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PREFACE

The material here presented represents an elaboration on my Colloquium Lec-
tures delivered before the American Mathematical Society at its September,
1940 meeting at Dartmouth College. The results of some of my own efforts
together with a selection of those of other mathematicians relative to the subject
chosen are presented in what is intended to be a coherent and approximately
self-contained exposition, framed in the familiar topology of separable metric
spaces. No attempt is made at comprehensive coverage either of the known
work embraced by the title of the book or of the work of others, or even myself,
which may be closely related to that included.

I wish to express my appreciation to the American Mathematical Society for
the opportunity of delivering the lectures and publishing in its Colloquium
Series. Thanks are due also to the Waverly Press for its careful and sympa-
thetic handling of the manusecript.

On the personal side, it has been my privilege and good fortune to stand in
the middle ground between distinguished teachers on the one hand and a group
of distinguished students and associates on the other and receive stimulus and
inspiration from both. Of the former, the influence of R. L. Moore will be
apparent and his invaluable contribution in this way is gratefully though inade-
quately acknowledged. Of the other group, too numerous to mention, Hubert
A. Arnold, M. Garcia and Paul A. White have helped directly by reading and
correcting parts of the manuscript and proof. Finally, I wish to acknowledge the
generous assistance rendered by my wife, Lucille Whyburn, who contributed ma-
terially to the content and organization of the lectures and manuscript and
assisted greatly in the preparation of both and whose unfailing encouragement
transcends all attempts at evaluation.

G. T. WHYBURN
CHARLOTTESVILLE, VA.
November, 1941
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INTRODUCTION

As used here the term “Analytic Topology’ is meant to cover those phases of
topology which are being developed advantageously by methods in which con-
tinuous transformations play the essential role. In the process of evolving,
coming of age and assuming more stable form, topology, through interaction
with other branches of mathematics, not only is leaving its mark on them but is
itself adopting more and more the language and symbolism of the older fields.
Thus, for example, we have not only a topological function theory giving the
results of analysis which are essentially topological in character, but also a
function-theoretic topology dealing with topological situations with the aid and
principal use of some of the basic tools of analysis. Without drawing the lines
too sharply or giving too clear cut a definition, let us say in a general way that
analytic topology deals with topological situations with the aid of analytical
language and tools, and to some extent conversely, just as analytic geometry
handles geometric situations by analytic methods. I hope this concept will be
made clearer as the treatment progresses and actual examples are given illus-
trating the type of relationship which has been so vaguely defined.

The major questions to be dealt with are, first, the existence of transforma-
tions of various sorts from a space A to the same or another space B and, second,
the analysis of the action of these transformations on A to produce B. Since
thus we are dealing with the transition from A to itself or to something else
possibly quite different topologically, our subject exhibits kinship with earlier
work on dynamics in the Colloquium Series. This is especially true of the final
chapter on periodicity which connects directly with many of the concepts of this
subject as discussed by G. D. Birkhoff. However, the even closer kinship with
other purely topological treatises, notably that of R. L. Moore in the Colloquium
Series and that of K. Menger on “Kurventheorie’’, will be too obvious to require
comment.

The book divides roughly into two parts, corresponding to the first six and
last six chapters, respectively. In the first part there is developed the necessary
topological machinery and framework for the latter part, which is devoted to
pure analytic topology. Even in the second chapter, however, notably in §§3, 4,
there emerge some of the fruits of the application of analytic or transforma-
tion methods to topological situations. For here a variety of results, some
classic and others quite recent, are brought together in what seems their proper
relationship and derived in a simple and novel way from one central mapping
theorem.

The book is meant to be largely self-contained, at least in so far as topological
developments are concerned. In the later stages some use is made of a few
notions of combinatorial topology and of the theory of groups without any
attempt at adequate introduction. Since these appear largely in end-results and
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xii INTRODUCTION

applications, there seems little need or justification for taking the space to de-
velop them here.

At the beginning we assume once for all a set of axioms sufficient to make all
spaces considered separable and metrizable. Once the metric is introduced,
however, attention is no longer focused on the axioms, but rather on the (equiva-
lent) standpoint that we are operating always in a given separable metric space.

Cross references are given in brackets, with the roman numeral for the chapter
followed by the section and number of the theorem, lemma, or corollary referred
to, e.g., [IV, (3.2)] refers to result (3.2) of §3 in Chapter 1V, which would be the
second main result in this section. If only the number in parenthesis is given,
as (3.2) for example, the reference is to the result of that number in the present
chapter, i.e., the one being read at the time. To assist in locating results re-
ferred to, the chapter number and section number appear at the heading of each
double page.

References to the literature in the main are held to & minimum. For con-
venience these are made at the ends of the chapters in the form of author’s
name followed by numerals in brackets referring to his books or papers by that
number in the bibliography at the close of the book. In some cases one or
more authors’ names have been used in connection with a theorem though by
no means in all where this might well, or possibly should, be done. A consider-
able amount of the material in the first part is of such a classical nature and so
well known that specific citations to sources in the literature are not made.
Later on more attempt is made to cite the original author and source. In
some cases, also, closely related material not actually covered is mentioned in
the references.



BIBLIOGRAPHY

Adkisson, V. W,

1. (With MacLane, 8.) Ezxtending maps of plane Peano continua, Duke Mathematical

Journal, vol. 6 (1940), pp. 216-228.
Aitchison, B.

1. Concerning regular accessibility, Fundamenta Mathematicae, vol. 20 (1933), pp.

119-228.
Alexander, J. W.

1. A proof of Jordan’s theorem about a simple closed curve, Annals of Mathematics,
(2), vol. 21 (1919), pp. 180-181. A proof and extension of the Jordan-Brouwer
separation theorem, Transactions of the American Mathematical Society, vol. 23
(1922), pp. 333-349.

Alexandroff, P.

1. Uber die Metrization der im kleinen kompakten topologischen Rdume, Mathematische
Annalen, vol. 92 (1924), pp. 294-301.

2. Sur les ensembles de la premitre classe et les ensembles abstraits, Comptes Rendus de
I’ Académie ‘des Sciences, Paris, vol. 178 (1924), pp. 185-187.

3. Darstellung der Grundzige der Urysohnschen Dimensionstheorie, Mathematische
Annalen, vol. 98 (1928), pp. 31-63.

4. Une géneralisation nouvelle du theoreme de Phragmén- Brouwer, Comptes Rendus de
I’Académie des Sciences, Paris, vol. 184 (1927), pp. 575-577.

6. (With Hopf, H.) Topologie, I, Berlin, 1935, Springer.

7. (With Urysohn, P.) Mémoire sur les espaces topologiques compacts, Verhande-
lingen der Akademie van Wetenschappen, Amsterdam, vol. 14 (1929), pp. 1-96.

Arnold, H. A.

1. Homology in set-intersections, with an application to r-regular convergence, and on
r-regular convergence of sets, Bulletin of the American Mathematical Society,
abstracts 47-7-325 and 47-7-326.

Aronszajn, N.
1. Ein Urbildproblem, Fundamenta Mathematicae, vol. 17 (1931), pp. 92-121.
Ayres, W. L.

1. On continua which are disconnected by the omission of any point and some related
problems, Monatshefte fiir Mathematik und Physik, vol. 36 (1929), pp. 135-148.

2. Continuous curves homeomorphic with the boundary of a plane domain, Fundamenta
Mathematicae, vol. 14 (1929), pp. 92-95.

3. Concerning continuous curves in metric space, American Journal of Mathematics,
vol. 51 (1929), pp. 577-5%4.

4. Continuous curves which are cyclically connected, Bulletin International de
I’Académie Polonaise des Sciences et des Lettres, Classe des Sciences Mathé-
matiques et Naturelles, A (1928), pp. 127-142.

5. Concerning the arc-curves and basic sets of a continuous curve, Transactions of the
American Mathematical Society, vol. 30 (1928), pp. 567-578.

6. Concerning the arc-curves and basic sets of a continuous curve. Second paper, ibid.,
vol. 31 (1929), pp. 595-612.

7. Some generalizations of the Sherrer fized-point theorem, Fundamenta Mathematicae,
vol. 16 (1930), pp. 332-336.

8. On transformations having periodic properties, ibid., vol. 33 (1939), pp. 95-103
(reprint).

266



BIBLIOGRAPHY 267

Birkhoff, G. D.

1. Dynamical Systems, American Mathematical Society Colloquium Publications,

vol. 9, 1927.
Borsuk, K.

1. Einige Sditze vber stetige Streckenbilder, Fundamenta Mathematicae, vol. 18 (1932),
pp. 198-214.

2. Sur les rétractes, ibid., vol. 17 (1931), pp. 152-170.

3. Quelques théorémes sur les ensembles unicoherent, ibid., vol. 17 (1931), pp. 171-209.

Brouwer, L. E. J.

1. Over de structur der perfecte punktnerzamelingen, Akademie Versammlungen, Amster-
dam, vol. 18 (1910), pp. 833-842 and vol. 19 (1911), pp. 1416-1426. See also Pro-
ceedings, Akademie van Wetenschappen, Amsterdam, vol. 14 (1911), p. 138.

2. Beweis des Jordanschen Kurvensatzes, Mathematische Annalen, vol. 69 (1910), pp.
169-175.

3. Uber Abbildungen von Mannigfaltigkeiten, ibid., vol. 71 (1912), pp. 97-115.

4. Aufzdhlung der periodischen Transformationen des Torus, Proceedings, Akademie
van Wetenschappen, Amsterdam, vol. 21 (1919), pp. 1352-1356.

Cairns, S. S.

1. The cellular division and approximation of regular spreads, Proceedings of the

National Academy of Sciences, vol. 16 (1930), pp. 488-490.
Carathéodory, C.

1. Uber der Begrenzung einfach zusammenhdngender Gebiete, Mathematische Annalen,

vol. 73 (1913), pp. 323-370.
Claytor, S.

1. Topological immersion of peanian continua in a spherical surface, Annals of Mathe-

matics, (2), vol. 35 (1934), pp. 809-835.
Cleveland, C. M.

1. Concerning points of a continuous curve that are not accessible from each other, Pro-

ceedings of the National Academy of Sciences, vol. 13 (1927), pp. 175-276.
Eilenberg, S.

1. Sur la multicohérence des surfaces closes, Odbitka ze Sprawozdania z posiedzen
Towarzystwa Naukawego Warszawskiego, vol. 30 (1937), pp. 109-111.

2. Transformations continues en circonférence et la topologie du plan, Fundamenta
Mathematicae, vol. 26 (1936), pp. 61-112.

3. Sur les espaces multicohérents 1, ibid., vol. 27 (1936), pp. 151-190.

4. Sur les transformations d’espaces métriques en circonférence, ibid., vol. 24 (1935),
pp. 160-176.

5. Sur les transformations continues d’espaces métriques compacts, ibid., vol. 22 (1934),
pPp. 292-296.

6. Sur quelques propriétés des transformations localement homéomorphes, ibid., vol. 24
(1935), pp. 33—42.

7. On a theorem of P. A. Smith concerning fized points for periodic transformations,
Duke Mathematical Journal, vol. 6 (1940), pp. 428-437.

8. Sur les transformations périodiques de la surface de sphere, Fundamenta Mathe-
maticae, vol. 22 (1934), pp. 28+41.

Forder, H. G.

1. The Foundations of Euclidean Geometry, Cambridge University Press, 1927.
Fréchet, M.

1. Les Espaces Abstracts, Gauthier-Villars, Paris, 1926.
Gehman, H. M.

1. Concerning certain types of mon-cut points, with application to continuous curyves,
Proceedings of the National Academy of Sciences, vol. 14 (1928), pp. 431-433.

2. Concerning acyclic continuous curves, Transactions of the American Mathematical
Society, vol. 29 (1927), pp. 553-568.



268 BIBLIOGRAPHY

Hahn, H.
1. Uber die Komponenten offenen Mengen, Fundamenta Mathematicae, vol, 2 (1921),
pp. 189-192.
2. Mengentheoretische Characterisierung der stetige Kurven, Sitzungsberichte, Aka-
demie der Wissenschaften, Vienna, vol. 123 (1914), p. 2433.
Hall, D. W.
1. On a decomposition of true cyclic elements, Transactions of the American Mathe-
matical Society, vol. 47 (1940), pp. 305-321.
2. (With Kelley, J. L.) Periodic types of transformations, Duke Mathematical
Journal, vol. 8 (1941), pp. 625-630.
3. (With Schweigert, G. E.) Non n-alternating transformations, ibid., vol. 3 (1937),
pp. 623-626.
4. (With Schweigert, G. E.) Properties of invariant sets under pointwigse periodic
homeomorphisms, ibid., vol. 4 (1938), pp. 719-724.
Hamilton, O. H.
1. Fized points under transformations of continua which are not connected im kleinen,
Transactions of the American Mathematical Society, vol. 44 (1938), pp. 18-24.
Harrold, O. G.
1. A note on strongly irreducible maps of an interval, Duke Mathematical Journal,
vol. 6 (1940), pp. 750-752.
Harry, C. H.
1. Concerning the geometry of acyclic sets, American Journal of Mathematics, vol. 56
(1934), pp. 233-253.
Hausdorff, F.
1. Mengenlehre, de Gruyter, Leipzig, 1927.
2. Die Mengen G5 in vollstandigen Riumen, Fundamenta Mathematicae, vol. 6 (1924),
pp. 147-148.
Hildebrandt, T. H.
1. The Borel theorem and its generalizations, Bulletin of the American Mathematical
Society, vol. 32 (1926), pp. 423474.
Hopf, H.
1. See Alexandroff [6).
Hurewicz, W.
1. Grundrisse der Mengerschen Dimensionstheorie, Mathematische Annalen, vol. 98
(1928), pp. 63-88.
Janiszewski, S.
1. Sur les continus irréductibles entre deuz points, Journal de I'Ecole Polytechnique,
(2), vol. 16 (1912), pp. 76-170.
Jones, F. B.
1. Almost cyclic elements and simple links of a continuous curve, Bulletin of the Ameri-
can Mathematical Society, vol. 46 (1940), pp. 775-783.
Jordan, C.
1. Cour d’ Analyse, Paris, 1893, 2d edition, p. 92.
Kaluzsay, A.
1. See Kerékjdrt6 [4], p. 103.

Kampes, E. R. v.
1. On some characterizations of 2-dimensional manifolds, Duke Mathematical Journal,
vol. 1-(1935), pp. 74-93.
Kelley, J. L.
1. A decomposition of compact continua and related theorems on fixed sets under con-
tinuous transformations, Proceedings of the National Academy of Sciences, vol. 26
(1940), pp. 192-194.
2. See Hall [2].



BIBLIOGRAPHY 269

Kerékjért6, B. v.
1. Involutions et surfaces continues, Szeged, Acta Litterarum ac Scientiarum, vol. 3
(1927), pp. 49-67.
2. Ibid., vol. 6 (1932-1934), p. 235.
3. Uber die periodischen Transformationen der Kreisscheibe und der Kugelfldche,
Mathematische Annalen, vol. 80 (1919), pp. 36-38.
4. Topologie, Berlin, 1923.
Kline, J. R.
1. A condition that every subcontinua of a continuous curve be a continuous curve, Funda-
menta Mathematicae, vol. 10 (1927), pp. 298-301.
Knaster, B.
1. Uber rationale Kurven ohne Bigen, Monatshefte fiir Mathematik und Physik, vol.
42 (1935), pp. 37-44.
2. (With Kuratowski, C., and Mazurkiewicz, S.) Ein Beweis des Firpunktsatzes fir
n-dimensionale Simpleze, Fundamenta Mathematicae, vol. 14 (1929), pp. 132-137.
3. Un continu irréductible & décomposition continue en tranches, ibid., vol. 15 (1935),
pp- 568-577.
Kuratowski, C.
1. Topologie 1, Warsaw, 1933.
2. Une définition topologique de la ligne de Jordan, Fundamenta Mathematicae, vol. 1
(1920), pp. 4043.
3. Sur les espaces complets, ibid., vol. 15 (1930), pp. 301-309.
4. Sur une propriété des continus Péaniens plans, ibid., vol. 14 (1930), pp. 180-184.
5. Sur les décompositions semi-continues d’espaces métriques compacts, ibid., vol. 11
(1928), pp. 169-185.
6. Sur les espaces des iransformations continues en certains groupes abeliens, ibid., vol.
31 (1938), pp. 231-246.
7. Sur le probléme des courbes gauches en topologie, ibid., vol. 15 (1930), pp. 271-283.
8. Sur la structure des frontidres communes @ deuz rigions, ibid., vol. 12 (1928), pp.
20-42.
9. Sur les familles monotones d’ensembles fermés et leurs applications & la théorie des
espaces connezes, ibid., vol. 30 (1937), pp. 17-33.
10. (With Whyburn, G. T.) Sur les éléments cycliques et leurs applications, ibid., vol.
16 (1930), pp. 305-331.
11. See Knaster [2].
Lefschetz, S.
1. Topology, American Mathematical Society Colloquium Publications, vol. 12, 1930.
Lubben, R. G.
1. Concerning limiting sets in abstract spaces, Transactions of the American Mathe-
matical Society, vol. 30 (1928), pp. 668-685.
2. Separation thcorems with applications to questions concerning approachability and
plane continua, ibid., vol. 31 (1929), pp. 503-522.
MacLane, S.
1. A structural characterization of plane combinatorial graphs, Duke Mathematical
Journal, vol. 3 (1937), pp. 460-472.
2. See Adkisson [1].
Mazurkiewicz, S.
1. Sur les lignes de Jordan, Fundamenta Mathematicae, vol. 1 (1920), pp. 166-209.
2. See Knaster [2].
Menger, K.
1. Kurventheorie, Teubner, Berlin-Leipzig, 1932.



270 BIBLIOGRAPHY

2. Zur Begrindung einer aziomatischen Theorie der Dimension, Monatshefte fir
Mathematik und Physik, vol. 36 (1929), pp. 193-218.

3. Uber reguldre Baumkurven, Mathematische Annalen, vol. 96 (1928), pp. 572-582.

4. Grundzige einer Theorie der Kurven, ibid., vol. 95 (1925), pp. 272-306.

5. Dimensionstheorie, Teubner, Berlin-Leipzig, 1928.

Montgomery, D.

1. Almost periodic transformation groups, Transactions of the American Mathematical
Society, vol. 42 (1937), pp. 322-332.

2. Pointwise periodic homeomorphisms, American Journal of Mathematics, vol. 59
(1937), pp. 118-120.

Moore, R. L.

1. Foundations of Point Set Theory, American Mathematical Society Colloquium
Publications, vol. 13, 1932.

2. Concerning the sum of a countable number of mutually exclusive continua in the
plane, Fundamenta Mathematicae, vol. 6 (1924), pp. 189-202.

8. Continuous sets that have no continuocus sets of condensation, Bulletin of the American
Mathematical Society, vol. 25 (1919), pp. 174-176.

4. Report on continuous curves from the viewpoint of analysis situs, ibid., vol. 29 (1923),
PP. 289-302.

5. Concerning connectedness im kleinen and a related property, Fundamenta Mathe-
maticae, vol. 3 (1922), pp. 232-237.

6. On the foundations o) plane analysis situs, Transactions of the American Mathe-
matical Society, vol. 17 (1916), pp. 131-164.

7. Concerning the cut points of continuous curves and of other closed and connected
point sets, Proceedings of the National Academy of Sciences, vol. 9 (1923), pp.
101-106.

8. Concerning simple continuous curves, Transactions of the American Mathematical
Society, vol. 21 (1920), pp. 333-347.

9. Concerning upper semi-continuous collections, Monatshefte fiir Mathematik und
Physik, vol. 36 (1929), pp. 81-88.

10. Sets of metrical hypotheses for geomelry, Transactions of the American Mathe-
matical Society, vol. 9 (1908), pp. 487-512.

11. Concerning the separation of point sets by curves, Proceedings of the National
Academy of Sciences, vol. 11 (1925), pp. 469-476.

12. A characterization of Jordan regions by properties having no reference to their boun-
daries, ibid., vol. 4 (1918), pp. 364-370.

13. Concerning upper semi-continuous collections of continua, Transactions of the
American Mathematical Society, vol. 27 (1925), pp. 416-428.

Morrey, C. B.

1. The topology of (path) surfaces, American Journal of Mathematics, vol. 57 (1935),

pp. 17-50.
Mullikin, A. M.

1. Certain theorems relating to plane connected point sets, Transactions of the American

Mathematical Society, vol. 24 (1922), pp. 144-162.
Newman, M. H. A.

1. Elements of the Topology of Plane Sets of Points, Cambridge University Press, 1939.

2. A theorem on periodic transformations of spaces, Quarterly Journal of Mathe-
matics, vol. 2 (1931), pp. 1-8.

Nielsen, J.

1. Uber topologische Abbildungen geschlossener Flichen, Hamburger Abhandlungen,

vol. 3 (1924), pp. 246-260.
Nibeling, G.

1. Eine Verschdrfung des n-Beinsatzes, Fundamenta Mathematicae, vol. 18 (1931),
pp. 23-38.

2. Regulare Kurven als Bilder der Kreislinie, ibid., vol. 20 (1933), pp. 30-46.



BIBLIOGRAPHY 271

Puckett, W. T.

1. Regular transformations, Duke Mathematical Journal, vol. 6 (1940), pp. 80-88.

2. On O-regular surface transformations, Transactions of the American Mathematical
Society, vol. 47 (1940), pp. 95-113.

Radé, T.
1. (With Reichelderfer, P.) Cyclic transitivity, Duke Mathematical Journal, vol. 6
(1940), pp. 474-485.
Rechovsky, H.
1. Uber rationale Kurven, Fundamenta Mathematicae, vol. 15 (1930), pp. 18-37.
Reichelderfer, P.
1. See Radé [1).
Roberts, J. H.

1. Concerning non-dense plane continua, Transactions of the American Mathematical
Society, vol. 32 (1930), pp. 6-30.

2. (With Steenrod, N. E.) Monotone transformations of two-dimensional manifolds,
Annals of Mathematics, (2), vol. 39 (1938), pp. 851-862.

3. Concerning metric collections of continua, American Journal of Mathematics, vol.
53 (1931), pp. 422-426.

4. A non-dense plane continuum, Bulletin of the American Mathematics Society, vol.
37 (1931), pp. 720-722.

Rozanska, J.

1. Uber stetige Abbildungen eines Elements, Fundamenta Mathematicae, vol. 28

(1937), pp. 219-232.
Rutt, N. E.

1. Concerning the cut poinis of a continuous curve when the arc-curve AB contains
ezactly N independent arcs, American Journal of Mathematics, vol. 51 (1929), pp.
217-246.

Schoenflies, A.
1. Die Entwickelung der Lehre von den Punktmannigfaltigkeiten, Leipzig, 1908.
Schweigert, G. E.

1. The analysis of certain curves by means of derived local separating points, American
Journal of Mathematics, vol. 58 (1936), pp. 329-335.

2. A note on the limit of orbits, Bulletin of the American Mathematical Society, vol. 46
(1940), pp. 963-969.

3. See Hall [3, 4].

Sierpinski, W.

1. Un théoréme sur les ensembles fermés, Bulletin de 1’Académie des Sciences, Cracovie,
1918, pp. 49-51.

2. Sur une condition pour qu’un coniinu soit une courbe jordanienne, Fundamenta
Mathematicae, vol. 1 (1920), pp. 44-60.

Simond, R. G.

1. Relations between certain continuous transformations, Duke Mathematical Journal,

vol. 4 (1938), pp. 575-589.
Smith, P. A.

1. A theorem on fized points for periodic transformations, Annals of Mathematics, (2),
vol. 35 (1934), pp. 572-578.

2. Transformations of finite period, ibid., vol. 39 (1938), pp. 127-164 and vol. 40 (1939),
pp. 690-711.

Steenrod, N. E.
1. See Roberts [2].
Stoilow, S.

1. Sur les transformations continues et la topologie des fonctions analyiiques, Annales
de I’Ecole Normale Supérieure, III, vol. 45 (1928), pp. 347-382.

2. Legons sur les Principes Topologiques de la Théorie des Fonctions Analytiques,
Gauthier-Villars, Paris, 1938.



272 BIBLIOGRAPHY

Tietze, H.
1. Uber stetige Kurven, Jordansche Kurvenbogen und geschlossene Jordansche Kurven,
Mathematische Zeitschrift, vol. 5 (1919), pp. 284-291.
Torhorst, M.
1. Uber den Rand der einfach zusammenhingenden ebenen Gebiete. Mathematische
Zeitschrift, vol. 9 (1921), pp. 44-65.
Tychonoff, A.
1. Uber einen Metrisationsatz von P. Urysohn, Mathematische Annalen, vol. 95 (1926),
pp. 139-142.
Urysohn, P.
1. Uber die Metrisation der kompakten topologischen Raume, Mathematische Annalen,
vol. 92 (1924), pp. 275-293.
2. Mémoire sur les multiplicités cantoriennes, Verhandelingen Akademie van Weten-
schappen, Amsterdam, vol. 13 (1928), no. 4.
3. Mémoire sur les multiplicites cantoriennes, Fundamenta Mathematicae, vol. 7 (1925),
pp. 29-137 and vol. 8 (1926), pp. 225-351.
4. See Alexandroff [7].
Veblen, O.
1. A system of azxioms for geomelry, Transactions of the American Mathematical
Society, vol. 5 (1904), pp. 343-384.
2. Theory on plane curves in non-metrical analysis situs, ibid., vol. 6 (1905), pp. 83-98.
3. Analysis Situs, American Mathematical Society Colloquium Publications, vol. §,
Part 2, 1922.
Vietoris, L.
1. Uber stetige Abbildungen einer Kugelfliche, Proceedings, Akademie van Weten-
schappen, Amsterdam, vol. 29 (1926), pp. 443-453.
2. Uber den hoheren Zusammenhang kompakten Raume und eine Klasse von zusammen-
hangstreuen Abbildungen, Mathematische Annalen, vol. 97 (1927), pp. 454-472.
Wallace, A. D.
1. Quasi-monotone transformations, Duke Mathematical Journal, vol. 7 (1940), pp.
136-145.
2. On O-regular transformations, American Journal of Mathematics, vol. 62 (1940),
pp. 277-284.
3. Relatively non-alternating transformations, Bulletin of the American Mathematical
Society, abstract 46-1-131.
Wardwell, J. F.
1. Continuous transformations preserving all topological properties, American Journal
of Mathematics, vol. 58 (1936), pp. 709-726.
Wazewski, T.
1. Sur les courbes de Jordan ne renfermant aucune courbe fermée de Jordan, Annales
de la Société Polonaise de Mathématique, vol. 2 (1923), pp. 49-170.
Wheeler, C. H. III.
1. A type of homogeneity for continuous curves, American Journal of Mathematics,
vol. 59 (1937), pp. 315-326.
White, P. A.
1. On certain relatively non-alternating transformations, Bulletin of the American
Mathematical Society, abstract 46-5-347.
Whitney, H.
1. Planar graphs, Fundamenta Mathematicae, vol. 21 (1933), pp. 73-84.
2. Regular families of curves, Proceedings of the National Academy of Sciences, vol.
18 (1932), pp. 275-278 and pp. 340-342.
Whyburn, G. T.
1. Semi-locally-connected sets, American Journal of Mathematics, vol. 61 (1939),
pp. 733-749.



[

© 00 ~3

BIBLIOGRAPHY 273

. A note on spaces having the S property, ibid., vol. 54 (1932), pp. 536-538.

. A junction property of locally connected sets, ibid., vol. 53 (1931), pp. 753-756.

. Non-separated cuttings of connected point sets, Transactions of the American Mathe-
matical Society, vol. 33 (1931), pp. 444-454.

. Concerning the cut points of continua, ibid., vol. 30 (1928), pp. 597-609.

. On the divisibility of locally connected spaces, Bulletin of the American Mathematical
Society, vol. 37 (1931), pp. 734-736.

. Some properties of continuous curves, ibid., vol. 33 (1927), pp. 305-308.

. Concerning connected and regular point sets, ibid., vol. 33 (1927), pp. 685-689.

. Cut points of connected sets and of continua, Transactions of the American Mathe-
matical Society, vol. 32 (1930), pp. 147-154.

10. Local separating points of continua, Monatshefte fiir Mathematik und Physik,
vol. 36 (1929), pp. 305-314.

11. Concerning the structure of a continuous curve, American Journal of Mathematics,
vol. 50 (1928), pp. 167-194.

12. Cyclicly connected continuous curves, Proceedings of the National Academy of
Science, vol. 13 (1927), pp. 31-38.

13. Cyclic elements of higher order, American Journal of Mathematics, vol. 56 (1934)
pPp. 133-146.

14. On the structure of continua, Bulletin of the American Mathematical Society, vol.
42 (1936), pp. 49-73.

15. On the cyclic connectivity theorem, ibid., vol. 37 (1931), pp. 429-433.

16. On multicoherence, ibid., abstract 46-7-371.

17. Concerning hereditarily locally connected continua, American Journal of Mathe-
matics, vol. 53 (1931), pp. 374-384.

18. Concerning accessibility in the plane and regular accessibility in n-dimensions,
Bulletin of the American Mathematical Society, vol. 34 (1928), pp. 504-510.

19. Concerning the open subsets of a plane continuous curve, Proceedings of the National
Academy of Sciences, vol. 13 (1927), pp. 650-657.

20. Concerning the complementary domains of continua, Annals of Mathematics, (2),
vol. 29 (1928), pp. 399-411.

21. Concerning continua in the plane, Transactions of the American Mathematical
Society, vol. 29 (1927), pp. 369-400.

22. Non-alternating transformations, American Journal of Mathematics, vol. 56 (1934),
pp. 294-302.

23. A relation between interior and non-allernating transformations, Bulletin of the
American Mathematical Society, vol. 46 (1940), pp. 320-321.

24. Interior transformations on certain curves, Duke Mathematical Journal, vol. 4
(1938), pp. 607-612.

25. Semi-closed sets and collections, ibid., vol. 2 (1936), pp. 685-690.

26. Interior transformations on compact sets, ibid., vol. 3 (1937), pp. 370-381.

27. Interior transformations on surfaces, American Journal of Mathematics, vol. 60
(1938), pp. 477-490.

28. A certain transformation on metric spaces, ibid., vol. 54 (1932), pp. 367-376.

29. On irreducibility of transformations, ibid., vol. 61 (1939), pp. 820-822.

30. Arc-preserving transformations, ibid., vol. 59 (1936), pp. 305-312.

31. The mapping of Betti groups under interior transformations, Duke Mathematical
Journal, vol. 4 (1938), pp. 1-8.

32. On sequences and limiting sets, Fundamenta Mathematicae, vol. 25 (1935), pp.
408-426.

33. Regular convergence and monotone transformations, American Journal of Mathe-
matics, vol. 57 (1935), pp. 902-906.

34. Completely alternating transformations, Fundamenta Mathematicae, vol. 27 (1936),

pp. 140-146.



274 BIBLIOGRAPHY

35. A theorem on interior transformations, Bulletin of the American Mathematical
Society, vol. 44 (1938), pp. 414416.

36. Interior surface transformations, Duke Mathematical Journal, vol. 4 (1938), pp.
626-634.

37. The existence of certain transformations, ibid., vol. 5 (1938), pp. 647-655.

38. Non-alternating interior retracting transformations, Annals of Mathematics, (2)
vol. 40 (1939), pp. 914-921.

39. (i) Almost periodicity, (ii) Orbit decompositions, and (iii) Regular almost periodicity,
Bulletin of the American Mathematical Society, abstracts 47-5-290, 47-5-291 and
47-5-292.

40. See Kuratowski [10].

Wilder, R. L.
1. Concerning continuous curves, Fundamenta Mathematicae, vol. 7 (1925), pp. 340-377.
2. On connected and regular point sets, Bulletin of the American Mathematical Society,
vol. 34 (1928), pp. 649-655.
3. Characterizations of continuous curves that are perfectly continuous, Proceedings of
the National Academy of Sciences, vol. 15 (1929), pp. 614-621; and Concerning
perfect continuous curves, ibid., vol. 16 (1930), pp. 233-240.
4. Sets which satisfy certain avoidability conditions, Casopis pro Péstovini Matematiky
a Fysiky, vol. 67 (1938), pp. 185-198.
Wilson, W. A.
1. On upper semi-continuous decompositions of compact continua, American Journal
of Mathematics, vol. 54 (1932), pp. 377-386.
2. On unicoherency about a simple closed curve, ibid., vol. 55 (1933), pp. 135-145.
Young, W. H.
1. See, for example, Hausdorff (1], p. 136.
Youngs, J. W. T.
1. K-cyclic elements, American Journal of Mathematics, vol. 62 (1940), pp. 449-456.
2. Arc-spaces, Duke Mathematical Journal, vol. 7 (1940), pp. 68-84.
Zarankiewicz, C.
1. Sur les points de division dans les ensembles conneres, Fundamenta Mathematicae,
vol. 9 (1927), pp. 124-171.
2. Uber die Zerschneidungspunkte der zusammenhangende Mengen, ibid., vol. 12 (1928),
R pp. 121-125.
Zippin, L.
1. On continuous curves and the Jordan curve theorem, American Journal of Mathe-
matics, vol. 52 (1930), pp. 331-350.
2. A characterization of the closed 2-cell, ibid., vol. 55 (1933), pp. 207-217.
3. Independent arcs of a continuous curve, Annals of Mathematics, (2), vol. 34 (1933),
pp. 95-113.
Zoretti, L.
1. Sur les fonctions analytiques uniformes, Journal de Mathématiques Pures et Ap-
pliquées, (6), vol. 1 (1905), pp. 9-11.



INDEX

Absolute neighborhood retract, 216
Accessibility, 111
from all sides, 111
regular, 111
Acyclic curve, 88
Additive system, 97
Arc, 36
Arc-curve, 80
Arcwise connectedness, 36
A-set, 67 fi.
invariance of, 145
true A-set, 68

Bibliography, 266
Borel Theorem, 5
Borel set, 52
classification of cut points, 52
Boundary, 16
curve, 76, 165
elements of a plane region, 160
of an open set, 16
Brouwer Fixed Point Theorem, 243
Brouwer Reduction Theorem, 17

Cactoid, 76

invariance under monotone mappings, 171
Cantor discontinuum, 35
Cantorian manifold (local), 149
Cell, 116

2-cell, characterization of, 119
Characteristic, Euler, 201
Characterization of the sphere, 114
Closure of a set, 2
Collection, 1

countable, 1

null, 67, 134

semi-closed, 131

upper semi-continuous, 122
Compact set, 3
Complete

enclosure, 27

locally, 158

space, 27
Component, 13

orbit, 259
Conditionally compact set, 5
Conjugate points, 64

Connected set, 13

Continua, 15
E-continua, 112
generalized, 16
hereditarily locally connected, 89 fi.
irreducible, 17
n-dimensional, 96 ff.
of convergence, 18, 70, 81

Convergence
of sequences of points, 3
of sequence of sets, 10
0-regular, 174

Covering theorems, 4

Curve
acyclic, 88
arc-, 80
boundary, 76, 165
classification, 98
rational, 82-83, 96
regular, 82-83, 96
simple closed, 57

Cut point, cutting, 41

Cut point-order theorem, 49 ff.

Cyclic
additivity of b(X), 234
additivity of »(X), 85
set, 107

Cyclic chain, 71
approximation theorem, 73
development, 73 ff.

Cyclic connectedness, 77 fI.
theorem, 79

Cyclic element, 66
invariance, 241 fi.

Cyclicly extensible and cyclicly reducible

properties, 81 ff.

Decomposition space, 123
Decomposition, upper semi-continuous, 123
Degree
of a transformation, 199
of multicoherence, 83
Dendrite, 88
Diameter, 9
Dimensionality, 82-83, 96
Disjoint sets, 1
Distance, 9

275



276
Divisibility Theorem, 49

e-chain, 13
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Non-cut point existence theorem, 54
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component, 259
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naturally, 41

Perfect set, 53
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Periodic transformation, 239
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Property S, 20, 111
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Quasi-monotone transformation, 151
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effect on degree of multicoherence, 153
invariance under, 153-154

Rational curve, 82-83, 96 ff. 138
Reduction Theorem, 17
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Regular
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Sequence, 1
convergence of, 3, 10
null, 67
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perfect, 53
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semi-locally-connected, 19
totally disconnected, 34
Simple ares,
interior transformations on, 184
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properties of, 54 ff.
Simple closed curves, 57
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topological, characterization of, 114

8-curve (Theta-curve), 104
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127
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periodic, 239
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127
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Well-chained set, 13

Young, W. H., Theorem of, 53



NOTES

1. The conclusions in (7.3) on p. 147 hold without any restriction on A pro-
vided R is assumed conditionally compact. The thus broadened (7.3) then
yields the further corollary.

(7.32) Local compactness 18 invariant under interior transformations.

Local compactness of A also should be assumed in (7.31).

2. The theorem in (3.1) on p. 189 may be strengthened by allowing A to be
any generalized continuum instead of restricting it to continua. This improved
form of (3.1) applies more directly in the proof of (3.42) on page 191 and facili-
tates the reading of that proof.

3. In the proof of (ii) on pgs. 194-195, there is no advantage in having the
set M connected; and some simplification results if it is taken merely to be com-
pact and locally connected.

4. In the proof of (iv) on p. 195, the points r and s may and should be taken
on the arc ugv in the order u, 7, g, s, v.

5. The proof of (v) on p. 195 is sketchy and difficult to follow. It should be
replaced by the following detailed argument:

By (iv), every point of K is of order S 2. Suppose, first, that some z € K
is of order 1 in K. Let V be an ¢/2-neighborhood of z in B such that
F(V)-K = b€ K. By (ii) and (iv) there exists an ¢/2-neighborhood W of b in B
whose boundary is a simple arc s with rs-K = r + s and so that W does not
contain z. Since z is of order 1 in K, it is clear that for ¢ sufficiently small one
end point of rs, say r, is in V and the other in B — V, as otherwise we could
obtain from V and W an e-neighborhood of z with boundary disjoint frem K.
Let ¢ be an interior point of rs such that ¢ C V. Then if T denotes the sum
of a finite number of locally connected subcontinua of B so chosen that
TOFWV)—-W-FV), T K+4+z)=0,8T+V) <2/3and M =T + ts,
then M is a compact locally connected set e-separating z in B and such that
M-K = s. But then the reasoning giver under (ii) and (iv) shows that M con-
tains a simple arc X both of whose end points belong to K and this is impossible.

Now in case some 2 € K were of order 0, we need only choose V as above so
that F(V)-K = 0 and let M be a compact locally connected set in B containing
F(V), disjoint from K + z and so that 8(V + M) < e. Then by the reasoning
under (ii) and (iv) we would obtain in M a simple closed curve X which, by
(iii), would show that z is a regular point, contrary toz € K.

6. The set f'(K) used under (viii) on p. 196 is necessarily a finite graph as
there stated because it contains only a finite number of simple closed curves and
has no end points.

7. In the proof of (4.6) on p. 249, it is tacitly assumed that the mapping f*
is pointwise almost periodic at p. This can be verified fairly easily under the
assumptions made in (4.6). Also, it is a consequence of more general proposi-
tions along this line established later by W. H. Gottschalk. See, for example,
Bulletin of the American Mathematical Society, vol. 50 (1944), p. 223.
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8. Inline 3 of the proof of (5.2), p. 71, to see that .\ is separated between
a and b, let X = X; + X, be any separation where b & X,. If a € X,, then
since X, is nonempty so that not all points of K(a,b) can be in X,, there
is a point ¢ of K(a, b) in X,. Then if ( is the component of M — ¢ containing
b, the set X, = Q- X, is both open and closed in A and does not contain a.

9. The author is indebted to Dr. R. J. Bean for pointing out that the
result (7.2), p. 136, in earlier editions of this book is incorrectly worded.
The words for each b € B should be inserted between “‘that” and “there”
in the second line of the statement of this result in the earlier editions.

10. In the proof of (3.4), p. 216, to see that M is not unicoherent about
J, we reason as follows. For each point p of the intersection of A (resp. B)
with the open arc ayb let R, be a region in M about p of diameter < 1/3
the distance from p to axb 4 B (resp. A) and let R, be a finite union of
the R, covering ayb - (A + B) — V) ,(a +b). Then the sets H' = H — > _>_,R;,
K =K+ 7 R;, are closed and we have

H -J=uaxb, K'-J=ayb, M=H + K, H - K" C Vy3(H - K)
where d = p(A4, B). Thus a and b lie in different components of H' - K’.



ERRATA

p. 19. Substitute the following for the final paragraph of -the proof of (13.2).

Consider first the case of compact M. Now let Cy and D, be components of
M, = M — V.2(x) intersecting both F[V.(x)] and M — V.(z) and let

M, = Ci+ D}

be a separation of M, between C, and D;,. Then for at least one of the sets
CY + V.u(z) and D + V..(z), say X,, it must be true that for every ¢ > 2,
infinitely many components of X, — V;(x) intersect M — V.(X). We suppose
this holds for X; = C{ 4+ V2(z) and let K, be a component of D, — D,- Vye4(z)
intersecting M — V. (x).

Then let C; and D, be components of M, = X, — V,;3(x) intersecting both
F[V3(x)] and M — V. (z) and let

M, = Cy + DS

be a separation of M, between C. and D,. Proceeding as before we find
X, = C3+ V.;(z) lor = D} 4+ V,;5(z)] so that infinitely many components of
X: — Vei(z), 1 > 3, intersect M — V.(x) and let K, be a component of
D, — D, Vys(x) intersecting M — V.(z). Continuing this process indefinitely

we obtain an infinite sequence K,, K, --- of disjoint continua each inter-
secting M — V.(x), with K,-F[V 2 (z)] # 0 and
n+1

K.c D,, ¥ K.< C,.
n+1
Thus if [Ka,] is a convergent subsequence of [K,] with limit K, we have K < I1 Cs
so that K-K, = 0 for all n; and thus K is a continuum of convergence of M
containing x.

Next suppose, contrary to our theorem, that z is on no continuum of con-
vergence of M. Then M is locally connected at = and, accordingly, for any
e > 0, z is interior to the component C. of V,.(z) containing x. Suppose e
chosen so that C. is compact. By the compact case treated above, C. must be
semi-locally connected at z. Thus we can find an arbitrarily small ¢ < e such
that V,(z) € Ce and so that C. — V,(z) = N has only a finite number &k of
components. But then M — V,(x) = N + M — C. can have at most k com-
ponents since M — C.and V,(z) are separatedand M — N = (M — C¢) + V,(z).
Whence, M is s.l.c. at z contrary to hypothesis.
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