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Preface

This book is a comprehensive collection representing most of the theoretical
and experimental developments of the last decade in the field of quantum
estimation of states and operations. Though the field is fairly new, it has
already been recognized as a necessary tool for researchers in quantum optics
and quantum information. The subject has a fundamental interest of its own,
since it concerns the experimental characterization of the quantum state,
the basic object of the quantum description of physical systems. Moreover,
quantum estimation techniques have been receiving attention for their crucial
role in the characterization of registers at the quamtum level, which itself is
a basic tool in the development of quantum information technology.

The field is now mature and a stable part of many graduate curricula,
but only a few review papers have been published in recent years, and no
comprehensive volume with theoretical and experimental contributions has
ever appeared. We anticipate readers in the areas of fundamental quantum
mechanics, quantum and nonlinear optics, quantum information theory, com-
munication engineering, imaging and pattern recognition.

As editors, we wish to thank Berge Englert for encouragement and sup-
port, and all the authors for their contributions, which will advance both the
specific field and the general appreciation of it. Their efforts and the signif-
icant time they spent preparing the chapters are much appreciated. We are
also grateful to Janine O’Guinn of the University of Oregon for her excel-
lent work in copy-editing the volume. Finally, let us acknowledge support
from EC project IST-2000-29681, and Czech Ministry of Education project
LNOOAO15.

Milano and Olomouc, Matteo G A Paris
April 2004 Jaroslav Rehacek



List of Contributors

Joseph B. Altepeter,
Dept. of Physics,
University of Illinois

at Urbana-Champaign,
Urbana IL 61801, USA
altepete@uiuc.edu

Gerald Badurek,
Atominstitut

der Osterreichischen Universitaten,

Stadionallee 2,
1020 Wien, Austria

Mark Beck,

Department of Physics,
Whitman College,

Walla Walla, WA 99362, USA
beckmk@whitman.edu

Janos A. Bergou,

Department of Physics

and Astronomy,

Hunter College of

The City University of New York,
695 Park Avenue,

New York, NY 10021, USA
jbergou@hunter.cuny.edu

Vladimir Buzek,

Research Center

for Quantum Information,
Institute of Physics,

Slovak Academy of Sciences,
Dhibravska cesta 9,

845 11 Bratislava, Slovakia
and

Faculty of Informatics,
Masaryk University,
Botanickd 68a,

602 00 Brno, Czech Republic
buzek@savba.sk

Anthony Chefles,

Department of Physical Sciences,
University ¢ of Hertfordshire,
Hatfield AL10 9AB,
Hertfordshire, UK
A.Chefles@herts.ac.uk

Giacomo Mauro D’Ariano,
QUIT Group of INFM,
Dipartimento di Fisica “A. Volta”,
Universita di Pavia,

via Bassi 6,

Pavia, Italy

darianoQunipv.it

www.qubit.it

Jaromir Fiurasek,

Ecole Polytechnique, CP 165,
Université Libre de Bruxelles,
1050 Bruxelles, Belgium

and

Department of Optics,

Palacky University,

17. listopadu 50,

772 00 Olomouc, Czech Republic



XII List of Contributors

Christopher A. Fuchs,
Quantum Information

and Optics Research,

Bell Labs, Lucent Technologies,
600-700 Mountain Avenue,

Murray Hill, New Jersey 07974, USA

Ulrike Herzog,

Institut fiir Physik,
Humboldt-Universitat Berlin,
Newtonstrasse 15,

12489 Berlin, Germany
ulrike.herzog
@physik.hu-berlin.de

Mark Hillery,

Department of Physics

and Astronomy,

Hunter College of

The City University of New York,
695 Park Avenue,

New York, NY 10021, USA
mhillery@hunter.cuny.edu

Zdenék Hradil,

Department of Optics,

Palacky University,

17. listopadu 50,

772 00 Olomouc, Czech Republic
hradil@aix.upol.cz

Daniel F.V. James,
Theoretical Division T-4,

Los Alamos National Laboratory,
Los Alamos, New Mexico 87545,
USA

dfvj@lanl.gov

Miroslav Jezek,

Department of Optics,

Palacky University,

17. listopadu 50,

772 00 Olpmouc, Czech Republic

Paul G. Kwiat,
Dept. of Physics,
University of Illinois
at Urbana-Champaign,
Urbana IL 61801, USA

kwiat@uiuc.edu

Paoloplacido Lo Presti,

QUIT Group of INFM,
Dipartimento di Fisica “A. Volta”,
Universita di Pavia,

via Bassi 6,

Pavia, Italy

lopresti@unipv.it
www.qubit.it

Alexander Lvovsky,
Universitat Konstanz,
Fakultat fiir Physik,

Fach 696,

78457 Konstanz, Germany
www.uni-konstanz.de/
quantum-optics/quantech/

Francesco De Martini,
Dipartimento di Fisica
and

Istituto Nazionale

per la Fisica della Materia,
Universita “La Sapienza”,
Roma, 00185 - Italy

Gabriel Molina-Teriza
Institut fiir Experimentalphysik,
Universitat Wien,
Boltzmanngasse 5,

1090 Wien, Austria

Matteo G.A. Paris,
Unita INFM

and

Dipartimento di Fisica,
Universita di Milano,
Milano, Italia



Helmut Rauch,

Atominstitut

der Osterreichischen Universitéten,
Stadionallee 2,

1020 Wien, Austria
rauch@ati.ac.at

Michael G. Raymer,
Department of Physics,
University of Oregon,
Eugene, OR 97403, USA
raymer@uoregon.edu

Jaroslav Rehécek,
Department of Optics,

Palacky University,

17. listopadu 50,

772 00 Olomouc, Czech Republic

Marco Ricci,
Dipartimento di Fisica
and

Istituto Nazionale

per la Fisica della Materia,
Universita “La Sapienza”,
Roma, 00185 - Ttaly

Massimiliano F. Sacchi,

Unita INFM

and

Dipartimento di Fisica “A. Volta”,
Universita di Pavia,

via Bassi 6,

Pavia, Italia

List of Contributors XIII

Ridiger Schack,

Department of Mathematics,
Royal Holloway, -
University of London,

Egham, Surrey TW20 0EX, UK

Fabio Sciarrino,
Dipartimento di Fisica
and

Istituto Nazionale

per la Fisica della Materia,
Universita “La Sapienza”,
Roma, 00185 - Ttaly

Alipasha Vagziri,

Institut fiir Experimentalphysik,
Universitit Wien, )
Boltzmanngasse 5,

1090 Wien, Austria

Michael Zawisky,

Atominstitut

der Osterreichischen Universititen,
Stadionallee 2,

1020 Wien, Austria



Lecture Notes in Physics

For information about Vols. 1-602

please contact your bookseller or Springer-Verlag

LNP Online archive: springerlink.com

Vol.603: C. Noce, A. Vecchione, M. Cuoco, A. Romano
(Eds.), Ruthenate and Rutheno-Cuprate Materials.
Superconductivity, Magnetism and Quantum Phase.
Vol.604: J. Frauendiener, H. Friedrich (Eds.), The
Conformal Structure of Space-Time: Geometry,
Analysis, Numerics.

Vol.605: G. Ciccotti, M. Mareschal, P. Nielaba (Eds.),
Bridging Time Scales: Molecular Simulations for the
Next Decade.

Vol.606: J.-U. Sommer, G. Reiter (Eds.), Polymer
Crystallization. Obervations, Concepts and Interpre-
tations.

Vol.607: R. Guzzi (Ed.), Exploring the Atmosphere
by Remote Sensing Techniques.

Vol.608: F. Courbin, D. Minniti (Eds.), Gravitational
Lensing:An Astrophysical Tool.

Vol.609: T. Henning (Ed.), Astromineralogy.
Vol.610: M. Ristig, K. Gernoth (Eds.), Particle Scat-

tering, X-Ray Diffraction, and Microstructure of
Solids and Liquids.

Vol.611: A. Buchleitner, K. Hornberger (Eds.), Coher-
ent Evolution in Noisy Environments.

Vol.612: L. Klein, (Ed.), Energy Conversion and Par-
ticle Acceleration in the Solar Corona.

Vol.613: K. Porsezian, V.C. Kuriakose (Eds.), Optical
Solitons. Theoretical and Experimental Challenges.
Vol.614: E. Falgarone, T. Passot (Eds.), Turbulence
and Magnetic Fields in Astrophysics.

Vol.615: J. Biichner, C.T. Dum, M. Scholer (Eds.),
Space Plasma Simulation. -

Vol.616: ]. Trampetic, J. Wess (Eds.), Particle Physics
in the New Millenium.

Vol.617: L. Fernandez-Jambrina, L. M. Gonzélez-
Romero (Eds.), Current Trends in Relativistic Astro-
physics, Theoretical, Numerical, Observational
Vol.618: M.D. Esposti, S. Graffi (Eds.), The Mathe-
matical Aspects of Quantum Maps

Vol.619: H.M. Antia, A. Bhatnagar, P. Ulmschneider
(Eds.), Lectures on Solar Physics

Vol.620: C. Fiolhais, F. Nogueira, M. Marques (Eds.),
A Primer in Density Functional Theory

Vol.621: G. Rangarajan, M. Ding (Eds.), Processes
with Long-Range Correlations

Vol.622: F. Benatti, R. Floreanini (Eds.), Irreversible
Quantum Dynamics

Vol.623: M. Falcke, D. Malchow (Eds.), Understand-
ing Calcium Dynamics, Experiments and Theory
Vol.624: T. Poschel (Ed.), Granular Gas Dynamics
Vol.625: R. Pastor-Satorras, M. Rubi, A. Diaz-Guilera
(Eds.), Statistical Mechanics of Complex Networks

Vol.626: G. gontopoulos, N. Voglis (Eds.), Galaxies
and Chaos

Vol.628: R. Narayanan, D. Schwabe (Eds.), Interfacial
Fluid Dynamics and Transport Processes

Vol.629: U.-G. Meifiner, W. Plessas (Eds.), Lectures
on Flavor Physics

Vol.630: T. Brandes, S. Kettemann (Eds.), Anderson
Localization and Its Ramifications

Vol.631: D. J. W. Giulini, C. Kiefer, C. Limmerzahl
(Eds.), Quantum Gravity, From Theory to Experi-
mental Search

Vol.632: A. M. Greco (Ed.), Direct and Inverse Meth-
ods in Nonlinear Evolution Equations

Vol.633: H.-T. Elze (Ed.), Decoherence and Entropy in
Complex Systems, Based on Selected Lectures from
DICE 2002

Vol.634: R. Haberlandt, D. Michel, A. P6ppl, R. Stan-
narius (Eds.), Molecules in Interaction with Surfaces
and Interfaces

Vol.635: D. Alloin, W. Gieren (Eds.), Stellar Candles
for the Extragalactic Distance Scale

Vol.636: R. Livi, A. Vulpiani (Eds.), The Kolmogorov
Legacy in Physics, A Century of Turbulence and
Complexity

Vol.637: 1. Miiller, P. Strehlow, Rubber and Rubber
Balloons, Paradigms of Thermodynamics

Vol.638: Y. Kosmann-Schwarzbach, B. Grammaticos,
K.M. Tamizhmani (Eds.), Integrability of Nonlinear
Systems

Vol.639: G. Ripka, Dual Superconductor Models of
Color Confinement

Vol.640: M. Karttunen, L. Vattulainen, A. Lukkarinen
(Eds.), Novel Methods in Soft Matter Simulations

Vol.641: A. Lalazissis, P. Ring, D. Vretenar (Eds.),
Extended Density Functionals in Nuclear Structure
Physics

Vol.642: W. Hergert, A. Ernst, M. Dine (Eds.), Com-
putational Materials Science -

Vol.643: E. Strocchi, Symmetry Breaking

Vol.644: B. Grammaticos, Y. Kosmann-Schwarzbach,
T. Tamizhmani (Eds.) Discrete Integrable Systems
Vol.645: U. Schollwéck, . Richter, D.].J. Farnell, R.E.
Bishop (Eds.), Quantum Magnetism

Vol.646: N. Breton, J. L. Cervantes-Cota, M. Salgado
(Eds.), The Early Universe and Observational Cos-
mology

Vol.647: D. Blaschke, M. A. Ivanov, T. Mannel (Eds.),
Heavy Quark Physics

Vol.648: S. G. Karshenboim, E. Peik (Eds.), Astro-
physics, Clocks and Fundamental Constants

Vol.649: M. Paris, J. Rehacek (Eds.), Quantum State
Estimation



Contents

1 Introduction

Matteo G.A. Paris, Jaroslav Rehdéek ... ....coouviiii .. 1
Part I Quantum Estimation
2 Quantum Tomographic Methods
Giacomo Mauro D’Ariano, Matteo G.A. Paris,
Massimiliano F. Sacchi ... ... ... i 7
2.1 ItroduCtion . ..ot e 7
2.2 Wigner Functions .............ooiiiiiiiiiiieiieeinininienn. 10
2.3 Elements of Detection Theory«: sss sssms sos smsmesws aumsns sms sus 12
2.4 General Tomographic Method . ......... ... .. i, 20
2.5 Multimode Homodyne Tomography . .......... ... ... .. 39
2.6 Maximum-Likelihood Method in Quantum Estimation .......... 46
3 Maximum-Likelihood Methods in Quantum Mechanics
Zdenck Hradil, Jaroslav Rehdcek, Jaromir Fiurdsek, Miroslav Jezek ... 59
F.1 Trotroduetion ; v saasmsmssms ws smrees ve g e s ga ok v Re o & 5E s BB @ 59
3.2 Overview of Quantum-State Reconstruction Techniques ......... 61
3.3 ML Quantum-State Estimation ........... ... ... .. 66
3.4 Estimation Errors and Fisher Information ..................... 80
3.5 Estimation of Quantum Processes «: c:se:veevrimtcnsnl i et et 85
3.6 Estimation of Quantum Measurements . ........ ... . ... .. 95
3.7 Discrimination Between Quantum States ............. .. ... ... 100
4 Qubit Quantum State Tomography
Joseph B. Altepeter, Daniel F.V. James, Paul G. Kwiat ............. ] 113
4.1 State Representabion. . .c:csssvossmnsessssngsns imsswswsssonsos 114
4.2 Exact Tomography s:zsssssesses «oses om0 e 058 e T G 2 S 125
1.3 Real Tomography:

Errors and the Maximum Likelihood Technique ................ 134
4.4 Error Analysis .. ...t e 141



VIII

Contents

5 Unknown Quantum States and Operations,
a Bayesian View

Christopher A. Fuchs, Rudiger Schack ............ ... ... ... ..... 147
Sul. IO CH OT s o ap1e 1 T 5 PR 5.5 T PSSR 5 8 U SR § 5 B 147
5.2 The Classical de Finetti Theorem ............................ 154
5.3 The Quantum de Finetti Representation ...................... 158

5.4 Proof of the Quantum de Finetti Theorem ..................... 163
5:0 JOLETTRCTEG! nurse s s s 05 550 54 5 S0 579 50 §/95 548 555 5 & 4 5 9015 Erasm Fna) v 170
5.6 Subjectivity of Quantum Operations . ......................... 171
5.7 Quantum Process Tomography . .......... ... .. ... ... 172
5.8 The Process-Tomography Theorem .......... ... ... ... ..... 173
5.9 Proof of the Process-Tomography Theorem .................... 175
510 Concluding Remarks; ¢ s s sms sm samowmsen e 55 5% @ 985 s m9s @ 3088 3 182

6 Quantum Tomography from Incomplete Data
via MazEnt Principle

Viadimir BuzZek .. .. ... oo 189
6.1, Modest Question : ;s:wsissisinmisssassuseusEsemsEnsEE s isss 189
6.2 Complete Observation Level .......... ... ... ... ............ 190
6.3 Maxent Principle and Observation Levels...................... 197
6.4 Numerical Implementation............ .. ... ... . ... . ... ..... 203
6.5 Reconstruction of Motional States of Neutral Atoms ............ 211
6.6 Direct Measurement of Wigner Functions of Single Mode Fields

N Cavities. . .. ..o 223
6.7 ConcCluSIONS . . .o\ttt e 230

7 Experimental Quantum State Tomography
of Optical Fields and Ultrafast Statistical Sampling

Michael G. Raymer; Mark™Beck. .. ... . ... ... 235
Gl IAtPOAVCHON crsms smsnpims smsmmins smsamsnmpempems smeamemy §u4 s 235
7.2 Balanced Homodyne Detection of Temporal-Spatial Modes . . . ... 243
7.3 Quantum State Reconstruction

and Optical Mode Statistical Sampling .. ...................... 249
7.4 Experimental Techniques ................ oo, 271
GD  Artay Detetion s oenssnsaniniansoainpeussmmpemssas sasnagss 278
7.6 Conclusions: ;. sssmssusesssssns s sssosansmssmmsnsanembsgs s 289
A Spatial-Temporal Orthogonality ............. ... ... ... .. ... 289
8 Characterization of Quantum Devices
Giacomo Mauro D’Ariano, Paoloplacido Lo Presti .................. 297
8.1 Quantum Operations and Quantum Measurements ............. 299
8.2 Imprinting Quantum Operations into Quantum States .......... 307
8.3 Homodyne Tomography of Channels and POVM’s .............. 319



Contents IX

9 Quantum Operations on Qubits
and Their Characterization

Francesco De Martini, Marco Ricci, Fabio Sciarrino ............. v, 333
9.1 Introduction ... ...... ... e 333
9.2 Quantum-Injected Optical Parametric Amplification ............ 336
9.3 Realization of an “All Optical” Schrodinger-Cat . ............... 341
9.4 Universal Optimal Quantum Cloning Machine

and U-NOT Gate . ... e 346
9.5 More on Contextuality and Universality ....................... 351

9.6 Teleportation Scheme Implementing
the Universal Optimal Quantum Cloning Machine

and the Universal NOT Gate ...........coiuiiiiinnenaen... 354
9.7 Quantum Entanglement and Tomographic Analysis
of Quantum OPErations . .o e vve cuvunns susvurmnsus vussmvws s 361

10 Maximum-Likelihood Estimation

in Experimental Quantum Physics

Gerald Badurek, Zdenék Hradil, Alexander Lvovsky,
Gabriel Molina-Teriza, Helmut Rauch, Jaroslav R(A:_‘h(i(?ek', h

Alipasha Vaziri, Michael Zawisky ... ... .. .. coooueo i 373
10:1 Introduction : s s ms 505 sassnsns assaims sms s8iEReEs EEIEHE % 373
10.2 Maximum-Likelihood Phase Estimation ....................... 374
10.3 ML Neutron Absorption Tomography ......................... 382
10.4 ML Neutron Phase Tomography............ ... . ... . .. ..... 391
10.5 Maximum-Likelihood Characterization of Photonic Qutrits ...... 399
10.6 Maximum-Likelihood Quantum Homodyne Tomography ......... 406

Part II Quantum Decision

11 Discrimination of Quantum States

Janos A. Bergou, Ulrike Herzog, Mark Hillery ........ ... ... ...... 417
11l INtrOdUetion s s« soswssms sms smsms sms smesssms smsmmsns smssnsas s 417
11.2 Unambiguous Discrimination ............. ... ... ... ... .... 419
11.3 State Discrimination with Minimum Error..................... 440
11.4 Discriminating Multiparticle States ........ ... .. .. ... . ...... 459
L1.5 Outlook . ..ot 462

12 Quantum States: Discrimination
and Classical Information Transmission.
A Review of Experimental Progress

Anthony Chefles .. ..., AR BRI G R E 467
12.1 Introduction . ... e 467
12.2 Minimum Error Discrimination Between Two Pure States ....... 471

12.3 Generalised Measurements and POVMs . ...................... 475



X Contents

12.4 Unambiguous Discrimination Between Two Pure States ......... 477
12.5 Discrimination Among Multiple States

with Minimum Error Probability

and the Accessible Information . ..... ... ... ... . . ... .. ... 485
12.6 Accessible Information Experiments

with Symmetric Qubit Ensembles ............ .. .. .. .. ... 498
12.7 Superadditivity of the Classical Capacity ................... ... 503
12.8 DISCUSSION . . o vttt e e e e 508
Index . ... 513



1 Introduction

Matteo G.A. Paris! and Jaroslav Rehécek?

! Dipartimento di Fisica dell'Universita di Milano, Italy
? Department of Optics, Palacky University, Olomouc, Czech Republic

The state of a physical system is the mathematical description of our knowl-
edge of it, and provides information on its future and past. A state estimation
technique is a method that provides the complete description of a system, i.e
achieves the maximum possible knowledge of the state, thus allowing one to
make the best,“at least the best probabilistic, predictions on the results of
any measurement that may be performed on the system.

In classical physics the state of a system is a set of numbers, and it is al-
ways possible, at least in principle, to devise a procedure consisting of multiple
measurements that fully recovers the state of the system. In Quantum Me-
chanics this is no longer possible, and this impossibility is inherently related
to fundamental features of the theory, namely its linearity and the Heisen-
berg uncertainty principle. On one hand linearity implies the no-cloning the-
orem [1], which forbids us to create perfect copies of an arbitrary system
in order to make multiple measurements on the same state. On the other
hand, the uncertainty principle [2] says that one cannot perform an arbitrary
sequence of measurements on a single system without disturbing it in some
way, i.e. inducing a back-action which modifies the state itself. Therefore, it
is not possible, even in principle, to determine the quantum state of a single
system without having some prior knowledge on it [3]. This is consistent with
the very definition of a quantum mechanical state, which in turn prescribes
how to gain information about the state: many identical preparations taken
from the same statistical ensemble are needed and different measurements
should be performed on each of the copies.

Despite its fundamental interest the problem of inferring the state of a
quantum system from measurements is not as old as quantum mechanics, and
the first systematic approach was the work of U. Fano in the late fifties [4]. In
the last decade a constantly increasing interest has been devoted to the sub-
ject. On one side, new developments in experimental techniques, especially in
the fields of photodetection and nonlinear optical technology, resulted in a set
of novel and beautiful experiments about quantum mechanics. On the other,
increasing attention has been directed to quantum information technology,
which is mostly motivated by the promising techniques of error correction
and purification, which make possible fault tolerant quantum computing and
long distance teleportation and cryptography. In particular, the development
of suitable purification protocols, and the possibility of a quantum charac-

M.G.A. Paris, J. Rehacek, Introduction, Lect. Notes Phys. 649, 1-4 (2004)
http://www.springerlink.com/ © Springer-Verlag Berlin Heidelberg 2004



2 Matteo G.A. Paris and Jaroslav Rehacek

terization of communication channels, rely heavily on quantum estimation
techniques.

This book aims to review all of the relevant quantum estimation tech-
niques, and to assess the state of art in this novel field which has provoked
renewed interest in fundamentals quantum mechanics. A number of leading
experts have cooperated to describe the main features of the field. The rest
of this introduction gives a brief description of their chapters. The volume is
divided in two parts. The first is devoted to quantum estimation in the strict
sense, both of quantum states and quantum operations, whereas the second
(much shorter) part addresses the problem of state discrimination.

Part I of the book starts with Chapt. 2 by G.M. D’Ariano et al., which re-
views quantum tomography, i.e. the determination of the expectation value of
any operator (including nondiagonal projectors needed to construct a matrix
representation of the density operator) for a generic quantum system from
the measurement of a suitable set of observables (a quorum) on repeated
preparations of the system. Topics include characterization of quora, deter-
mination of pattern functions, effect of instrumental noise, and examples of
tomographic procedures for harmonic and spin systems.

Quantum estimation is in principle a deterministic problem, given that a
quorum of observables is measured on the system of interest. However, often
only partial information of the system can be achieved. Therefore, a question
arises about what one can say about a quantum system given an arbitrary
set. of observations on repeated preparations of the system. In Chap. 3, Z.
Hradil et al. give a statistical answer to this question using the maximum-
likelihood principle. The formalism is applied to quantum-state estimation
and discrimination as well as the estimation of quantum measurements and
processes.

The polarization state of a photon is a natural experimental realization
of a two-level quantum system — a qubit. For many experiments in quan-
tum theory and quantum information it is very important to develop reli-
able solirces of arbitrary polarization-entangled quantum states. Quantum
estimation is important for the development of new quantum sources, since
the quantum reconstruction techniques are natural means of calibration and
tuning of experimental apparatuses. A detailed account of the production,
characterization, and utilization of entangled states of light qubits is given
by J.B. Altepeter et al. in Chap. 4.

Even in the realistic case of small ensembles, when the expectation val-
ues are not accessible, one can still infer the quantum state by means of the
Bayesian principle of inference that provides a unique rule for updating the
prior information about the quantum system after a measurement has been
made. Although the principle itself is well justified, the notion of prior infor-
mation is a highly subjective element of the theory. Therefore, in the Bayesian
approach, the subjective interpretation of quantum states and operations is
stressed. The formulation of the quantum Bayesian inference is by Ch. Fuchs
and R. Schack in Chap. 5, and they will then apply it to the reconstruction
of quantum states and quantum operations.
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Yet another principle of inference based on partial knowledge — Jaynes’
principle of maximum entropy — comes from the information theory. Unlike,
the maximum likelihood estimation of Chap. 3 that always selectsthe most
likely configuration, the principle of maximum entropy leads to the least
biased estimate consistent with the given information. Its typical applications
are momentum problems: the determination of the quantum state from the
expectation values of a few, tomographically incomplete observations. An
overview of the applications of Jaynes’ principle to quantum reconstruction
is reported by V. Buzek in Chap. 6.

The development of quantum estimation techniques started with the pro-
posal by Vogel and Risken [5] and with the first experiments (which already
showed reconstructions of coherent and squeezed states of a radiation field
mode) performed in Michael Raymer’s group at the University of Oregon. [6].
Chapter 7, by M. Raymer and M. Beck is a detailed review of the theoretical
and experimental work on quantum state measurement based on homodyne
detection, and discuss the determination of the quantum state of one or more
modes of the radiation field.

Tomographic methods were initially employed only for measuring radia-
tion states. However, they can profitably be used also to characterize devices
through imprinting of quantum operations on quantum-states. In Chap. 8
G.M. D’Ariano and P.L. Presti give a self-contained presentation of the the-
oretical bases of the method, together with examples of experimental setups
based on homodyne tomography. As a contrast, Chap. 9 by F. De Martini et
al. is devoted to reviewing the experimental realization of many unitary and
non unitary operations on light qubit and their effective characterization by
Pauli tomography of the polarization state.

The utility of the maximum-likelihood principle in experimental quantum
estimation is demonstrated by G. Badurek et al. in Chap. 10, which closes the
first part of the book. The ideas presented in Chap. 3 are systematically ap-
plied to experiments with quantum systems of increasing complexity starting
with the quantum phase or simple two-dimensional systems and eventually
coming to an infinite-dimensional mode of light.

The second part of the book consists of two chapters devoted to decisions
among quantum hypotheses. Here we have a quantum system prepared in
a state chosen from a discrete set, rather than from the whole set of pos-
sible states, and we want to discriminate among the set starting from the
results of certain measurements performed on the system. To the extent that
the quantum states to be discriminated are nonorthogonal, the problem is
highly non-trivial, and of practical importance. Indeed, the increasing need
for faster communication implies the steady decrease of the energy used for
the transmission of a bit of information through the communication chan-
nel. When the carriers of information became truly microscopic systems the
classical information they carry is encoded into their quantum state. A fun-
damental theorem of quantum theory tells us that it is not possible perfectly
to distinguish between two non-orthogonal quantum states. This places a
fundamental limit on the error rate of the communication because the or-



