


LECTURES ON 
SINGULAR INTEGRAL OPERATORS 



This page intentionally left blank



Conference Board of the Mathematical Sciences 
REGIONAL  CONFERENCE  SERIES  IN MA THEM A TICS 

supported by the 
National Science Foundation 

Number 77 

LECTURES ON 
SINGULAR INTEGRAL OPERATORS 

Michael Christ 

Published for the 
Conference Board of the Mathematical Sciences 

by the 
American Mathematical Society 

Providence, Rhode Island 

http://dx.doi.org/10.1090/cbms/077



Expository Lectures 
from the CBMS Regional Conference 

held at the University of Montana 
August 28-September 1, 1989 

The research was supported in part by NSF Grant DMS-87-96184, Alfred 
P. Sloan Foundation, and Institut des Hautes Etudes Scientifiques. 

1980 Mathematics Subject Classification (1985 Revision), Primary 42B20, 
42B25; Secondary 30E20. 

Library of Congress Cataloging-in-Publication Data 
Lectures on singular integral operators / F. Michael Christ. 

p. cm. —(Regional conference series in mathematics; no. 77) 
Includes bibliographical references. 
ISBN 0-8218-0728-5 (alk. paper) 
1. Integrals, Singular. I. Christ, Francis Michael, 1955- . II. Series. 

QA1.R33 no. 77 
[QA403.5] 
510 s—dc20 90-20270 
[515'.2433] CIP 

Copying and reprinting. Individual readers of this publication, and nonprofit libraries 
acting for them, are permitted to make fair use of the material, such as toxopy an article for 
use in teaching or research. Permission is granted to quote brief passages from this publication 
in reviews, provided the customary acknowledgment of the source is given. 

Republication, systematic copying, or multiple reproduction of any material in this pub
lication (including abstracts) is permitted only under license from the American Mathematical 
Society. Requests for such permission should be addressed to the Manager of Editorial Services, 
American Mathematical Society, P.O. Box 6248, Providence, Rhode Island 02940-6248. 

The owner consents to copying beyond that permitted by Sections 107 or 108 of the U.S. 
Copyright Law, provided that a fee of $1.00 plus $.25 per page for each copy be paid directly to 
the Copyright Clearance Center, Inc., 27 Congress Street, Salem, Massachusetts 01970. When 
paying this fee please use the code 0160-7642/90 to refer to this publication. This consent does 
not extend to other kinds of copying, such as copying for general distribution, for advertising or 
promotional purposes, for creating new collective works, or for resale. 

Copyright \Cj i 990 by the American Mathematical Society. All rights reserved. 
Printed in the United States of America 

The American Mathematical Society retains all rights 
except those granted to the United States Government. 

The paper used in this book is acid-free and falls within the guidelines 
established to ensure permanence and durability. © 

This publication was typeset using AMS-T^K, 
the American Mathematical Society's TgX macro system. 

109 8 7 6 5 4 3 2 1 95 94 93 92 91 90 



to Carol 



This page intentionally left blank



Contents 

Preface ix 

I. Examples and Basic Theory 1 

II. Littlewood-Paley Theory 19 

III. BMO, Carleson Measures and Paraproducts 34 

IV. The T(l) Theorem 49 

V. Growth Estimates 71 

VI. Spaces of Homogeneous Type 88 

VII. Analytic Capacity and the Cauchy Integral 98 

VIII. Inverses of Singular Integral Operators 118 

References 126 

vii 



This page intentionally left blank



Preface 

These notes represent an expanded account of lectures delivered at the 
NSF-CBMS conference on singular integral operators, held at the University 
of Montana from August 28 through September 1, 1989. They are concerned 
principally with developments in the subject related to the Cauchy integral 
on Lipschitz curves and the T(l) theorem. The emphasis is on real-variable 
techniques, with a discussion of analytic capacity in one complex variable 
included as an application. 

Little of the material here is new, though a few of the proofs seem not to 
be in the literature. Rather, we have sought to synthesize and expose a body 
of results and techniques. 

Much of the text is introductory in character and is intended to be ac
cessible to the nonexpert, but it is hoped that a variety of readers will find 
something of interest. Proofs are sometimes incomplete or imprecise; to 
fill in the missing details would often be a useful exercise for the dedicated 
student. 

Certain aspects of the subject which have been in a state of rapid develop
ment during the writing of these notes are not covered, but we have sought to 
provide a useful introduction to them. One should see the expository work 
of David [D8], the paper of David and Semmes [DS2], and the article of 
Jones [JP3]. For a more authoritative and complete treatment of some of 
the contents of these notes, and much additional material, the reader is urged 
to consult the books of Meyer [M4]. 

Thanks to Carol for help in preparing the original lectures, and to Christo
pher Bishop, Guy David, John Garnett and Peter Jones for helpful advice 
and comments. Thanks to Rodolfo Torres, Javier Soria, and the other partic
ipants in the conference for pointing out errors, typographical and otherwise, 
in an earlier draft of the notes. Thanks also to Joseph Cirna and William Der
rick for their outstanding efforts in organizing the conference, and to Glen 
Munnik for typing a portion of the manuscript. Financial and/or logistical 
support from the National Science Foundation, Alfred P. Sloan Foundation, 
and Institut des Hautes Etudes Scientifiques is acknowledged with gratitude. 

IX 



This page intentionally left blank



References 

[A] L. V. Ahlfors, Lectures on quasiconformal mappings, Van Nostrand, Princeton, NJ, 1966. 
[BJ] C. J. Bishop and P. W. Jones, Harmonic measure and arclength, preprint. 
[Be] R. Beals, A characterization of pseudodifferential operators and applications, Duke Math. 

J. 44 (1977), 45-57; Correction 46 (1979), 215. 
[Bo] J.M. Bony, Calcul symbolique et equations non lineaires, Ann. Sci. Ecole Norm. Sup. (4) 

14(1981), 209-246. 
[Bou] J. Bourgain, A remark on the maximal function associated to an analytic vector field, 

preprint, IHES. 
[BS] L. Boutet de Monvel and J. Sjostrand, Sur la singularite des noyaux de Bergman et Szego, 

Asterisque 34-35 (1976), 123-164. 
[BNW] J. Bruna, A. Nagel, and S. Wainger, Convex hypersurfaces and Fourier transforms, Ann. 

of Math. 127 (1988), 333-365. 
[BGS] D. L. Burkholder, R. F. Gundy, and M. L. Silverstein, A maximal function characteriza

tion of the class Hp , Trans. Amer. Math. Soc. 157 (1971), 137-153. 
[CI] A. P. Calderon, Uniqueness in the Cauchy problem for partial differential equations, Amer. 

J. Math. 80(1958), 16-36. 
[C2] , Intermediate spaces and interpolation, the complex method, Studia Math. 24 

(1964), 113-190. 
[C3] , Commutators of singular integral operators, Proc. Nat. Acad. Sci. USA 53 (1965), 

1092-1099. 
[C4] , Algebras of singular integral operators, Proc. Sympos. Pure Math., vol. 10, Amer. 

Math. Soc, Providence, RI, 1967, pp. 18-55. 
[C5] , Cauchy integrals on Lipschitz curves and related operators, Proc. Nat. Acad. Sci. 

USA 74 (1977), 1324-1327. 
[C6] , Commutators, singular integrals on Lipschitz curves and applications, Proc. Inter-

nat. Congr. Math. (Helsinki, 1978), Acad. Sci. Fennica, Helsinki, 1980, pp. 85-96. 
[C7] , Boundary value problems for the Laplace equation on Lipschitz domains, Recent 

Progress in Fourier Analysis, Notas de Mat., vol.111, North-Holland, 1985, pp. 33-48. 
[CT1] A. P. Calderon and A. Torchinsky, Parabolic maximal functions associated with a distri

bution, Adv. in Math. 16 (1975), 1-64. 
[CT2] , Parabolic maximal functions associated with a distribution, Adv. in Math. 24 

(1977), 101-171. 
[CVl] A. P. Calderon and R. Vaillancourt, On the boundedness of pseudo-differential operators, 

J. Math. Soc. Japan 23 (1971), 374-378. 
[CV2] , A class of bounded pseudodifferential operators, Proc. Nat. Acad. Sci. USA 69 

(1972), 1185-1187. 
[CZ1] A. P. Calderon and A. Zygmund, On the existence of certain singular integrals, Acta Math. 

88(1952), 85-139. 
[CZ2] , On singular integrals, Amer. J. Math. 78 (1956), 249-271. 
[CZ3] , Algebras of certain singular integral operators, Amer. J. Math. 78 (1956), 310-320. 

126 



REFERENCES 127 

[CSV] T. Calhoun, L. Saloff-Coste, and N. Varopoulos, Analyse sur les groupes de Lie (to appear). 
[Ca] C. Caratheodory, Untersuchungen uber die Grundlagen der Thermodynamic Math. Ann. 

67 (1909), 355-386. 
[CA1] A. Carbery, Variants of the Calderon-Zygmund theory for Lp-spaces, Rev. Mat. Ibero-

americana 2 (1986), 381-396. 
[CA2] , Differentiation in lacunary directions and an extension of the Marcinkiewicz mul

tiplier theorem, Ann. Inst. Fourier (Grenoble) 38 (1988), 157-168. 
[CC] A. Carbery, M. Christ, J. Vance, S. Wainger, and D. K. Watson, Operators associated to 

flat plane curves: Lp estimates via dilation methods, Duke Math. J. 59 (1989), 675-700. 
[CAS] A. Carbery and A. Seeger, Conditionally convergent series of linear operators on Lp-

spaces and if estimates for pseudodijferential operators, Proc. London Math. Soc. 57 
(1988), 481-510. 

[CL1] L. Carleson, Interpolation by bounded analytic functions and the Corona problem, Ann. 
of Math. 76(1962), 547-559. 

[CL2] , Selected problems on exceptional sets, Van Nostrand, Princeton, NJ, 1967. 
[CCC] H. Carlsson, M. Christ, A. Cordoba, J. Duoandikoetxea, J. L. Rubio de Francia, J. Vance, 

S. Wainger, and D. Weinberg, if estimates for maximal functions andHilbert transforms 
along flat convex curves in R2 , Bull. Amer. Math. Soc. (N.S.) 14 (1986), 263-267. 

[CF] S.-Y. A. Chang and R. Fefferman, Some recent developments in Fourier analysis and Hp 

theory on product domains, Bull. Amer. Math. Soc. (N.S.) 12 (1985), 1-43. 
[Chi] M. Christ, A convolution inequality for Cantor-Lebesgue measures, Rev. Mat. Iberoamer-

icanal (1985), 79-83. 
[Ch2] , Hilbert transforms along curves. I: Nilpotent groups, Ann. of Math. 122 (1985), 

575-596. 
[Ch3] , Weak type (1,1) bounds for rough operators, Ann. of Math. 128 (1988), 19-42. 
[Ch4] , On the regularity of inverses of singular integral operators, Duke Math. J. 57 (1988), 

459-484. 
[Ch5] , Endpoint bounds for singular fractional integral operators, preprint. 
[Ch6] , Regularity properties of the db equation on weakly pseudoconvex CR manifolds 

of dimension 3, J. Amer. Math. Soc. 1 (1988), 587-646. 
[Ch7] , Inversion in some algebras of singular integral operators, Rev. Mat. Iberoamericana 

4(1988), 219-225. 
[Ch8] , A T(b) theorem with remarks on analytic capacity and the Cauchy integral, Colloq. 

Math, (to appear). 
[CG] M. Christ and D. Geller, Singular integral characterizations of Hardy spaces on nilpotent 

groups, Duke Math. J. 51 (1984), 547-598. 
[CJ1] M. Christ and J.-L. Journe, unpublished manuscript, 1986. 
[CJ2] , Polynomial growth estimates for multilinear singular integral operators, Acta Math. 

159(1987), 51-80. 
[CNSW] M. Christ, A. Nagel, E. M. Stein, and S. Wainger, Singular and maximal Radon trans

forms, in preparation. 
[CR] M. Christ and J. L. Rubio de Francia, Weak type (1,1) bounds for rough operators, II, 

Invent. Math. 93 (1988), 225-237. 
[ChW] M. Christ and M. Weinstein, Dispersion of low-amplitude solutions of the generalized 

Korteweg-de Vries equation, J. Funct. Anal, (to appear). 
[CDM] R. R. Coifman, G. David, and Y. Meyer, La solution des conjectures de Calderon, Adv. 

in Math. 48(1983), 144-148. 
[CDMS] R. R. Coifman, G. David, Y. Meyer, and S. Semmes, co-Calderon-Zygmund operators, 

Lectures Notes in Math., vol. 1384, Springer-Verlag, Berlin and New York, pp. 132-145. 
[CDeM] R. R. Coifman, D. Deng, and Y. Meyer, Domaine de la racine carree de certains 

operateurs differentiels accretifs, Ann. Inst. Fourier (Grenoble) 33 (1983), 123-134. 
[CJS] R. R. Coifman, P. W. Jones, and S. Semmes, Two elementary proofs of the L bounded-

ness of Cauchy integrals on Lipschitz curves, J. Amer. Math. Soc. 2 (1989), 553-564. 



128 REFERENCES 

[CLMS] R. R. Coifman, P.-L. Lions, Y. Meyer, and S. Semmes, Compacite par compensation 
et espaces de Hardy, C. R. Acad. Sci. Paris 309 (1989), 945-949. 

[CMM] R. R. Coifman, A. Mcintosh, and Y. Meyer, L 'integrale de Cauchy definit un operateur 
borne sur L sur les courbes Lipschitziennes, Ann. of Math. 116 (1982), 361-388. 

[CM1] R. R. Coifman and Y. Meyer, Au deld des operateurs pseudo-differentiels, Asterisque 
57(1978). 

[CM2] , Fourier analysis of multilinear convolutions, Euclidean Harmonic Analysis, Lec
ture Notes in Math., vol. 779, Springer-Verlag, New York, pp. 104-122. 

[CM3] , Lavrentiev's curves and conformal mappings, Institut Mittag-Leffler report, 1983. 
[CM4] , Non-linear harmonic analysis, operator theory and PDE, Beijing Lectures in Har

monic Analysis (E. M. Stein, ed.), Princeton Univ. Press, Princeton, NJ, 1986. 
[CRW] R. R. Coifman, R. Rochberg, and G. Weiss, Factorization theorems for Hardy spaces in 

several variables, Ann. of Math. 103 (1976), 611-635. 
[CS] R. R. Coifman and S. Semmes, Real-analytic operator-valued functions defined on BMO , 

preprint. 
[CW1] R. R. Coifman and G. Weiss, Analyse harmonique non-commutative sur certains espaces 

homogenes, Lecture Notes in Math., vol. 242, Springer-Verlag, Berlin, 1971. 
[CW2] , Hardy spaces and their uses in analysis, Bull. Amer. Math. Soc. 83 (1977), 

569-645. 
[CW3] , Book review of "Littlewood-Paley and multiplier theory" by R. E. Edwards and 

G. I. Gaudry, Bull. Amer. Math. Soc. 84 (1978), 242-250. 
[Co] M. Cotlar, A combinatorial inequality and its application to L spaces, Rev. Math. 

Guyana 1 (1955), 41-55. 
[DK] B. Dahlberg and C. E. Kenig, Hardy spaces and the Lp-Neumann problem for Laplace's 

equation in a Lipschitz domain, Ann. of Math. 125 (1987), 437-465. 
[Dau] I. Daubechies, Orthonormal bases of compactly supported wavelets, Comm. Pure Appl. 

Math. 61 (1988), 909-996. 
[Dl] G. David, Courbes corde-arc et espaces de Hardy generalises, Ann. Inst. Fourier (Greno

ble) 32 (1982), 227-239. 
[D2] , Operateurs integraux singuliers sur certaines courbes du plan complexe, Ann. Sci. 

EcoleNorm. Sup. (4) 17 (1984), 157-189. 
[D3] , Noyau de Cauchy et operateurs de Calderon-Zygmund, These d'etat, Paris XI-

Orsay, 1986. 
[D4] , Operateurs de Calderon-Zygmund, Proc. Internat. Congr. Math. (Berkeley, 1986), 

1986, pp. 890-899. 
[D5] —, Une minoration de la norme de I 'operateur de Cauchy sur les graphes Lipschitziens, 

Trans. Amer. Math. Soc. 302 (1987), 741-750. 
[D6] , Operateurs d'integrate singuliere sur les surfaces regulieres, Ann. Sci. Ecole Norm. 

Sup. (4) 21 (1988), 225-258. 
[D7] , Morceaux de graphes Lipschitziens et integrates singulieres sur une surface, Rev. 

Mat. Iberoamericana 4 (1988), 73-114. 
[D8] , Wavelets, Calderon-Zygmund operators, and singular integrals on curves and sur

faces, Lecture Notes in Math, (to appear). 
[DJe] G. David and D. Jerison, Lipschitz approximations to hyper surfaces, harmonic measure, 

and singular integrals, preprint. 
[DJo] G. David and J.-L. Journe, A boundedness criterion for generalized Calderon-Zygmund 

operators, Ann. of Math. 120 (1984), 371-397. 
[DJS] G. David, J.-L. Journe, and S. Semmes, Operateurs de Calderon-Zygmund, fonctions 

para-accretives et interpolation, Rev. Mat. Iberoamericana 1 (1985), 1-56. 
[DSl] G. David and S. Semmes, Strong A^ weights, Sobolev inequalities, and quasiconformal 

mappings, preprint. 
[DS2] , Singular integrals, square functions, and the geometry of subsets of Rn : Au dela 

des graphes Lipschitziens, preprint. 
[DS3] , Harmonic analysis and the geometry of subsets of Rn , Proc. Conf. in Honor of 

J.-L. Rubio de Francia (El Escorial, 1989), Publ. Mat. (to appear). 



REFERENCES 129 

[DS4] , Surfaces satisfying a weak geometric lemma, manuscript. 
[DO] A. M. Davie and B. 0ksendal, Analytic capacity and differentiability properties of finely 

harmonic functions, Acta Math. 149 (1982), 127-152. 
[De] A. Denjoy, Sur lesfonctions analytiques uniformes a singularities discontinues, C. R. Acad. 

Sci. Paris 149 (1909), 258-260. 
[DR] J. Duoandikoetxea and J. L. Rubio de Francia, Maximal and singular integral operators 

via Fourier transform estimates, Invent. Math. 84 (1986), 541-561. 
[DS] N. Dunford and L. Schwartz, Linear operators, John Wiley and Sons, New York, 1988. 
[FJK] E. Fabes, D. Jerison, and C. E. Kenig, Multilinear Littlewood-Paley estimates with appli

cations to partial differential equations, Proc. Nat. Acad. Sci. USA 79 (1982), 5746-5750. 
[FJR] E. Fabes, M. Jodeit, and N. Riviere, Potential techniques for boundary value problems on 

C1 domains, Acta Math. 141 (1978), 165-186. 
[Fa] K. J. Falconer, The geometry of fractal sets, Cambridge University Press, Cambridge, 

1985. 
[Fn] X. Fang, The Cauchy integral ofCalderon and analytic capacity, Ph.D. dissertation, Yale 

University, 1990. 
[Fl] C. L. Fefferman, Characterizations of bounded mean oscillation, Bull. Amer. Math. Soc. 

77 (1971), 587-588. 
[F2] , Recent progress in classical Fourier analysis, Proc. Internat. Congr. Math. (Van

couver, 1974), Canad. Math. Congress, Montreal, 1975, pp. 95-118. 
[FP] C. L. Fefferman and D. H. Phong, Subelliptic eigenvalue problems, Proc. Conf. Har

monic Analysis in Honour of Antoni Zygmu (W. Beckner et al., eds.), Wadsworth, 1981, 
pp. 590-606. 

[FS1] C. L. Fefferman and E. M. Stein, Some maximal inequalities, Amer. J. Math. 93 (1971), 
107-115. 

[FS2] , Hp spaces of several variables, Acta Math. 129 (1972), 137-193. 
[Fo] G. B. Folland, Introduction to partial differential equations, Princeton University, Prince

ton, NJ, 1976. 
[FoSl] G. B. Folland and E. M. Stein, Estimates for the db complex and analysis on the Heisen-

berg group, Comm. Pure Appl. Math. 27 (1974), 429-522. 
[FoS2] , Hardy spaces on homogeneous groups, Princeton Univ. Press, Princeton, NJ, 

1982. 
[FTW] M. Frazier, R. Torres, and G. Weiss, The boundedness of Calderon-Zygmund operators 

on the spaces F*,q , Rev. Mat. Iberoamericana 4 (1988), 41-72. 
[Gam] T. W. Gamelin, Uniform algebras, Chelsea, New York, 1984. 
[Gar] P. Garabedian, Schwarz's lemma and the Szego kernel function, Trans. Amer. Math. Soc. 

67 (1949), 1-35. 
[GR] J. Garcia-Cuerva and J. L. Rubio de Francia, Weighted norm inequalities and related 

topics, Mathematical Studies, vol. 116, North-Holland, Amsterdam, 1985. 
[Gl] J. B. Garnett, Positive length but zero analytic capacity, Proc. Amer. Math. Soc. 21 (1970), 

696-699. 
[G2] , Analytic capacity and measure, Lecture Notes in Math., vol. 297, Springer-Verlag, 

New York, 1972. 
[G3] , Bounded analytic functions, Academic Press, 1981. 
[Hay] W. K. Hayman, On Painleve null sets, Linear and Complex Analysis—199 Research 

Problems, Lecture Notes in Math., vol. 1043, Springer-Verlag, Berlin and New York, 
1984, pp. 491-494. 

[HI] L. Hormander, An introduction to complex analysis in several variables, Van Nostrand, 
Princeton, NJ, 1966. 

[H2] , Hypoelliptic second order differential equations, Acta Math. 119(1967), 14 7-171. 
[I] L. D. Ivanov, On sets of analytic capacity zero, Linear and Complex Analysis—199 Re

search Problems, Lecture Notes in Math., vol. 1043, Springer-Verlag, Berlin and New 
York, 1984, pp. 498-501. 

[JJ] S. Janson and P. W. Jones, Interpolation between Hp spaces: the complex method, J. 
Funct. Anal. 48 (1982), 58-80. 



130 REFERENCES 

[J] F. John, Rotation and strain, Comm. Pure Appl. Math. 14 (1961), 391-413. 
[JN] F. John and L. Nirenberg, On functions of bounded mean oscillation, Comm. Pure Appl. 

Math. 14(1961), 415-426. 
[JP1] P. W. Jones, Square functions, Cauchy integrals, analytic capacity and harmonic measure, 

Harmonic Analysis and Partial Differential Equations (J. Garcia-Cuerva, ed.), Lecture 
Notes in Math., vol. 1384, Springer-Verlag, Berlin, 1989, pp. 24-68. 

[JP2] , Lipschitz and bi-Lipschitz functions, Rev. Mat. Iberoamericana 4 (1989), 115-122. 
[JP3] , Rectifiable sets and the travelling salesman problem, preprint. 
[JM] P. W. Jones and T. Murai, Positive analytic capacity but zero Buffon needle probability, 

Pacific J. Math. 133 (1988), 99-114. 
[Jol] J.-L. Journe, Calderon-Zygmund operators, pseudo-differential operators, and the Cauchy 

integral ofCalderon, Lecture Notes in Math., vol. 994, Springer-Verlag, New York, 1983. 
[Jo2] , Calderon-Zygmund operators on product spaces, Rev. Mat. Iberoamericana 1 

(1985), 55-91. 
[KP] T. Kato and G. Ponce, Commutator estimates and the Euler and Navier-Stokes equations, 

Comm. Pure Appl. Math. 41 (1988), 891-907. 
[K] C. Kenig, Weighted Hp spaces on Lipschitz domains, Amer. J. Math. 102 (1980), 129-

163. 
[KM] C. Kenig and Y. Meyer, Kato's square roots of accretive operators and Cauchy kernels on 

Lipschitz curves are the same, Institut Mittag-Leffler Technical Report No. 4, 1983. 
[KRS] C. E. Kenig, A. Ruiz and C. D. Sogge, Uniform Sobolev inequalities and unique continua

tion for second order constant coefficient differential equations, Duke Math. J. 55 (1987), 
329-349. 

[KS] A. Knapp and E. M. Stein, Intertwining operators for semisimple groups, Ann. of Math. 
93(1971), 489-578. 

[KV] A. Koranyi and S. Vagi, Singular integrals on homogeneous spaces and some problems of 
classical analysis, Ann. Scuola Norm. Sup. Pisa CI. Sci. 25 (1971), 575-648. 

[LM] P. G. Lemarie and Y. Meyer, Ondelettes et bases hilbertiennes, Rev. Mat. Iberoamericana 
2(1986), 1-18. 

[MS] R. Macias and C. Segovia, Lipschitz functions on spaces of homogeneous type, Adv. in 
Math. 33(1979), 257-270. 

[Ma] D. E. Marshall, Removable sets for bounded analytic functions, Linear and Complex Anal
ysis—199 Research Problems, Lecture Notes in Math., vol. 1043, Springer-Verlag, 1984, 
pp. 485-490. 

[Mt] P. Manila, Lecture, Harmonic Analysis Conference, Sendai, 1990. 
[Ml] Y. Meyer, Regularity des solutions des equations aux derivees partielles non lineaires, 

Expose 560, Seminaire Bourbaki, Lecture Notes in Math., vol. 842, 1981, pp. 293-302. 
[M2] , Integrales singulieres, operateurs multilineaires, analyse complexe et equations aux 

derivees partielles, Proc. Internat. Congr. Math. (Warszawa, 1983), Polish Scientific Pub
lishers, 1984; North-Holland, Amsterdam, New York, and Oxford, 1984 . 

[M3] , Les nouveaux operateurs de Calderon-Zygmund, Colloque en l'Honneur de Laurent 
Schwartz, vol. 1, Asterisque 131 (1985), 237-254. 

[M4] , Ondelettes et operateurs I, II, Hermann, Paris, 1990. 
[Mul] T. Murai, Boundedness of singular integral operators ofCalderon type V, Adv. in Math. 

59(1986), 71-81. 
[Mu2] , Construction of Hl functions concerning the estimate of analytic capacity, Bull. 

London Math. Soc. 19 (1986), 154-160. 
[Mu3] , Boundedness of singular integral operators ofCalderon type VI, Nagoya Math. J. 

102(1986), 127-133. 
[Mu4] , A real variable method for the Cauchy transform, and analytic capacity, Lecture 

Notes in Math., vol. 1307, Springer-Verlag, New York, 1988. 
[Mu5] , Analytic capacity for arcs, Proc. Internat. Congr. Math. (1990) (to appear). 
[NS] A. Nagel and E. M. Stein, Lectures on pseudo-differential operators, Princeton Univ. 

Press, Princeton, NJ, 1979. 



REFERENCES 131 

[NSW1] A. Nagel, E. M. Stein, and S. Wainger, Differentiation in lacunary directions, Proc. Nat. 
Acad. Sci. USA 75 (1978), 1060-1062. 

[NSW2] , Balls and metrics defined by vector fields I: Basic properties, Acta Math. 155 
(1985), 103-147. 

[RS] L. P. Rothschild and E. M. Stein, Hypoelliptic differential operators and nilpotent groups, 
Acta Math. 137 (1976), 247-320. 

[R] J. L. Rubio de Francia, A Littlewood-Paley inequality for arbitrary intervals, Rev. Mat. 
Iberoamericana 1 (1985), 1-13. 

[Rud] W. Rudin, Functional analysis, McGraw-Hill, New York, 1973. 
[SA] A. Seeger, Some inequalities for singular convolution operators in Lp-spaces, Trans. Amer. 

Math. Soc. 308 (1988), 259-272. 
[SI] S. Semmes, The Cauchy integral, chord-arc curves, and quasiconformal mappings (Proc. 

Sympos. on the Occasion of the Proof of the Bierbach Conjecture), Math. Surveys, no. 
21, Amer. Math. Soc, Providence, RI (1986), 167-184. 

[S2] , Nonlinear Fourier analysis, Bull. Amer. Math. Soc. 20 (1989), 1-18. 
[S3] , A criterion for the boundedness of singular integrals on hyper surf aces, Trans. Amer. 

Math. Soc. 311 (1989), 501-513. 
[S4] , Square function estimates and the T(b) theorem, Proc. Amer. Math. Soc. (to 

appear). 
[S5] , Hypersurfaces in Rn whose unit normal has small BMO norm, Proc. Amer. 

Math. Soc. (to appear). 
[S6] , Chord-arc surfaces with small constant I, Adv. in Math, (to appear). 
[S7] , Chord-arc surfaces with small constant II: Good parametrizations, Adv. in Math. 

(to appear). 
[S8] , Differentiate function theory on nonsmooth hypersurfaces in Rn , Indiana Univ. 

Math. J. (to appear). 
[S9] , Analysis versus geometry on a class of rectifiable hypersurfaces in Rn , Indiana 

Univ. Math. J. (to appear). 
[Sp] S. Spanne, Sur I'interpolation entre les espaces JZj?' , Ann. Scuola Norm. Sup. Pisa CI. 

Sci. 20 (1966), 625-648. 
[Stl] E. M. Stein, Singular integrals, harmonic functions and differentiability properties of func

tions of several variables, Proc. Sympos. Pure Math., vol. 10, Amer. Math. Soc, Provi
dence, RI, 1967, pp. 316-335. 

[St2] , Singular integrals and differentiability properties of functions, Princeton Univ. 
Press, Princeton, NJ, 1970. 

[St3] , Topics in harmonic analysis related to the Littlewood-Paley theory, Princeton Univ. 
Press, Princeton, NJ, 1970. 

[St4] , The development of square functions in the work of A. Zygmund, Bull. Amer. Math. 
Soc. 7(1982), 359-376. 

[SW] E. M. Stein and S. Wainger, Topics in harmonic analysis related to curvature, Bull. Amer. 
Math. Soc 84 (1978), 1239-1295. 

[SWe] E. M. Stein and G. Weiss, Introduction to Fourier analysis on euclidean spaces, Princeton 
Univ. Press, Princeton, NJ, 1971. 

[Str] J. O. Stromberg, A modified Haar system and higher order spline systems, Proc. Conf. 
on Harmonic Analyis in Honour of Antoni Zygmund, vol. 2 (W. Beckner et al., eds.), 
Wadsworth, 1981, pp. 475-493. 

[Tl] Ph. Tchamitchian, Calcul symbolique sur les operateurs de Calderon-Zygmund et bases 
inconditionelles de L2{Rn), C. R. Acad. Sci. Paris 303 (1986), 215-217. 

[T2] , Ondelettes et integrale de Cauchy sur les courbes Lipschitziennes, Ann. of Math. 
129(1989), 641-649. 

[T3] , Inversion des operateurs de Calderon-Zygmund, manuscript. 
[Ts] M. Tsuji, Potential theory in modern function theory, Maruzen, Tokyo, 1959. 
[U] A. Uchiyama, A constructive proof of the Fefferman-Stein decomposition of BMO (Rn), 

Acta Math. 148 (1982), 215-241. 



132 REFERENCES 

[Uy] Nguyen Xuan Uy, Removable sets of analytic functions satisfying a Lipschitz condition, 
Ark. Mat. 17(1979), 19-27. 

[Ve] G. Verchota, Layer potentials and boundary value problems for Laplace's equation in 
Lipschitz domains, J. Funct. Anal. 59 (1984), 572-611. 

[Vi] A. G. Vitushkin, Analytic capacity of sets and problems in approximation theory, Uspekhi 
Mat. Nauk 22 (1967), 141-199; Russian Math. Surveys 22 (1967), 139-200. 

[Za] L. Zalcman, Analytic capacity and rational approximation, Lecture Notes in Math., vol. 
50, Springer-Verlag, Berlin, 1968. 

[Z] A. Zygmund, Trigonometric series, 2nd ed., Cambridge Univ. Press, Cambridge, 1959. 




		2014-09-08T11:13:50+0530
	Preflight Ticket Signature




