@AMS

AMERICAN MATHEMATICAL SOCIETY
www.ams.urg

Model-Theoretic Characterizations of Arcs and Simple Closed Curves

Author(s): Paul Bankston

Source: Proceedings of the American Mathematical Society, Vol. 104, No. 3 (Nov., 1988), PP-
898-904

Published by: American Mathematical Society

Stable URL: http://www.jstor.org/stable/2046813

Accessed: 16/02/2011 12:12

Y our use of the JSTOR archive indicates your acceptance of JISTOR's Terms and Conditions of Use, available at
http://www.jstor.org/page/info/about/policies/terms.jsp. JSTOR's Terms and Conditions of Use provides, in part, that unless
you have obtained prior permission, you may not download an entire issue of ajournal or multiple copies of articles, and you
may use content in the JSTOR archive only for your personal, non-commercial use.

Please contact the publisher regarding any further use of this work. Publisher contact information may be obtained at
http://www.jstor.org/action/showPublisher ?publisherCode=ams.

Each copy of any part of a JSTOR transmission must contain the same copyright notice that appears on the screen or printed
page of such transmission.

JSTOR is anot-for-profit service that hel ps scholars, researchers, and students discover, use, and build upon a wide range of
content in atrusted digital archive. We use information technology and tools to increase productivity and facilitate new forms
of scholarship. For more information about JSTOR, please contact support@jstor.org.

American Mathematical Society is collaborating with JSTOR to digitize, preserve and extend access to
Proceedings of the American Mathematical Society.

http://www.jstor.org


http://www.jstor.org/action/showPublisher?publisherCode=ams
http://www.jstor.org/stable/2046813?origin=JSTOR-pdf
http://www.jstor.org/page/info/about/policies/terms.jsp
http://www.jstor.org/action/showPublisher?publisherCode=ams

PROCEEDINGS OF THE
AMERICAN MATHEMATICAL SOCIETY
Volume 104, Number 3, November 1988

MODEL-THEORETIC CHARACTERIZATIONS OF ARCS
AND SIMPLE CLOSED CURVES

PAUL BANKSTON
(Communicated by Thomas J. Jech)

ABSTRACT. Two compact Hausdorff spaces are co-elementarily equivalent if
they have homeomorphic ultracopowers; equivalently if their Banach spaces of
continuous real-valued functions have isometrically isomorphic Banach ultra-
powers (or, approximately satisfy the same positive-bounded sentences). We
prove here that any locally connected compact metrizable space co-elementarily
equivalent with an arc (resp. a simple closed curve) is itself an arc (resp. a
simple closed curve). The hypotheses of metrizability and local connectedness
cannot be dropped.

0. Introduction. An arc is a topological space homeomorphic with the closed
unit interval I on the real line; a simple closed curve (s.c.c.) is a space homeo-
morphic with the standard unit circle S in the plane. By a continuum we mean a
connected compact Hausdorff space; a locally connected metrizable continuum is
termed a Peano continuum. (Peano continua are precisely those Hausdorff spaces
that are continuous images of I, by the Hahn-Mazurkiewicz theorem [12].) A sim-
ple triod is any space homeomorphic with the set {{z,y): —1 <z <landy =
0, or z =0 and 0 < y < 1} in the plane. A point of a connected space is a cut point
if the complement of that point is disconnected. Our topological nomenclature is
predominately from Willard [12].

Characterizations of I and S go back to the 1920’s, principally to the work of
R. L. Moore.

0.1 THEOREM (MOORE [12]). If X s a metrizable continuum with ezactly
two noncut points, then X is an arc. 0O

0.2 THEOREM (MOORE [12]). If X is a nondegenerate metrizable continuum
such that the complement of any two points is disconnected, then X is a s.c.c. O

0.3 THEOREM (MOORE [11]). If X ¢s a nondegenerate Peano continuum
containing no simple triod, then X is either an arc or a s.c.c. O

The first model-theoretic characterization of I and S of which we are aware
appears in the paper [10] by C. W. Henson, C. J. Jockusch, L. A. Rubel, and G.
Takeuti. For any space X, let F(X) be its bounded lattice of closed sets. We use
standard model-theoretic terminology, as can be found in [6].
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0.4 THEOREM (HENSON ET AL. [10]). If X is a metrizable space such that
F(X) is elementarily equivalent with F(I) (resp. with F(S)), then X is an arc
(resp. a s.c.c.). O

The form of Theorem 0.4 is interesting in itself; it characterizes a member of a
class of spaces, within that class, using a list (“taxonomy”) of model-theoretically
specified topological properties. (We treat this topic more fully in [5].) What makes
this theorem more than just a routine application of Theorems 0.1 and 0.2 is that
compactness is not assumed for X.

Our result is similar to Theorem 0.4 in form but not in content. We characterize
the same spaces within a smaller class (the locally connected compact metrizable
spaces) using a different taxonomy. Our methods, which employ Theorem 0.3
(Theorems 0.1 and 0.2 seem to be useless for our purposes), de not allow us to drop
compactness; however, there are examples to show that metrizability and local
connectedness are essential.

The taxonomy arises as follows. For a compact Hausdorff space X, let C'(X) be
the Banach space of continuous real-valued functions (with the norm of uniform
convergence). The first-order alphabet appropriate to C(X), introduced by C. W.
Henson [9], includes vector addition, a unary operation of scalar multiplication
for each rational scalar, the null vector, and two unary predicates P and Q. The
interpretation of Pz (resp. Qz) is that the norm of z is < 1 (resp. > 1). The
positive-bounded formulas are built up from the atomic formulas using disjunction,
conjunction, and quantification bounded over members of the unit ball. For each
positive-bounded formula ¢ and whole number n > 1, the formula ¢,, is the nth
approximation to ¢ and is defined by induction on the complexity of ¢. If ¢ is
atomic, say it is ¢ = y, then ¢, is Pm(z — y). If ¢ is Pz (resp. Qz) then ¢,
is P(1— L)z (resp. Q(1+ £)z). Finally, (§ A ®)n is ¢n A Pn, (6 V ¢)n is ¢ V
Un, (32(Pz A @)y is Fz(Pz A ¢p), and (Vz(Pz — @))n is Vz(Pz — ¢y,). Given a
structure A and a positive-bounded sentence o, we say A approzimately satisfies o
(in symbols A F4 o) if A satisfies o, for every n > 1. Our taxonomy is then the
positive-bounded sentences; the topological property represented by such a sentence
o is just {X : X is compact Hausdorff and C(X) F4 o}.

The main result of [9] is that two Banach spaces A and B approximately satisfy
the same positive-bounded sentences if and only if A and B have isometrically
isomorphic Banach ultrapowers. (Briefly, one forms the Banach ultraproduct I'IDB A
by first taking the usual ultraproduct, removing the elements of infinite norm, and
then identifying two elements if they are infinitely close.) In the case where the
Banach spaces are of the form C(X) for X compact Hausdorff, the Banach-Stone
theorem [7] allows one to recover the topological structure of X from the Banach
space structure of C(X). In [9], Henson shows that the Banach ultrapower II§ C(X)
is of the form C(X’ ), where X is a suitable compact Hausdorff space. In [2, 3,
4] we study the ultracoproduct construction XpX; for compact Hausdorff spaces
X;; it turns out that the ultracopower Y p X is precisely Henson’s X. In general,
we have C(ZpX;) isometrically isomorphic with IIEC(X;). Putting these facts
together, we obtain the result that for any two compact Hausdorff spaces X and Y,
C(X) and C(Y) approximately satisfy the same positive-bounded sentences (i.e.
X and Y belong to the same taxon in this particular taxonomy), if and only if
C(X) and C(Y) have isometrically isomorphic Banach ultrapowers, if and only if
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X and Y have homeomorphic ultracopowers. When this last condition holds, we
say X and Y are co-elementarily equivalent and write X =Y.

There are several equivalent ways of defining the ultracoproduct ¥pX;, each
with its particular merits. To give but three, we have:

(i) the maximal ideal space of IIEC(X;) (with the natural ring structure);

(ii) p~*[D], where p: B(;X:) — B(I) is the Stone-Cech lifting of the map that
takes an element of the disjoint union to its index in I; and

(iii) the compactification of the topological ultraproduct (see [1]) using ultra-
products of zero sets from the factors as a Wallman basis (see [3, 8] for
details, as well as other ways to view XpX;).

The approach (iii) to the ultracoproduct allows the most flexibility. Because
each X; is compact Hausdorff, one may substitute any closed set basis B; of X; in
place of the zero sets, as long as B; is a sublattice of F(X;). (One can easily see
that B; will then be a Wallman basis satisfying the condition that disjoint members
of F(X;) can be separated by disjoint members of B;. This is more than enough
to ensure that the compactification using the Wallman basis IIpB; will result in
YpXi.)

The relation = is an equivalence relation; the co-elementary equivalence of X
and Y follows from the elementary equivalence of Wallman bases Bx and By for X
and Y respectively (taken as lattices: use the Keisler-Shelah ultrapower theorem).
If X and Y are 0-dimensional compact Hausdorff spaces, then X = Y if and only
if their Boolean algebras of closed open sets are elementarily equivalent (see 3]).

In [3] we conjectured that if X is any compact metrizable space co-elementarily
equivalent with I, then X is an arc. In [8], however, R. Gurevi¢ disproves that
conjecture with the following.

0.5 EXAMPLE (GUREVIC [8]). There is a metrizable continuum X such that
X =1, but X fails to be locally connected. 0O

Co-elementary equivalence detects connectedness; Gurevi¢ shows that it fails to
detect local connectedness. In fact, he proves that if D is any nonprincipal ultrafilter
on the natural numbers w, then ¥p I cannot be locally connected. He uses this fact,
plus a downward Léwenheim-Skolem type argument, to produce his Example 0.5.

The new result in this article is the following.

0.6 THEOREM. Let X be any locally connected compact metrizable space co-
elementarily equivalent with I (resp. §). Then X is an arc (resp. a s.c.c.).

The proof, an outgrowth of techniques developed in [3 and 4], is
continua-theoretic, making crucial use of Moore’s Theorem 0.3. Before proceeding
to the proof, we include an example, kindly suggested by the referee to show that
metrizability is an indispensable hypothesis in Theorem 0.6.

0.7 EXAMPLE (REFEREE). There is a locally connected continuum X such
that X = I, but X fails to be metrizable.

CONSTRUCTION. Let T be the first order theory of dense linear orderings with
distinct endpoints. If A is a model of T', let L4 be the lattice of all finite unions
of closed intervals of 4. L4 forms a closed set basis for the associated linear order
space, which we denote X 4. If A is a complete ordering, then X4 is connected,
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locally connected, compact Hausdorff, and L4 is a Wallman basis that can be used
to form the ultracopowers of X 4.

Now let T' be the set of all first order sentences of lattice theory that are true
in all lattices £ 4, where A is a model of T. Given a model £ of T”, let A be the set
of atoms of L. It is easy to show that there are two linear orderings on A, one the
reverse of the other and both models of T, such that £ = L4 where A is either one
of these orderings. Since T is No-categorical, so is T7'. Consequently, if A and B are
any two models of T, then L4 and Lp are elementarily equivalent. So let A and
B be complete models of T, say A is the ordering on the closed unit interval and
B is the ordering on the long line with last element. Then X4 = I is metrizable,
while X is not. However, £4 and Lg are elementarily equivalent; hence they have
isomorphic ultrapowers. Therefore X4 and X are co-elementarily equivalent. O

1. Proof of Theorem 0.6. As remarked above, if (X;: ¢ € I) is a collection
of compact Hausdorff spaces and D is an ultrafilter on I, then the ultraproduct of
closed set lattices IIp F'(X;) represents a Wallman basis for the closed subsets of
YpX;. In particular, if A; and B; are closed subsets of X; for each ¢ € I, then
the sequences (A;: ¢ € I) and (B;: 1 € I) represent the same closed subset of
YpX; if and only if {i: A; = B;} € D. We denote this basic closed set as XpA;;
the singletons Xpx; = Lp{z;} correspond exactly to the points of the topological
ultraproduct, which densely embeds in £p X;. It is easy to see that Xp(-) commutes
with finite unions and intersections.

Let P be any topological property. We say P is “preserved by co-elementary
equivalence” if whenever X and Y are compact Hausdorff, X = Y, and X has
property P, then Y also has property P. Easy to prove (see [3]) is the fact that the
properties of finiteness and connectedness are preserved by co-elementary equiva-
lence. (Local connectedness and metrizability are not so preserved, as a consequence
of Examples 0.5 and 0.7. Also, since there is a sentence ¢ in the first order language
of bounded lattices such that if X is any compact Hausdorff space, then X is locally
connected if and only if F(X) F ¢, we see by Example 0.5 that the co-elementary
equivalence of metrizable continua X and Y does not necessarily imply that F(X)
and F(Y') are elementarily equivalent.)

We will need the following fact (which also played an important role in [4]).

1.1 LEMMA (GUREVIC [4, 8]). Let (X;: 1€ I) be compact Hausdorff spaces.
For i € I, let z; € X;, with C; the (connected) component of z; in X;. Then XpC;
13 the component of Lpx; tn LpX;. O

A key property that proved useful in [4] in the counting of co-elementary equiv-
alence classes, and that will prove useful here, is “n-odicity”. Let X be compact
Hausdorff, n < w. An n-wheel on X is a cover {K}U{L;: j < n} of X by subcon-
tinua such that:

(1) K\Ujcn Li #9 (K is the “hub”);
(i) L\K # D for j <n (L, is a “spoke”);

(iii) L N K # @ for j < n; and

(iv) forj<k<n,L;NLx=0.

Of course, if X has an n-wheel then X is a continuum. X is n-odic if X has
an n-wheel but no m-wheel for m > n. Note that simple triods are 3-odic, arcs
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are 2-odic, simple closed curves are 1-odic, and that the 0-odic continua are the
indecomposable continua. Note also that higher dimensional cells, such as 2, have
n-wheels for all n < w. The following uses Lemma 1.1.

1.2 LEMMA [4]. The property of being n-odic for any n < w is preserved by
co-elementary equivalence. 0O

We say that a compact Hausdorff X contains an n-wheel if X has a subcon-
tinuum that has an n-wheel. Obviously arcs and simple closed curves contain no
3-wheels.

The main new result we require to prove Theorem 0.6 is the following.

1.3 LEMMA. Suppose X and Y are co-elementarily equivalent compact Haus-
dorff spaces, and that X 1is locally connected and contains an n-wheel. Then'Y also
contains an n-wheel.

PROOF. Assume D and € are ultrafilters, and that h: Xp X — XY is a home-
omorphism. Let {K}U{L;: j < n} be an n-wheel on X. An n-wheel is called fat if,
in clauses (i)—(iii) of the definition above, the intersections are not only nonempty,
but have nonempty interiors.

Now while the original n-wheel may not be fat, we may “fatten” the hub and
spokes using a compactness argument so that the resulting family {K'}U{L}: j <
n} would be a fat n-wheel if the new sets were only connected. In this we are in
luck: since X has a basis of connected open sets, we may easily arrange for the
sets K', L%, j < n, to be connected as well. So without loss of generality, we may
assume that our original n-wheel {K}U{L;: j < n} is fat, and we see immediately
that {EpK} U{ZpL;: j < n} is a fat n-wheel in ZpX. Let K’ = h[TpK], L} =
h[EpL;],j < n. Then, since h is a homeomorphism, {K'} U {L:j <mn}is afat
n-wheel in X, Y.

Since K'\J ’. has nonempty interior, there is a point

j<n LJ'
Tozi € K'\ |J Lj.
j<n

Similarly, for j < n, there is a point Z¢y;,; € L;\K'. Using a second compactness
argument, one can show that if C and D are any disjoint closed subsets of LY,
there are, for 7 € I, open sets U;, V; C Y, with disjoint closures, such that C C X:U;
and D C £:V;. Of course, Z¢U; N X¢V; = &. Hence, for each j < n, we can
find closed £¢Cj; 2 L’ such that £eC;i NEeCki =D, j <k <n,and Lez; &
U,' <n 2¢Cj;. Using Lemma 1.1, let ¥¢ L; ; be the component of ¥¢Cj; containing
Y¢YjiJ <n. Then L;, being connected, must be contained in X¢L; ;. Similarly
we obtain an ultracoproduct subcontinuum ¢ K; 2 K containing no point L¢y; ;.
Thus the family {Z¢K;} U {E¢Lji: j < n} is an n-wheel in Y consisting of
ultracoproduct subcontinua. From this we easily infer that {i: {K;}U{L;: j < n}
is an n-wheel in Y} € D; whence Y contains an n-wheel. 0O

Now we are ready to finish the proof of Theorem 0.6. Assume X is locally
connected compact metrizable, and suppose X = I. Since I is connected and
infinite, so is X. Since I is 2-odic, so too is X, by Lemma 1.2. § is 1-odic, so
X cannot be a s.c.c. X is a nondegenerate Peano continuum which is not a s.c.c.
Hence, by Theorem 0.3, all we need to show is that X contains no simple triod.
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Suppose the contrary. Since simple triods are 3-odic, X contains a 3-wheel. By
Lemma 1.3, so does I. This is a clear contradiction, and we are done. The argument
in which § replaces I, and vice versa, is similar.

1.4 REMARKS AND QUESTIONS. (i) Theorem 0.6 is a characterization theorem
in which a space X is characterized within a class K of spaces via =. (Equivalently,
via the C-taxonomy described earlier. This topic is more fully explored in [5].)
The definition of ¥pX, makes sense for arbitrary Tichonov spaces, and in [3] it
is proved that ¥pX; and Xp3(X;) are naturally homeomorphic. Thus every finite
space is characterized within the class of Tichonov spaces via = (where the relevant
taxonomy is now the C*-taxonomy in which only bounded continuous functions are
considered). Clearly no infinite space can be so characterized, but there are many
interesting variations on the question. For example, since every Tichonov space is
co-elementarily equivalent with a compact metrizable space [4, 8], it follows that no
noncompact Tichonov X can be characterized via = in a class K of Tichonov spaces
which contains X as well as all compact metrizable spaces. Is every Tichonov space
co-elementarily equivalent with a noncompact metrizable space? A positive answer
to this would yield a host of negative results about characterizability. In particular,
it would be interesting to see whether compactness is an essential hypothesis in
Theorem 0.6.

(i) We would like to broaden our inventory of locally connected compact metriz-
able spaces M that can be substituted for I and S in Theorem 0.6. This can easily
be done to a small extent; M can be any finite disjoint union of points, arcs and
simple closed curves. Beyond this trivial generalization, however, it seems that
new techniques are called for. At present we do not even know whether M can
be a simple triod, let alone a finite 1-complex. As for higher dimensional Peano
continua, there are well-known analogues of Theorems 0.1 and 0.2 characterizing
2-cells and 2-spheres, enabling Theorem 0.4 to be broadened to include 2-complexes
[5]. However, these analogues seem to suffer from the same lack of applicability
in our situation because they involve cut (and noncut) points. (See, e.g., Remark
3.2.11 in [3].)

(iii) While it is relatively easy to construct pairs of nonhomeomorphic metrizable
continua that are co-elementarily equivalent, the problem becomes more difficult
(and as yet unsolved) when we further require local connectedness. Especially in
light of Theorem 0.6, it is a natural (and indeed inevitable) question whether there
are any Peano continua that cannot be characterized via = within the class of
locally connected compact metrizable spaces.
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helpful comments which substantially improved its readability.

REFERENCES

1. P. Bankston, Ultraproducts in topology, General Topology Appl. 7 (1977), 283-308.

2., Expressive power in first order topology, J. Symbolic Logic 49 (1984), 478-487.

3. ., Reduced coproducts of compact Hausdorff spaces, J. Symbolic Logic 52 (1987), 404—424.

4 , Co-elementary equivalence for compact Hausdorff spaces and compact abelian groups, J.
Pure Appl. Algebra (to appear).

5. , Tazonomies of model-theoretically defined topological properties (submitted).

6. C. C. Chang and H. J. Keisler, Model theory, North-Holland, Amsterdam, 1973.




904 PAUL BANKSTON

7. N. Dunford and J. T. Schwartz, Linear operators, Part 1, Interscience, New York, 1966.
8. R. Gurevi¢, On ultracoproducts of compact Hausdorff spaces, J. Symbolic Logic 53 (1988),
294-300.
9. C. W. Henson, Nonstandard hulls of Banach spaces, Israel J. Math. 25 (197), 108-144.
10. C. W. Henson, C. G. Jockusch, Jr., L. A. Rubel, and G. Takeuti, First order topology, Dis-
sertationes Math. 143 (1977), 1-40.
11. R. L. Moore, Foundations of point set theory, Amer. Math. Soc. Colloq. Publ., vol. 13, Provi-
dence, R.I., 1962.
12. S. Willard, General topology, Addison-Wesley, New York, 1970.

DEPARTMENT OF MATHEMATICS, STATISTICS AND COMPUTER SCIENCE, MARQUETTE
UNIVERSITY, MILWAUKEE, WISCONSIN 53233



	Article Contents
	p. 898
	p. 899
	p. 900
	p. 901
	p. 902
	p. 903
	p. 904

	Issue Table of Contents
	Proceedings of the American Mathematical Society, Vol. 104, No. 3 (Nov., 1988), pp. 669-1002
	Front Matter
	Finite Coverings by Normal Subgroups [pp. 669-674]
	Applications of a New $K$-Theoretic Theorem to Soluble Group Rings [pp. 675-684]
	Pseudoprime $l$-Ideals in a Class of $f$-Rings [pp. 685-692]
	Structure of Generalized Local Rigid Motion Groups [pp. 693-696]
	Metacyclic $p$-Algebras [pp. 697-698]
	A Remark on Kernels of Reduction [pp. 699-701]
	The Free Metabelian Group of Rank Two Contains Continuously Many Nonisomorphic Subgroups [p. 702]
	A Converse to a Residual Finiteness Theorem of G. Baumslag [pp. 703-706]
	Some Consequences of the Standard Polynomial [pp. 707-710]
	A Characterization of Complete Intersection Curves in $P^3$ [pp. 711-715]
	Invariants of Finite Abelian Groups Acting on the Algebra of Two $2 \times 2$ Generic Matrices [pp. 716-722]
	Mordell-Weil Groups of Generic Abelian Varieties in the Unitary Case [pp. 723-728]
	Cyclic Homology and the Beilinson-Manin-Schechtman Central Extension [pp. 729-734]
	Constructive Reflexivity of a Uniformly Convex Banach Space [pp. 735-740]
	The Zalcman Conjecture for Close-to-Convex Functions [pp. 741-744]
	A Lifting Theorem for the Time Regularity of Solutions to Abstract Equations with Unbounded Operators and Applications to Hyperbolic Equations [pp. 745-755]
	Invariant Subspaces for Algebras of Subnormal Operators. II [pp. 756-758]
	Alternative Version of Shapley's Theorem on Closed Coverings of a Simplex [pp. 759-763]
	Karp's Theorem in Electromagnetic Scattering Theory [pp. 764-769]
	Separately Subharmonic Functions Need not be Subharmonic [pp. 770-771]
	Unique Solutions for a Class of Discontinuous Differential Equations [pp. 772-778]
	Almost Fixed Point Theorems [pp. 779-784]
	On Complemented Copies of $c_0$ in $L^p_X, 1 \leq p < \infty$ [pp. 785-786]
	Pointwise Estimates for the Relative Fundamental Solution of $\overline{\partial}_b$ [pp. 787-792]
	On the Nonsingular Quadratic Differential Equations in the Plane [pp. 793-794]
	Pettis Decomposition for Universally Scalarly Measurable Functions [pp. 795-800]
	On the Spectral Picture of an Irreducible Subnormal Operator [pp. 801-808]
	Nonexpansive Actions of Topological Semigroups on Strictly Convex Banach Spaces and Fixed Points [pp. 809-811]
	On a Natural Connection Between the Entropy Spaces and Hardy Space $Re H^1$ [pp. 812-818]
	A Korovkin Type Approximation Theorem for Set-Valued Functions [pp. 819-824]
	Phragmén-Lindelöf Theorem for the Minimal Surface Equation [pp. 825-828]
	An Elementary Proof of a Result on $\Lambda(p)$ Sets [pp. 829-834]
	A Generalized Converse Measurability Theorem [pp. 835-839]
	The Existence of Periodic Solutions to Nonautonomous Differential Inclusions [pp. 840-844]
	Most Quasidiagonal Operators are not Block-Diagonal [pp. 845-851]
	Endomorphisms of an Extremal Algebra [pp. 852-858]
	Four Topologically Equivalent Measures in the Cantor Space [pp. 859-860]
	A New Approach to the Multipliers of Pedersen's Ideal [pp. 861-867]
	Finite Type Cones Shaped on Spherical Submanifolds [pp. 868-870]
	On the Spectral Rigidity of $CP^n$ [pp. 871-875]
	Isothermic Surfaces and the Gauss Map [pp. 876-884]
	The First Dirichlet Eigenvalue and Radius of a Geodesic Ball [pp. 885-886]
	Weakly Compact Cardinals and Nonspecial Aronszajn Trees [pp. 887-897]
	Model-Theoretic Characterizations of Arcs and Simple Closed Curves [pp. 898-904]
	An Isoperimetric Theorem on the Cube and the Kintchine-Kahane Inequalities [pp. 905-909]
	Normal Forms for Skew-Symmetric Matrices and Hamiltonian Systems with First Integrals Linear in Momenta [pp. 910-916]
	Property $C''$ and Function Spaces [pp. 917-919]
	Analycity of Homology Classes [pp. 920-922]
	Volumes of Flows [pp. 923-931]
	The Wiener Lemma and Cocycles [pp. 932-933]
	Positively Expansive Maps and Growth of Fundamental Groups [pp. 934-941]
	Linear Spaces, Absolute Retracts, and the Compact Extension Property [pp. 942-952]
	$d$-Final Continua [pp. 953-964]
	Eventual Extensions of Finite Codes [pp. 965-972]
	Small Spaces which "Generate" Large Spaces [pp. 973-980]
	Characterizing $\Omega$-Stability for Flows in the Plane [pp. 981-984]
	Compactifications of Countable-Dimensional and Strongly Countable- Dimensional Spaces [pp. 985-987]
	Continuity of Additive $\kappa$-Metric Functions and Metrization of $\kappa$-Metric Spaces [pp. 988-992]
	Critical Values of Fredholm Maps [pp. 993-998]
	An Empty Class of Nonmetric Spaces [pp. 999-1001]
	Erratum to "On the Location of the Zeros of the Derivative of a Polynomial" [p. 1002]
	Back Matter



