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Preface

During the last decade impressive development and significant advance of
the physics of nonideal plasmas in astrophysics and in laboratories can be
observed, creating new possibilities for experimental research. The enormous
progress in laser technology, but also ion beam techniques, has opened new
ways for the production and diagnosis of plasmas under extreme conditions,
relevant for astrophysics and inertially confined fusion, and for the study of
laser-matter interaction. In shock wave experiments, the equation of state
and further properties of highly compressed plasmas can be investigated.

This experimental progress has stimulated the further development of the
statistical theory of nonideal plasmas. Many new results for thermodynamic
and transport properties, for ionization kinetics, dielectric behavior, for the
stopping power, laser-matter interaction, and relaxation processes have been
achieved in the last decade. In addition to the powerful methods of quantum
statistics and the theory of liquids, numerical simulations like path integral
Monte Carlo methods and molecular dynamic simulations have been applied.

This situation encourages us to present this new book on the quantum
statistical theory of nonideal plasmas. The goal of this book is to present
the basic theory of nonideal partially ionized plasmas from a unified point of
view of quantum field theoretical methods. This book arose out of lectures
given by the authors and out of their extensive experience in the field of
quantum statistics and the theory of charged many-particle systems. On the
one hand, an introduction is given into the quantum statistics of equilibrium
and non-equilibrium systems on the basis of the methods of real-time Green’s
functions. On the other hand, the dynamical, the thermodynamic and the
kinetic properties of strongly coupled plasmas are dealt with on a wide scale.

This book is intended as a graduate-level textbook and as a monograph
on quantum statistical theory of charged many-particle systems, especially
nonideal plasmas. We hope that it will be also useful to researchers in the
field of plasma physics and quantum statistics.

We would like to thank all those who have encouraged and assisted us in
this task. First, we are grateful to Giinter Ecker for his motivation and help
in the realization of this volume. We thank the team at Springer, especially
Adelheid Duhm and Claus Ascheron, for their constructive collaboration.
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In particular, we are grateful to Thomas Bornath. The parts about two-
particle properties, kinetic equations, ionization kinetics, and laser—plasma
interaction include many results worked out together with him and were
written in fruitful collaboration. Our thanks go also out to Valery Bezkrovniy,
Dirk Gericke, and Dirk Semkat for many helpful discussions and for critically
reading parts of the manuscript.

This monograph involves many results of the long-time pleasant col-
laboration with our friends and colleagues Werner Ebeling, Gerd Ropke,
Yury Lvovich Klimontovich (t), Klaus Kilimann, Michael Bonitz, Hubertus
Stolz (f), Roland Zimmermann, Ronald Redmer, Hugh E. DeWitt, and Piet
Schram. Essential results presented here have been obtained and published
in cooperation with these colleagues.

Furthermore, we gratefully thank Stefan Arndt, Roman Fehr, Gordon
Grubert, Paul Hilse, Hauke Juranek, Ulrike Kraeft, Sylvio Kosse, Sandra
Kuhlbrodt, Renate Nareyka, Ralf Prenzel, Jorg Riemann, and Jan Vorberger
for their cooperation and assistance in different stages of the genesis of this
monograph while preparing the manuscript.

Finally, it is a pleasure to thank many fellow scientists of the plasma
community and Green’s function specialists including W. Déppen, J. Dufty,
V. Filinov, V. Fortov, K. Henneberger, F. Hensel, D.H.H. Hoffmann, M.
Knaup, H.S. Kohler, H.J. Kull, H.J. Kunze, N.H. Kwong, P. Lipavsky, B.
Militzer, K. Morawetz, P. Mulser, M. Murillo, S.V. Peletminski, F.J. Rogers,
R. Sauerbrey, V.G. Spicka, W. Theobald, C. Toepffer, and G. Zwicknagel for
illuminating discussions and collaboration.

We gratefully acknowledge the generous support of the Deutsche For-
schungsgemeinschaft.

Rostock and Greifswald Dietrich Kremp
December 2004 Manfred Schlanges
Wolf-Dietrich Kraeft
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1. Introduction

In the process of the formation of matter from elementary particles up to
condensed matter, the plasma state is an essential stage. In this state, matter
consists of electrons and protons or ions. By the formation of bound states and
by phase transitions, more complex states of matter such as liquids and solids
evolve out of the plasma state. Consequently, plasmas are interesting and
essential many-particle systems which are of importance for our fundamental
understanding of condensed matter.

Plasmas play a fundamental role in nature. Probably more than 99 percent
of visible matter in the universe exist in the plasma state. Plasmas exist, e.g.,
as interstellar gas, in stellar atmospheres, inside the sun, in giant planets,
and in white dwarfs.

In the laboratories, plasmas were investigated first in connection with gas
discharges. At the present time, plasmas are of interest in connection with
magnetically confined fusion, and, at high densities, with the goal to achieve
inertial fusion. Furthermore, laser produced plasmas, electron-hole plasmas
in highly excited semiconductors, electrons in metals, ultracold plasmas and
dusty plasmas are of importance.

Obviously, the development of a quantum statistical theory of charged
many-particle systems is of great principal and practical importance. The
theoretical investigation of charged many-particle systems is faced with a
number of typical difficulties.

A plasma consists of freely moving charged particles, which produce
charge and current densities and, therefore, an electromagnetic field; plasma
particles interact with the electromagnetic field. In general, the dynamics
of the plasma particles and that of the field have to be dealt with self-
consistently. For many problems it is sufficient to account only for the cou-
pling to the longitudinal field, i.e., to consider only the Coulomb interaction
between the plasma particles.

The Coulomb interaction is characterized by its long range. This property
of the Coulomb interaction leads to typical pecularities of charged many-
particle systems, namely to the collective behavior of the plasma particles
such as dynamical screening and plasma oscillations. In the theoretical de-
scription, the long range character leads to special difficulties, which turn
out to be divergencies in the determination of thermodynamic or transport
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properties by means of cluster expansions. Binary or few-particle collision
approximations are not appropriate to describe the collective interaction of
plasma particles.

The collective behavior of a plasma has to be described in a self-consistent
scheme of particles and fields. This was done for the first time by Debye. De-
bye determined the field produced by the charged system of particles in static
approximation and invented the fundamental idea of a screened potential.
Exploiting this idea, a number of problems of the theory of many-particle
systems with Coulomb interaction were solved.

Later, in extension of the more elementary ideas of Debye, there was
progress in carrying out ring summations in order to re-normalize cluster
expansions as invented by Mayer for classical statistical mechanics and later
by Macke in the field of quantum statistics. These techniques were further
developed in the kinetic theory by Balescu, Lennard, Silin and Klimontovich
where convergent collision integrals for plasmas were formulated.

Because of the complexity of plasma systems, for the complete theoretical
description general methods of quantum statistics are necessary. Essential
progress in the theory of nonideal plasmas was achieved by the introduction
of quantum field-theoretical methods into statistical physics of equilibrium
systems by Matsubara, Martin and Schwinger, and by Abrikosov, Gor’kov
and Dzyaloshinski. On the basis of such techniques, the theory of the electron
gas was formulated and further elaborated by Gell-Mann and Brueckner, by
DuBois, Pines and Noziéres, and the equation of state for quantum plasmas
was given by Montroll and Ward and by DeWitt.

Of special importance for the quantum statistics of plasmas is the general-
ization of the quantum field-theoretical methods to non-equilibrium systems
which was achieved by Kadanoff and Baym and by Keldysh. In the papers
of these authors, equations of motion for the real-time Green’s functions,
well known as Kadanoff-Baym equations, were derived. On the basis of the
Kadanoff-Baym equations, essential progress was achieved in non-equilibrium
statistical mechanics. Especially, one should remark that there now exists
the possibility to deal with processes on very short time scales applying non-
Markovian kinetic equations. In connection with the non-Markovian form of
the collision integrals, the problem of conservation laws in nonideal plasmas
was solved. On the basis of ideas of Keldysh and of Kadanoff and Baym,
DuBois developed a quantum electrodynamics of plasmas and gave the foun-
dation for a general theory of matter-radiation interaction.

As we want to stress the interrelation between theoretical methods and
the physical topic, we will present the method of real-time Green’s functions
in statistical physics and its application to the complex problems of plasma
physics.

To begin, we start with an introductory chapter on nonideal plasmas. On
an elementary level, this chapter presents essential concepts of the physics
of nonideal plasmas, such as static and dynamical screening and self-energy.



