
Applied Mathematical Sciences 
Volume 144 

Editors 
J.E. Marsden L. Sirovich 

Advisors 
S. Antman J.K. Hale 
P. Holmes T. Kambe J. Keller 
BJ. Matkowsky C.S. Peskin 

Springer Science+Business Media, LLC 



Applied Mathematical Sciences 

I. John: Partial Differential Equations, 4th ed. 34. Kevorkian/Cole: Perturbation Methods in Applied 
2. Sirovich: Techniques of Asymptotic Analysis. Mathematics. 
3. Hale: Theory of Functional Differential 35. Carr: Applications of Centre Manifold Theory. 

Equations, 2nd ed. 36. BengtssonlGhillKiJlten: Dynamic Meteorology: 
4. Percus: Combinatorial Methods. Data Assimilation Methods. 
5. von MiseslFriedrichs: Fluid Dynamics. 37. Saperstone: Semidynamical Systems in Infinite 
6. FreibergeriGrenander: A Short Course in Dimensional Spaces. 

Computational Probability and Statistics. 38. LichtenberglLieberman: Regular and Chaotic 
7. Pipkin: Lectures on Viscoelasticity Theory. Dynamics, 2nd ed. 
8. Giacaglia: Perturbation Methods in Non-linear 39. PicciniiStampacchiaiVidossich: Ordinary 

Systems. Differential Equations in R'. 
9. Friedrichs: Spectral Theory of Operators in 40. NaylorlSell: Linear Operator Theory in 

Hilbert Space. Engineering and Science. 
10. Stroud: Numerical Quadrature and Solution of 41. Sparrow: The Lorenz Equations: Bifurcations, 

Ordinary Differential Equations. Chaos, and Strange Attractors. 
II. Wolovich: Linear Multivariable Systems. 42. GuckenheimerlHolmes: Nonlinear Oscillations, 
12. Berkovitz: Optimal Control Theory. Dynamical Systems, and Bifurcations of Vector 
13. Bluman/Cole: Similarity Methods for Differential Fields. 

Equations. 43. OckendonlTaylor: Inviscid Fluid Flows. 
14. Yoshizawa: Stability Theory and the Existence of 44. Pazy: Semigroups of Linear Operators and 

Periodic Solution and Almost Periodic Solutions. Applications to Partial Differential Equations. 
IS. Braun: Differential Equations and Their 45. GlashojJ7Gustafson: Linear Operations and 

Applications, 3rd ed. Approximation: An Introduction to the 
16. Lefschetz: Applications of Algebraic Topology. Theoretical Analysis and Numerical Treatment of 
17. CollatzlWetterling: Optimization Problems. Semi-Infinite Programs. 
18. Grenander: Pattern Synthesis: Lectures in Pattern 46. Wilcox: Scattering Theory for Diffraction 

Theory, Vol. I. Gratings. 
19. Marsden/McCracken: Hopf Bifurcation and Its 47. Hale et al: An Introduction to Infinite 

Applications. Dimensional Dynamical Systems-Geometric 
20. Driver: Ordinary and Delay Differential Theory. 

Equations. 48. Murray: Asymptotic Analysis. 
21. Courant/Friedrichs: Supersonic Flow and Shock 49. Ladyzhenskaya: The Boundary-Value Problems 

Waves. of Mathematical Physics. 
22. RouchelHabetslLaloy: Stability Theory by SO. Wilcox: Sound Propagation in Stratified Fluids. 

Liapunov's Direct Method. 51. GolubitskylSchaefJer: Bifurcation and Groups in 
23. Lamperti: Stochastic Processes: A Survey of the Bifurcation Theory, Vol. I. 

Mathematical Theory. 52. Chipot: Variational Inequalities and Flow in 
24. Grenander: Pattern Analysis: Lectures in Pattern Porous Media. 

Theory, Vol. II. 53. Majda: Compressible Fluid Flow and System of 
25. Davies: Integral Transforms and Their Conservation Laws in Several Space Variables. 

Applications, 2nd ed. 54. Wasow: Linear Turning Point Theory. 
26. Kushner/Clark: Stochastic Approximation 55. Yosida: Operational Calculus: A Theory of 

Methods for Constrained and Unconstrained Hyperfunctions. 
Systems. 56. ChanglHowes: Nonlinear Singular Perturbation 

27. de Boor: A Practical Guide to Splines. Phenomena: Theory and Applications. 
28. Keilson: Markov Chain Models-Rarity and 57. Reinhardt: Analysis of Approximation Methods 

Exponentiality. for Differential and Integral Equations. 
29. de Veubeke: A Course in Elasticity. 58. DwoyerlHussainilVoigt (eds): Theoretical 
30. niatycki: Geometric Quantization and Quantum Approaches to Turbulence. 

Mechanics. 59. SanderslVerhulst: Averaging Methods in 
31. Reid: Sturmian Theory for Ordinary Differential Nonlinear Dynamical Systems. 

Equations. 60. GhiJlChiidress: Topics in Geophysical Dynamics: 
32. MeislMarkowitz: Numerical Solution of Partial Atmospheric Dynamics, Dynamo Theory and 

Differential Equations. Climate Dynamics. 
33. Grenander: Regular Structures: Lectures in 

Pattern Theory, Vol. Ill. 
(continued following index) 



Jean-Claude Nedelec 

Acoustic and 
Electromagnetic Equations 
Integral Representations 
for Harmonic Problems 

Springer 



Jean-Claude N6delec 
Centre de Mathematiques Appliquees 
Ecole Poly technique 
91228 Palaiseau Cedex 
France 
nedelec@cmapx.polytechnique.fr 

Editors 

J.E. Marsden 
Control and Dynamical Systems, 107-81 
California Institute of Technology 
Pasadena, CA 91125 
USA 

With 2 figures. 

L. Sirovich 
Division of Applied Mathematics 
Brown University 
Providence, RI 02912 
USA 

Mathematics Subject Classification (2000): 35C15, 35L05, 35S05, 45A05, 45B05, 45E05, 45F15, 
45P05 

Library of Congress Cataloging-in-Publication Data 
N6d6lec, Jean-Claude. 

Acoustic and electromagnetic equations: integral representations for harmonic 
problems/Jean-Claude N6d6lec. 

p. cm. - (Applied mathematical sciences; 144) 
Includes bibliographical references and index. 
ISBN 978-1-4419-2889-4 ISBN 978-1-4757-4393-7 (eBook) 
DOI 10.1007/978-1-4757-4393-7 

\. Wave equations-Numerical solutions. 2. Maxwell equations-Numerical solutions. 
I. Title. II. Applied mathematical sciences Springer Science+Business Media, LLC ; v. 144. 
QA927 .N38 2000 
530.12' 4-<lc21 00-045038 

Printed on acid-free paper. 

© 2001 Springer Science+Business Media New York 
Originally published by Springer-Verlag New York, Inc. in 2001 

All rights reserved. This work may not be translated or copied in whole or in part without the 
written permission of the publisher Springer Science+Business Media, LLC , 
except for brief excerpts in connection with reviews or scholarly analysis. Use 
in connection with any form of information storage and retrieval, electronic adaptation, computer 
software, or by similar or dissimilar methodology now known or hereafter developed is forbidden. 
The use of general descriptive names, trade names, trademarks, etc., in this publication, even if the 
former are not especially identified, is not to be taken as a sign that such names, as understood by 
the Trade Marks and Merchandise Marks Act, may accordingly be used freely by anyone. 

Production managed by Francine McNeill; manufacturing supervised by Jerome Basma. 
Photocomposed copy prepared from the author's fi.'IEJX files. 

9 876 543 2 1 

ISBN 978-1-4419-2889-4 SPIN 10783773 



Preface 

This book is devoted to the study of the acoustic wave equation and of 
the Maxwell system, the two most common wave equations encountered in 
physics or in engineering. The main goal is to present a detailed analysis 
of their mathematical and physical properties. 

Wave equations are time dependent. However, use of the Fourier trans
form reduces their study to that of harmonic systems: the harmonic 
Helmholtz equation, in the case of the acoustic equation, or the har
monic Maxwell system. This book concentrates on the study of these 
harmonic problems, which are a first step toward the study of more general 
time-dependent problems. 

In each case, we give a mathematical setting that allows us to prove 
existence and uniqueness theorems. We have systematically chosen the use 
of variational formulations related to considerations of physical energy. 

We study the integral representations of the solutions. These representa
tions yield several integral equations. We analyze their essential properties. 
We introduce variational formulations for these integral equations, which 
are the basis of most numerical approximations. 

Different parts of this book were taught for at least ten years by the 
author at the post-graduate level at Ecole Poly technique and the University 
of Paris 6, to students in applied mathematics. The actual presentation has 
been tested on them. I wish to thank them for their active and constructive 
participation, which has been extremely useful, and I apologize for forcing 
them to learn some geometry of surfaces. 

A large part of the material contained in this book would not have been 
in the present state without the work of my many students. Among the 
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ones who have been working on these subjects, I especially want to thank 
in historical order M.N. Leroux, J. Giroire, M. Djaoua, A. Bendali, A. Da 
Costa Sequeira, T. Ha Duong, F. Rogier, A. Mazari, Z. Benjelloum Touimi 
EI-Dabaghi, E. Becache, V. Levillain, F. Starling, T. Abboud, A. Morelot, 
A. De La Bourdonnaye, I. Terrasse, M. Filipe, B. Zhou, V. Mathis, H. 
Ammari, D. Barbier, N. Vialle-Bereux, P. Ferreira, and C. Latiri-Grouz. 

The author wishes to thank E. Bonnetier and especially S. Christiansen, 
who greatly helped him in the hard task of translating this book into 
English starting from a previous version in French. 

I also want to thank the persons who were always my main support, my 
wife, Henriette, especially for her patience, and my children, Laurence and 
Fran<;ois. 

Palaiseau, France Jean-Claude Nedelec 
February 2000 
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