.

e Similarly, let H = L?(R®) and consider the Laplacian, [Ag](z) =
Eizl(aggp)(x). Then (A,Da) is self-adjoint with Da = {¢ €
L2(R3)|Ap € L?(R3)}.
Note that here, 9, are distributional derivatives. For instance, d,p €
L?(R3) means that there exists a constant ¢ < oo such that |(¢|d, f)]| <
|0y fll#, for all smooth f € C§°(R3) of compact support (for which
0, f is the usual partial derivative w.r.t. x,). Since C§°(R?) is dense in
L?(R3), there is a unique 1 € L%(R3) such that (|8, f) = (| f), for all
f € C5°(R3), and we set 0, := —t (the minus sign accounting for a
ficticious integration by parts). Of course, the distributional derivative of
@ agrees with the usual partial derivative, if ¢ is a differentiable function.

e The previous two examples establish the self-adjointness of the kinetic
energy operator —A and the Coulomb potential —|x|~! separately, but
this does not imply self-adjointness of their sum —A — |2|~1. The latter,
however, is achieved by the notion of relative boundedness.

Definition 1.4. Let H be a Hilbert space and (A4,D4), (B,Dp) € L(H)
two densely defined operators on H.

(i) (B,Dp) is bounded relative to A
< Dp D Dy, and there exist a,b € RT, such that

Vo€Da: |Bell < a-|Ap|+0b- ] (1.22)

In this case a is called relative bound.
(ii) (B,Dp) is an infinitesimal perturbation of (A, Dy)
&  Dp D Dy, and for all a > 0 there exists b = b(a) < oo, such that

VoeDa: |[Boll < a-[Ap] +b- el (1.23)
(iii) A symmetric operator (A,D4) is semibounded or bounded below
= AM>-—coVeeDa: (p|lAp) > M- | ¢l (1.24)

In this case M is called lower bound for A, and we write A > M.
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Theorem 1.5 (Kato-Rellich). Let H be a Hilbert space, (A,Da) € L(H)
self-adjoint, (B,Dp) € L(H) symmetric and bounded relative to A with
relative bound a < 1. Then

(i) (A+ B,D4) € L(H) is self-adjoint,
(ii) If (A,Da) is furthermore semibounded and A > M then (A+ B,Da)
is semibounded, too, and

A+B > M—max{%,|M|}. (1.25)

Examples and Remarks

e Semiboundedness is not only one key condition to ensure self-adjointness
by means of the Kato-Rellich theorem, but also reflects the physical
aspect of boundedness of the energy of a physical system from below.

e The following lemma gives a convenient characterization for B to be an
infinitesimal perturbation of A.

Lemma 1.6. Let H be a Hilbert space, (A,Da) a self-adjoint and semi-
bounded operator, (B,Dg) € L(H) with Dp D D4 and B(A+E)~! € B(H),
for E < oo sufficiently large, such that

Jim [B(A+E)7H =0 (1.26)

Then (B,Dpg) is an infinitesimal perturbation of (A,Da).

Examples and Remarks

e We apply Lemma 1.6 to H := L?(R%), with d < 3,and V € L2+ L>(RY).
We claim that

Jim ([V(-A+B)7H = 0. (1.27)

To see this we write V = Vi + Vo, with V,, € LP(R?), and let f,7 €

L?(R9). Then
Va(f )|, = /|v2<z>2 /f(w—Z)w(x)ddw

< [mee( [ ire-opats) (/w B e ) ats

Vallze - 14152 - lelze = 1allze - 14115 - ol
(1.28)

2
d?z

A
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Choosing f(z) := (A + E)~ (), i.e., f(p) = ﬁ, we observe that

2 d’p / d’p Cy
= | £ __ <9 < , 1.29
I = [ Grvee <2 wegm < we 0)

for some constant Cy < co depending on d. Thus

fl

: . : 2112
Jim [[Va(=A+ B)7H| < Ve - Jim [|£]. — 00 (1.30)
and clearly ||[Voo(=A + E) " Yop < [|[Veollze E71 — 0, as well.
For example, for d =3, R > 0, and V(z) := —|z| ™1, we write
-1 -1 <R -1 R
Vi) = = = el < R el < R .31)
|z] |z| |z|
€L2(R4) €L (R4)
Hence V(x) := —|z|~! is an infinitesimal perturbation of —A, and

(—A —|z|7',D_4) is self-adjoint and semibounded. In other words, the
Kato-Rellich theorem implies the existence of the hydrogen atom and its
dynamics.

The example above shows that relative boundedness works well to prove
self-adjointness of one-body operators, like the Hamiltonian of the hydro-
gen atom or, in general, a particle in an external potential. It can also be
easily extended to pair potentials, as the following consideration shows.
Let W € L? + L*(R?) and ‘H := L?*(R?®) and define a pair potential
operator Wy, on H® H > ¢ by

(Weyd] (z,y) == W(z —y) (e, y). (1.32)

Writing ¢y (x) := ¥ (x,y), we have that for all @ > 0 there exists b, < 00
such that

Wostliore = [ ([ 7= 0P @) e )
= (1w, dy (1.33)
< [|at-2)+ba- 1) dy

= @|(~A @ VY 0p + Ll

and similarly

IWay) 3ian < a®[|(1® (~ANY 0y + VRl ey (134)
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Now we are in position to show self-adjointness and semiboundedness
of the Hamiltonian for an atom or a molecule with N > 2 electrons and
K > 1 fixed nuclei of nuclear charges Z := (Z1,...,Zx) € (RT)X located
at positions R := (Ry, ..., Rx) € R3%. The total nuclear charge is denoted
Zot = Zle Zy.. The Hilbert space of N electrons is

HY = A[HW], (1.35)

where HN) = @ L2(R? x Zy) and A = A2 = A* is the projection
onto the totally antisymmetric wave functions in accordance with the Pauli
principle. The Hamiltonian of the atom (K = 1) or the molecule (K > 2) is

N K 7 1
Hy(R, Z) = AV ok _.
Vi) nz::l ( ' ;|xn—Rk|> ' 1<n;n<N [#n = Zm|
(1.36)
We may rewrite Hy = Hy (R, Z) as
Hy = Hy + V(z), (1.37)
where 2 := (21,...,2y5) € R?Y and
N
Ho := Y  —Ay, (1.38)
n=1
N Ko, 1
V(z) == ok S — (1.39)
D R N e

Theorem 1.7. For all N > 2, K > 1, Z := (Zy,...,Zx) € RNHE, and
R:= (Ry,...,Rg) € R*E the Hamiltonian (HN,DHO N H(N)) € L(HM)
is self-adjoint and semibounded.

Proof. Since |z|~! is an infinitesimal perturbation of —A, we have

[lz = BRI el < a-[l— Al +b- el (1.40)
for all ¢ € D_A and R € R?, and thus
ii_ﬁ_¢<i§2—;LwH (141)
asiD e — Bl T e — Rl '
N K
<D Zilall = Ayl + b]l)
n=1k=1

N
= Zi S all - Al + Nb||¢||>.
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Analogously,
1 p—
2 o —xml H <3 2 lllen —anl ™y (1.42)
n<m n#Em

<3 5 {50 Amvl+ 11— al) + ol

n#m

N-1[{ N(N -1
T(Zw—wn) ¢ T2 g

n=1

Note that, for m # n,

<_Am"/]| - An"/}>

< - 872n,p,w‘ - 8721,11w>

u,vi— 1
>

10, puBnto||” > 0. (1.43)

pv=1

Hence

Z H - n"/’” Z< nw| - Anw>1/2

n=1
N

Z m¢| - An¢>1/2

n=1

N 1/2
<N ( Z (—Apy| - AM/’>>

m,n=1

N
Z —Anl/} ’

n=1

(1.44)

and we finally obtain

[l < N (Zo+ 25 ) @lan] + o0l (145)

Since a > 0 can be chosen arbitrarily small, this implies that V(z) is an
infinitesimal perturbation of Hy, and the claim follows from Theorem 1.5.
O
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Corollary 1.8. For all N > 2, K > 1, Z := (Z1,...,Zx) € (RTE and
R:=(Ry,...,Rk) € R3K the Hamiltonian Hy is bounded below by
N -1\’

Hy > —8N? (Ztot + T) . (1.46)
Proof. Eq. (1.46) results from an application of (1.25) with M :=0, a :=
(2L)~! which allows us to choose b, := 4L, where L := N[Z,;+ (N —1)/2].
O
The material of this chapter is covered in various textbooks, for instance,

in [13-15] by Reed and Simon.

2. Stability of Matter — Stability of the Second Kind

In this chapter we refine the estimates from Chapter 1 to obtain the lower
bound

for all N, Z, and R, where Csyy = Cgsp(¢) only depends on ¢ :=
max{Zy,...,Zk}. If such a constant Cgp; < oo exists, we call the sys-

tem stable of the second kind or say that stability of matter holds
true. Stability of matter was proved first by Dyson and Lenard [4, 5]. Later
Lieb and Thirring [12] improved this (see [9, 17]) in various aspects.

Definition 2.1. Let ¥ € ®" L2(R?) be normalized. The bounded opera-
tor 7\(1,1) € B[L?(R?)] defined by the Schwartz kernel

N
n=17 m(n)

{\Il(ajl, e T 1,y Tt 1y - TN) (X1, B 1, Yy Tt 1y - - - ,xN)}

is called one-particle density matrix (1-pdm) of ¥, and pgy €
LY(R3,Ry) given by

N
pw(x) ::Z/|\Il(x1,...7xn,1,x,xn+1,...,xN)|2 H >z,
n=1

m(#n)
o) 23)

is called one-particle density of W.
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Examples and Remarks

e For all normalized ¥ € ®" L2(R3), its 1-pdm 7\(1,1) is positive and of
trace class, 0 < 'y\(I,l) < Tr{v\(pl)} =N

o If ¥ € /\N L?(R3) is a fermion wave function, then the eigenvalues of
"/\(I,l) are even bounded by one, 0 < 7(1) < 1. This easily follows from
using the fact that <f|’y\1, g) = (¥|c*(g)e(f)P) in this case, where ¢*(g)
and c(f) are the usual fermion creation and annihilation operators and

AN L2(R3) is viewed as the N-particle sector of the fermion Fock space
S [L2(R?)].

Theorem 2.2 ([7, 11]). There exists a constant Cro < oo such that for
all normalized U € @" L2(R3),

1
v — ¥ 24
< S ") =4
1<n<m<N
Proof. For the proof it is convenient to abbreviate p := py. Furthermore,

1 / pu (@) pu(y) Pz d’y / 4/3\ 13
> - = Cro [ py (z)d’x
for all x # y, we use the Fefferman-de la Llave identity

|9C—y| /dg / = 16 (@) 1in (v), (2.5)

which yields

1 1 s [ dr
Z Tm| = ﬂ /d Z/O Fﬂ;lB(zw)('xm) 1B(z77‘)(xn)

|77
1<n<m<N

- % /dgz/ooo % N (@) [Np(2) = 1], (26)

with
N
= 1pia(zn). (2.7)
n=1

Note that, since N, . is integer-valued, we have that N, ,(2)[N,(z)—1] > 0
is nonnegative. Moreover,
N

(U] N, W) = 2/13(”)% V[, an, o an) [P ] P

n=1 m=1

= / p(x) d*z, (2.8)
B(z,r)
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and

<\Ij| sz [sz(g) — 1] \I/>
= (U| N2, W) — (V| N., ¥)

> (V| N, ¥)° ~ (¥| N, ¥)

= plz) d*x o plz) d*z ), (2.9)
(/B(m) ) (/B(m) )

by Jensen’s inequality. So, for any measurable choice of R : R? — }R;{ , we
have

<\y

_ $m|
1<n<m<N
> i/d%/w D G| N, () [N () — 1] W) (2.10)
= 91 R(2) 5 z,r\&L z,r\&L

v
)
=

IS

w

w

o}
~ 8
ﬁ|&.
(ST
—N
7N
S
N
2
e
—
o
IS
w
8
~~_
[\v]
|
N
S
N
2
=
8
S—
IS
w

8

~~_

Y

Eq. (2.10) implies that

<q, D @>_% Jrarores

1<n<m<N |20 = @]

1 R(2) 2 dr
>_—— [ 43 Br) =
o 2m / Z{ ~/O <~/B(z,r) p(x) x) 75
+ / </ p(z) d3x> d_;" } (2.12)
R(z) B(z,r) r

We introduce the Hardy-Littlewood Mazimal Function M, : R® — Ry of
p € L'(R*) by

Z) = su 1 i Bx
Mp(z) r>%’{|B<z,r>| e P4 } (2.13)
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where |B(z,7)| := 47r®/3 denotes the volume of the ball of radius 7 > 0
about z in R®. For almost all z € R3, we have p(z) < M,(z) < oo, so
llollLemsy < |[MpllLr(rsy, for any p > 1. The important nontrivial fact
about the Maximal function used here (see [16]) is the Hardy-Littlewood
maximal inequality which asserts that, for any p > 1, the converse inequality
| M|l o sy < @, - |lpllLe 3y also holds true, up to multiplication by a

constant C}, < oo which only depends on p (and the spatial dimension

which is 3 here). In particular, there exists a universal constant C’ := 6://3
such that
4
/ Mp/B(ff) dr < O’ / p*3 () dz. (2.14)
B(z,r) B(z,r)

Inserting M), into (2.12) and choosing R(z) := M;l/B(z), we obtain

1 1 [ p(z) ply) PPz d’y
<\Ij Z |xn—xm| \Ij> 2/ |37_y|

1<n<m<N

>——/d3 {16” 2(, )(/OR(Z)rdr) +4§Mp(z)(/;)%>}

:—%/de{g_gQM/?(z)R( 7+ (e >R(z>_1}

3
-C” /M4/3 32 > —c'¢C” /p4/3(z) d3z, (2.15)

where C" := (47 + 6)/9. O

Examples and Remarks

e Note that Theorem 2.2 does not assume any antisymmetry of the N-
particle wave function 1, which illustrates the robustness of this estimate.

e On the other hand, the lack of an assumption on the fermionic character
of the wave function ¥ also indicates that Theorem 2.2 cannot estimate
exchange correlations in the state ¥ accurately.

The second ingredient in our (that is, Lieb’s) proof of stability of matter
is the Lieb-Thirring inequality.

Theorem 2.3 ([8, 12]). There exists a constant Crp < 0o such that for
all normalized, totally antisymmetric ¥ € A\~ L2(R3),

N
<\1/ > -A, \1/> > Crr /pif(x) . (2.16)
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The Lieb-Oxford inequality (Theorem 2.2) and the Lieb-Thirring inequality
(Theorem 2.3) yield a lower bound on the ground state energy in terms of
the Thomas-Fermi (TF) theory. To see this, we observe that the Cauchy-
Schwarz inequality implies

1/2 1/2
C’Lo/pill,/?’(x) Bz < C’Lo</p3,/3(a:) d3x) (/p\p(a}) d3x)
1/2
= Cro N'/2 </p\5p/3(x) d%)

Cio Crr / 5/3 3
< .
<SEC N+ () P (2.17)

Hence we obtain for all normalized, totally antisymmetric ¥ € A~ L2(R3)
the lower bound

02
(W] Hy(ZR) W) > B, (N.ZR) — 20N, (213)
2CLr
where ET¥(N, Z, R) is the TF energy defined by
TF
BT (N, Z,R) (219)

:inf{&{gﬂ(p) ‘ peL3NLY, p>0, /p:N}
with the TF functional ETF (L3N LY)(R3;RY) — R is given by

£ 2.1(0) (2.20)

- / 53 (2 Z /Zw Ll /p(x) ply) d*z dy
- Rl oyl

To conclude the proof of stability of matter, we now use three facts from
TF theory.

(i) The TF energy RT 5 N — ETF(N, Z, R) is negative, nonincreasing,
convex function such that

VN > Zi: ELIF(N,Z,R) = EI*(Zio1, Z, R), (2.21)

where Zyo := Zszl Zj, is the total nuclear charge of the system.
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(ii) According to Teller’s lemma, atoms do not bind to molecules in TF
theory. More precisely,

inf { BT (Zi1, 2, R) + U (Z, R) ‘ Re®)"} (2.22)
K
= lim ET"(Zior, Z,1R) = Y EY" (21, Z1,0),
k=1

where the right side is the sum of the TF energies of K single neutral
atoms of nuclear charges 71,...,Zk.

(iii) By scaling, one sees that the TF energy of a neutral atom of nuclear
charge Z is given by

ETF(2,2,0) = ~Crr(7) 273, (2.23)

where Crp(y) = —E%“F(l, 1,0) is the TF energy of the hydrogen
atom.

Combining (i)—(iii) with (2.18), we finally arrive at

Theorem 2.4 ([12]). For all N € N, all normalized, totally antisymmetric
v e /\N L?(R3) and all R € (R3)X, the ground state energy obeys the
following lower bound

(| HN(Z,R) W) + U(Z,R) > — Con (N + K), (2.24)

where Cgpr := Crp(Crr/2) max Z,Z/B + C%,(2CL1)™! < 00 only depends
on the mazimal nuclear charge maxy, Zj.

Examples and Remarks

e In the limit of large Z, the ground state energy

N
En(N,Z,R) := inf{@\ Hy(Z,R)0) ‘ ve AhneVo, |v)= 1},

(2.25)
of an atom or molecule scales like Z7/3. The large-Z limit is defined by
Ziot — 00 under the assumption of a fixed number of nuclei and mutual
ratios of the nuclear charges and the number of electrons comparable to
the total nuclear charge. More precisley, let z = (21,...,2x) € (RT)E
be fixed such that z; + ...+ zx = 1 and set Z := Z - z, where Z > 0.
Furthermore, we assume that %Z < N < 2Z. Then there are constants
0 < Cy < O3 < oo such that

~Cy K Z™3 < Eg(N,Z,R) < —C, Z7/3, (2.26)
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o Moreover, there exist constants 0 < C] < C% < oo such that, if ¥ €
AN L2(R?), with || ¥|| = 1, is a very rough approximation to a ground
state, i.e.,

1

then also each of its contributions to its energy expectation value is of
order Z7/3,

1z < / o3 (@) dPx < Ch 273, (2.28)
Z
cl 773 < Z/ er”f Rk| < L7, (2.29)
3 3
' 2 |z —y] 2

e The exchange integral, however, is much smaller, namely

Jitness ([ fmne)

< Cy 753, (2.31)

3. Hartree-Fock (HF) Theory for Atoms and Molecules

It is convenient to follow [3] and introduce the fermion Fock space §[h] over
a one-particle Hilbert space h by §@[p] := C - Q, where Q is normalized
and called vaccum vector, and

F™Mo] = A\b, 3] = IV, (3.1)

so, for h = L%(R?), we have § V) [h] = H(™), as before. We use creation and
annilhilation operators, ¢*(f) and c(g), defined by c(g) := (c* (g))* and

(1) [ (p2) -+ (o) €
= c"(p1) " (p2) - (o)
=1 ANpa A NpN
= (N)T2 )" (1) 0r) @ Pr(2) @ - @ () (32)

TESN
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The operator family {c*(f),c(f)}res € B(F[h]) is a Fock representation
of the canonical anticommutation relation (CAR), i.e., for all f,g € b, we
have

{c(f).c"(9)} = (flg) 1, )
{c(f)c(@)} = {c"(f).c"(9)} =0,
c(g)2 =0
Note that
" (Nlop = e Doy = 1F1bs (3.6)

because ¢*(f)Q2 = f and

DY+ e ]2 = (] {e().e () = (£ 12 (3.7)

for any ¥ € §[h], thanks to (3.3).

Now let {90 }32; C b be an ONB of sufficiently regular vectors (e.g.,
eigenfunctions of the harmonic oscillator, in case that h = L?(R?)). An
N-particle Hamiltonian of the form

N
Hy =S het Y Vo (38)
n=1

1<m<n<N

with b, = 12D @h@19°WN =" and, e.g., h = =D, — S0, Zplo— Re| ™Y,
as well as Vp, ,, = V(s — zp), can be viewed as the restriction of

Z hapcycs + Z Va5 CaCatsC 5 (3.9)
a,f=1 a,B,a,5=1
to V) [p], where
= {pal hpp), (3.10)
Vaaps = (Pa®val V(ps®¢z), (3.11)
¢ = € (pa), ¢o = c(pa) (3.12)

Definition 3.1. Let h be a Hilbert space.

(i) A density matrix is a positive operator p € B(F[b]) of unit trace,
0<p<Trg{p} =1

(ii) If p € B(g[h]) is a density matrix, its one-particle density matrix
(1-pdm) 7;1) € B(h) is determined by

(F1Y 9) = Trg{p e (g) e ()} (3.13)
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(iii) If p € B(F[h]) is a density matrix, its two-particle density matrix
(2-pdm) 7,(;2) € B(h ® b) is determined by

(FOF 1P @00)ye, = Trslpc @) @ e (e} (3.14)

Obviously, we have
1
(W] HY), = Try{hyV} + 5 Troen {V 1, (3.15)
where p = |U)(T|.

Lemma 3.2. Let p € B(@[h]) be a density matriz such that Tr{pNg} < 00,
where

Ni= > chcy = PN Lz (3.16)
a=1 N=0

is the number operator on F[h]. Then 'y,(,l) € L[h] and Wég) € Lh®b] are
trace-class and
0<q5P <1, Try {7V} = Trs {p N}, (3.17)
0<7y? <Trg{pN} -1, Tryen{7/?} =Trs{p N(N-1)}. (3.18)
Moreover, ﬁ” is a rank-IN orthogonal projection onto orthonormal orbitals
©1,---, 0N € b if, and only if, p = |®)(P| is a rank-1 projection onto the
Slater determinant ® = o1 A ... A pn, ie.,

N
{%()1) = len){enl = (7;()1))2} = {p=I®)(®], 2=p1 A... Apn .
n=1

(3.19)

Examples and Remarks

e In general, 7,(,1) — (751))2 > 0.
e If (3.19) holds true, that is, if 'y,(,l) is a rank-N projection, then also %'7,52)

is a projection of rank %N(N — 1), namely,

N
Y = 3 lemAen)emAen] = 1@y —Ex(vPeqV), (3.20)

m,n=1

where Ex(¢ ® ¥) := 1 ® ¢ is the exchange operator.
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Definition 3.3. Let (h,0) € L(h) be self-adjoint and semibounded, h >
—C + 1, and (V,o2®0) € L(h ® ) symmetric, positive, [V,Ex] = 0, and
obeying

1
OSVSZ(h®1+1®h)+C. (3.21)
(i) The ground state energy E,(N) (for N € N particles) is defined
by
N
Eu(N) = inf{(\II|H\IJ> ‘ e Apnao, ¥ = 1}. (3.22)
(ii) The Hartree-Fock (HF) energy Ey(N) (for N € N particles) is
defined by
Eus(N) 1= inf {(QH®) | @ = (1) " (o) (328)
©n S 07 <<Pm|99n> - 5m,n}-

(iii) For v € £Y(h), 0 < v < 1, Tr{y} < oo, Tr{hv} < oo, the HF
functional is given by

Eur(1) = Trplho} + 5 Trpen (V=B (v}, (3:24)

Examples and Remarks

e Since the variation in (3.23) takes places over a smaller set as compared
to (3.22), clearly Epn¢(N) > Egs(N) holds true.
e Eq. (3.19) implies that

By (N) = inf {&we(y)| v =7 =17 Tr(y) = N, Tr{hy} < co}. (3.25)

e For h = L2(R?), h = —A, — ‘TZ‘ Viy = |r—1y| and Z/2 < N < 27, we
have
_ 2
Enilr) = Tr{(_A_ i),y} 1 /p(w) ) =@l s s,
|| 2 |z =yl

(3.26)

Lemma 3.4 (Lieb’s Variational Principle [10]). Assume the hypo-
thesis of Definition 3.3, in particular, V > 0. Then

Epe(N) = inf {Ehf(’)/)’ 0<y<1, Tr(y)=N, Tr{hy}< oo}. (3.27)
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Proof ([1]). Let v = Zﬂb/[:l Anlon)(nls (Pmlen) = dmn, 0 < Ap < 1,
ZM An = N. Assume M > N and, for the sake of simplicity, M < oc.

n=1""1"
Denote
b = (onlhen)s  Vinm = (on Aon|V (om Agn)) >0, (3.28)
and
M
m=1
Then
M M
Since M > N,
FI<k<l<M: 0<Xg, A<l (3.31)

We fix k, ¢ according to (3.31) and define 5 by

Y5 = + 5(I<pk><¢k| - |w><wl)- (3.32)

Then Tr{vs} = N and 0 < 75 < 1, provided § > 0 is chosen sufficiently
small. Furthermore,

Ene(v5) — Ent () (3.33)
= §(h — h)
M
+ Z me{()\m + 5(6m,k - 6m,€)) (An + 6(6n,k - 511,@)) - )\m )\n}

=6(px —pe) — 6% Vie < 0,

using § > 0, pr, —pe <0, Vo > 0, and Vi, = Vo, = 0. Choosing 0 :=
min{1l — Ag, A¢} > 0, we obtain

rk(vs) < rk(y) — 1. (3.34)

After at most M — N such steps, we arrive at a rank-N projection. O
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In the following, we again assume that

h:= L*R3), h=-A,— (3.35)

ma

Vie-y) = /d3 / —= 1)) 1 (y).  (3.36)

Iﬂr —yl
To show that En¢(N) agrees with Egs(N) to high accuracy, we need to
improve the Lieb-Oxford inequality

<\IJ > lam - a:n|_1\11>

m<n
1 A3z d3y
> 5 [ @) T - Cuo [0 @) a7
2 |z =yl
We have remarked in (2.26)—(2.31) that, among all contributions to the
ground state energy of a large atom, the exchange correction is the small-
est in magnitude and can be estimated by Z5/3, according to (2.31). So, an
agreement of Eyne(N) and Eg(N) to high accuracy means that, the differ-
ence Ep(N) — Eg(N) is small compared to Z%/3. Such an estimate of the
accuray is precisely the contents of the next theorem found in [1].

Theorem 3.5. Let z = (21,...,2r) € (RT)E be fived such that zy + ...+
zk =1 and set Z .= 7 - 2, where Z > 0. Furthermore, assume that 1Z <
N < 2Z. Then there exists a constant C' < oo such that

0 < Eunt(N) — Eg(N) < C 25377, (3.38)

The heart of the proof of Theorem 3.5 is the following correlation estimate
from [1]:

Lemma 3.6 (Fermion Correlation Estimate). For any orthogonal pro-

jection X = X2 = X* and any particle number-conserving density matric
p € B(3[b]), we have that

Tr{(X ® X) [v,ﬁz) - (1-Ex( @ 7,51))} }

> —Tr{X’y,()l)} . \/min (1,8Tr{X (v, —12)}). (3.39)
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Using (3.39) with X := 1p(;,,), we obtain

<\y

333 3
> |a:m—a:n|1w> =3 [ e@p) — 1 ) T

m<n |{E - y|
R(z) 2
S [ [ (] i)
™ 0 B(z,r) T
>~ gvyy AT
+ (Tr{lpem(p =)} 5 ¢ (3.40)
R(z) r

as in (2.12), and further proceeding as in the proof of the Lieb-Oxford
inequality, we indeed obtain

Lemma 3.7. There is a constant C' < oo such that for all normalized
e AVpn®" o, we have

<x1: > lzm —xn|_1\I/>

> %/(pw(x)p\p(y) - |7$)($,y)\2) Tix_d:;?
e </pfp/3(x) d%) (%ﬁ)l/g. (3.41)

The final ingredient of the proof is the following estimate which states that
if W e ANpn®Yois (very close to) a ground state of the system then
vy cannot deviate much from an orthogonal projection - much like the
projection onto the Fermi sea. This follows from semiclassical estimates by
Ivrii and Sigal [6].

Lemma 3.8. Let z = (21,...,2K) € (RT)E be fived such that z1 + -+ +
zgk =1 and set Z := Z - z, where Z > 0. Furthermore, assume that %Z <

N < 2Z. Then there exists a constant C' < oo such that, for any normalized
ground state W € AN b Q™ 0, i.e., (V[HT) = Eq.(N), we have that

Tr{ye — 73} < CZ73"Tr{vs}. (3.42)

Proof (Sketch of the Proof of Theorem 3.5). Inserting (3.42) into
(3.41), we obtain a the following lower bound for the pair interaction energy
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of a normalized ground state ¥ € AV hn @™V o,

<x1: > lam —xn|1\I/>

m<n
> 3 [ (@ o) = @) T — ez gy
Therefore,
(U|HY) > &r(ry)) — € Z25/3VT, (3.44)
from which the assertion is immediate. O

4. Bogolubov-Hartree-Fock (BHF) Theory

The goal of this section is to extend HF theory from a variation over Slater
determinants to a variation over quasifree density matrices.

Definition 4.1. Let h = L?(M) be a Hilbert space given as a space of
square-integrabel functions on a measure space M, and denote f(z) :=
f(z), for all f € hand 2 € M. Let p € B(F[h]) be a density matrix.

(i) The generalized one-particle density matrix (gl-pdm) I', €
B[y @ b] corresponding to p is defined by

< (2) ‘ Lo (Z;)> = Tr{p ([¢*(g1) + ¢ (@2)] [ (1) + ¢ (f2)]) },
(i) The pairing matrix a, € B[h] corresponding to p is defined by .

(flapg) = Tr{pc(g)c(f)}- (4.2)

(iii) The density matrix p is called quasifree iff, given 2n € 2N
orbitals f1,...,fe, € b and 2n creation and annihilation oper-

ators C1,...,Can € {c*(f1),c(f1),---, ¢ (fan), ¢(f2n)}, we have
TI‘{pCl . "CQn—l} =0 and

Tr{pC1---Con} (4.3)
= Z (_1)71' TI’{p Cﬂ'(l)cﬂ(Q)} te Tr{P Cﬂ(Qn—l)Cﬂ(Qn)}a
TEPan

where P, C So, denotes the set of pairings of 2n elements, i.e., all

permutations m € Say, for which 7(1) < 7(3) < --- < w(2n — 1) and
(1) < 7(2), 7(3) < 7(4),...,7(2n — 1) < 7(2n).
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Examples and Remarks
e Due to the CAR, we obviously have
0TI,

IA
—

, (4.4)
which is equivalent to

r,—TI2>0. (4.5)

e The gl-pdm I', can be conveniently expressed in terms of a 2 x 2-matrix

I') = T'[v,,a,] whose entries involve the 1-pdm 'y,(,l) and the pairing

matrix o, where

a* 1—-%

Iy, a] = <7* “ ) (4.6)

e While 7,21) is self-adjoint and positive, o, is antisymmetric,

W =00y ay=—af, (4.7)
where az;(a:, Y) == a,(y, z), for z,y € M, denotes the transpose of «,,.
e Eq. (4.5) implies that
A > (D)2 + a0, (4.8)
o If p commutes with the particle number operator, in particular, if p =
|®)(®| is the state corresponding to a Slater determinant ® then its
pairing matrix vanishes. In this case, (4.8) reduces to 0 < 7,5” <1

e (Quasifree density matrices and generalized one-particle density matrices
are in one-to-one correspondence to another. More specifically:

p density matrix, Tr{pN} < co = (4.9)
0<ThHY,a) <1, A0 = (),
ap = —ay, Tr{yV} = Tr{pN},
and conversely,
0<T:=T[y,a] <1, v=7" a=-a’, Tr{y}< oo, (4.10)
= There exists a quasifree density matrix p such that I', =T

e The case n = 2 in (4.3) is of special interest. Namely, if p is quasifree,
then

Tr{p01020304}
= Tr{p0104}Tr{ngCg}
— Tr{pclcg}TI‘{pCQC4} + Tr{pCng}Tr{pC’304}, (4.11)
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which yields

(Foflr? (92d)
= {19V ) (P 9)
=PI Pl a) + @l ag o) (Flapf). (412)
Definition 4.2. Let N € N, h = L?(M) be a Hilbert space, h = h* a
semibounded one-body operator on h, and V = V* a pair potential on §
which is either an infinitesimal perturbation of A or relatively h-bounded
with relative bound sufficiently small compared to 1/N. The Bogolubov-
Hartree-Fock (BHF) energy FEpn:(N) (for particle number expec-
tation value N € N) is defined by
Eipne(N)
= inf{Tr{pH} | p € B(F[h]) quasifree density matrix, Tr{pN} < co}.
(4.13)

We now assume that h = L?(R? x Z,), that h is a one-body operator
which is an infinitesimal perturbation of —A or v/—A, and that the pair
potential V = V (x,y) is given by |z — y|~!. Moreover, we assume p to be
a quasifree density matrix. In this situation, (3.9) and (4.12) yield

Tr{p H} = gbhf (A//gl)a ap)a (414)

where the Bologubov-Hartree-Fock (BHF') energy functional &y is
defined by

Epne (7, @)
= Tr{h~} + % /(v(x,x)v(yyy) — [z, y))* + |a($vy)|2)%’
(4.15)

(with suitably defined Schwartz kernels v(z,y) and «(x,y) and the integra-
tion over dz including the summation over spin variables.) Evaluating the

infimum in (4.14), we obtain that
Epnt(N) = inf {Epne(v,0) | 0< Ty, 0] <1, y=7*, a=—a’, Tr{y} = N}.
(4.16)

Next we note that if I'[y, o] is a gl-pdm of particle number expectation N,
then so is I'[7, 0], because 0 < I'[y, o] < 1 implies 0 < v < 1. Moreover

Eont (7,0) = Eur (7). (4.17)
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BHF = HF Theory in the repulsive case A > 0

In this section we study the case of repulsive interaction potentials, A > 0.
Using (4.15)—(4.17) we obtain

Ebne (7, @) = Ebne(71,0) = Ene(7), (4.18)
which clearly gives
Epne(N) = Ene(N) (4.19)

in this case.

BHF Theory and Pairing in the attractive case A < 0

In case of attractive interaction potentials, A < 0, which are relevant for the
study of particles interacting by gravity, it turns out to be important that
the fermions under consideration have a spin—% degree of freedom. Then the
one-particle Hilbert space h can be written as a sum h = L*(R?) @ L?(R3)
and the 1-pdm v = ~* and the pairing matrix o = —a7 itself may be
viewed as 2 X 2-matrices, and the gl-pdm I' = I'* even as a 4 x 4-matrix,
with operator-valued entries each. More specifically, v, «, and I can be

written as
v o= <71 70) , o=t ( QTT ao) , (4.20)
Yo VI —Q, Q)
and
7 Yo Qaq Qo
Yoo M e

Lly,a] = (4.21)

of -@ 1-7 W
A A )

Note that the self-adjointness of v implies that v; =77, 7, = 7], and the
antisymmetry of o, implies that oy = —a%ﬂ, o) = —a{, but there is no

«

condition on 7, nor on a,. This is the main benefit from the assumption of
a spin-3 degree of freedom.

If T =T[y,a] in (4.21) is a gl-pdm of particle number expectation N,
then so is

g 0 0 7 -7
F[1®A (1)®\/A—A2] 0 ’AY - ’AY_’AYQ 0
Y, 0 Y= = B
0 —V/A=342 1-% 0
F =42 0 0 1-4
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where 4 € B[L?(R?)] is the real, self-adjoint operator

1
= Z(% +y 7 +vf) (4.23)

and ¢! is the first Pauli matrix. In [2] the following estimate was proved,
which allows for the elimination of « from the minimization of the BHF
energy.

Theorem 4.3.
Eont(1:0) > Eont(1 @3, oW @ V3 —429). (4.24)

This estimate proves that the pairing matrix apps of a minimizer
T'(Ybht, abnt) of the BHF energy functional is nonvanishing iff ypne # vghf
deviates from an orthogonal projection. It can easily be seen that this is not
always the case (for instance, if h has purely discrete spectrum and —A > 0
is sufficiently small), and to prove that in important physical models, pair-
ing does occur remains a challenge for research.
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