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DIMENSION OF MAPS, UNIVERSAL SPACES, AND HOMOTOPY

A. Karasev and V. Valov UDC 515.12

ABSTRACT. This paper is a survey of some recent results in dimension theory. The main topics under
consideration are: dimension of maps in the classical and extension dimension theories, universal spaces
(in particular, universal compacta) in extension dimension theory, and [L]-homotopy. A number of
theorems included in the survey are accompanied by proofs.
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1. Preliminaries

1.1. Introduction. The study of universal spaces and dimensional properties of maps is a classical
direction in dimension theory. The goal of this paper is to provide an overview of some recent related
results. We did not aim at full coverage of all achievements in this very broad field. Instead, we
included proofs of some theorems, thus hoping to convey the key ideas to the reader.

The paper is organized as follows. We begin by introducing our notation and some preliminary facts
in Sec. 1.2. In Sec. 1.3, we recall the definition of extension dimension and related concepts. Further,
we state Dranishnikov’s theorem, which describes extension dimension in terms of cohomological
dimension, and discuss some related questions. Section 2, which opens the main part of this paper,
is devoted to dimension of maps whose ranges are metrizable C-spaces. In particular, we present
generalized versions of the parametric decomposition theorem and of the parametric Hurewicz theorem
on regularly branched maps. A number of results on embeddings in R™ avoiding given collections of
planes or having “small” intersections with them constitute Sec. 3. Various generalizations of theorems
on dimension-lowering and dimension-raising maps to extension dimension are discussed in Sec. 4.
Section 5 is devoted to universal spaces in extension theory. We are mainly interested in the existence
of universal compacta of given extension dimension. In relation to this problem, we introduce a
special class of CW-complexes, called quasi-finite complexes, and study their properties. “Classical”
universal spaces have many useful properties (in addition to universality). In particular, they are
absolute extensors in the corresponding dimension. We analyze the possibility of obtaining extension-
dimension analogs of universal spaces with a similar property in Sec. 6. In Sec. 7, we describe a general
approach to quasi-finite complexes and show that these complexes behave well in many respects, thus
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resembling finite complexes. The last section of this paper is devoted to [L]-homotopy theory, which
was initiated by Chigogidze and applies to spaces of given extension dimension.

1.2. Notation and basic definitions. We assume that all maps under consideration are continu-
ous and all spaces are at least Tychonoff, although we largely deal with metrizable or even separable
metrizable spaces. Recall that a Polish space is a separable completely metrizable space.

The weight of a space X is denoted by w(X); cov(X) is the set of all open covers of X. As usual,
C(X,Y) denotes the set of all maps from X to Y. By X VY we denote the bouquet of (pointed) spaces
X and Y. The cone Cone(X) over X is defined as Cone(X) = X x [0,1]/X x {1}. The Stone-Cech
compactification of X is denoted by 6X. As usual, idx denotes the identity map of X.

For a family of sets A and a set B, we define the star of B in A as St(B, A) = J{A € A | ANB # @}.
We say that a cover v € cov(X) is a strong star refinement of a cover w € cov(X) if, for each V' € v,
there exists a W € w such that St(V,v) C W.

By D™ we denote the unit n-ball in Euclidean n-space R", and by S™, the n-sphere treated as the
boundary of D"*!. The notation RP" is used for the projective n-space. We denote the unit interval
by I.

The Lebesgue (covering) dimension of a space X is denoted by dim X. For amap f: X — Y, we
define the dimension of f by

dim f = sup{dim f~(y) |y € Y}.
We also write e-dim f < L if e-dim f~!(y) < L for all y in Y. Here L is a CW-complex and e-dim
stands for extension dimension, which is defined in Sec. 1.3. A map f : X — Y between metrizable
spaces is said to be uniformly O-dimensional (see [84]) if there exists a metric on X such that it
generates the topology of X and, for every ¢ > 0, each point of f(X) has a neighborhood U in Y for
which f~1(U) is a union of disjoint open subsets of X with diameters <.

We recall that a space X is called a C-space if, for any sequence {v,}5° ; of open covers of X, there
exists a sequence {7, }>2 of disjoint open families in X such that every 7, refines v,. The property
C was introduced by Haver [73] for compact metric spaces. Addis and Gresham [1] extended Haver’s
definition to more general spaces.

By N, Z, Z,, and Q we denote the positive integers, the integers, the residues modulo m, and the
rational numbers, respectively.

Let G be an Abelian group. By H,(X;G) we denote the nth singular homology group of X
with coefficients in G. We set H,(X) = H,(X;Z). The notation H,(X;G) is used for reduced
homology groups. By M (G, n) we denote a Moore space of type (G,n), i.e., a CW-complex such that
H,(M(G,n)) ~ G and H;(M(G,n)) ~ 0 for all i # n. As usual, K(G,n) is the Eilenberg-MacLane
complex, i.e., a CW-complex such that m,(K(G,n)) ~ G and m;(K(G,n)) = 0 for all i # n.

By H*(X;G) we denote the kth Cech cohomology group of the space X with coefficients in G.
According to a theorem of Huber [75], for any paracompact Hausdorff space X and any countable
coefficient group G, there exists a natural isomorphism between the group of all homotopy classes of
maps from X to K(G,n) and the group H"(X;G). By H"(X, A; G), where A is a subset of X, we
denote the relative Cech cohomology group of the pair (X, A).

We define the cohomological dimension dimg X of a paracompact space X with respect to the
coefficient group G in the standard way as

dimg X = sup{n : there exists a closed set A C X with H"(X, A; G) # 0}.
Throughout the paper, except in Secs. 4 and 7, by a complex we mean a countable locally finite

connected CW-complex; the letter L is reserved to denote complexes.

1.3. Extension dimension. In this section, we assume that all spaces are separable and metrizable.
The general case was considered in [25] (and in Sec. 7 in this paper). We say that a space Y is an
absolute (neighborhood) extensor for X and write Y € A(N)E(X) if any map from an arbitrary closed
subspace A of X to Y can be extended to a map from the entire space X to Y (respectively, to a map
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from some open neighborhood of A to Y'). In this notation, the classical theorems characterizing the
Lebesgue and cohomological dimension in terms of extension of maps are stated as follows:

dmX <n<& S"e€ AE(X) and dimgX <n< K(G,n) € AE(X).

The main idea behind the definition of extension dimension, which is due to Dranishnikov [39], is
to consider an arbitrary complex L instead of S™ or K(G,n). Namely, we say that the extension
dimension of a space X does not exceed a complex L and write e-dim X < L if L € AE(X). It was
observed in [40] that the natural order on the positive integers can be generalized to a (partial) order
on complexes. Following Dranishnikov [40], we say that L < K if L € AE(X) implies K € AE(X)
for any space X. Clearly, S” < S™ if and only if n < m. The relation L < K determines a
preorder on complexes and generates an equivalence relation. Obviously, this equivalence relation
can be described in terms of extension of maps; namely, a complex L is equivalent to a complex K
if L € AE(X) & K € AE(X) for any space X. The equivalence class of a complex L is called the
extension type of L and denoted by [L]. The homotopy extension property of ANR-spaces implies that
if L is homotopy equivalent to K, then [L] = [K]. However, the converse is not true. For example,
[S"] = [S" Vv S™ if n < m.

We say that the extension dimension of a space X is equal to an extension type [L] if e-dim X < L
and L < K for any complex K with e-dim X < K. Sometimes, we use the notation e-dim X < [L]
instead of e-dim X < L.

The preorder relation on complexes determines a partial order relation on extension types; we
denote it by the same symbol <. We emphasize that there are many incomparable complexes. For
example, results of [45] imply that RP? is not comparable with any sphere S™, where n > 2. It can
be shown that the minimum of the extension types of complexes L and K is [L V K|. We refer the
reader to [27, 43, 56] for more information about extension dimension and extension types.

1.4. Extension dimension in terms of cohomological dimension. The following theorem,
which is due to Dranishnikov, is one of the central results in extension dimension theory. This theorem
establishes a relation between the extension and cohomological dimensions of a metrizable compactum
X with finite covering dimension for a simply connected complex L.

Theorem 1.1 (see [39]). Let X be a compact metrizable space, and let L be a complez. If e-dim X <
L, then dimpy, 1y < n for all positive integers n. If dim X < oo and L is a simply connected complex,
then the following conditions are equivalent:

(1) e<dim X < L;

(2) dimg, )y <n for alln > 0;

(3) dimg, (zy < n for all n > 0.

This theorem suggests several directions of research. The first of them is generalization to noncom-
pact metrizable spaces; this was accomplished by Dydak [52, 54]. It is also natural to try to replace the
finite-dimensionality of X and the simple connectedness of L by weaker assumptions. The condition
dim X < oo cannot be removed, because there exist infinite-dimensional compacta of finite integral
cohomological dimension [37]. However, it can be dispensed with under an additional condition on
X. Namely, Dydak proved in [52] that (3) implies (1) if X is a metrizable space which is an absolute
neighborhood extensor for metrizable spaces. To the best of our knowledge, the following question is
still open.

Problem 1.1. Does Theorem 1.1 hold if the compactum X is a C-space?

As for the simple connectedness requirement, Cencelj and Dranishnikov proved in the series of
papers [19-21] that Theorem 1.1 remains true for nilpotent complexes. Nevertheless, the condition
on the fundamental group of L cannot be removed completely. Indeed, if X is the 2-disk and L is a
complex such that 71 (L) is nontrivial and H.(L) = 0, then the implication (2) = (1) in the above
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theorem does not hold [58]. An example of such an L can be found, for instance, in [72, Example 2.38,
p. 142].

Finally, consider the equivalence (1) < (3). The simplest example of a complex which is not
nilpotent is RP2?. Note that H;(RP?) ~ m(RP?) ~ Zs; hence, for any compact metrizable space
X, e-dim X < RP? implies dimz, X < 1 (by Theorem 1.1). What can be said about the converse
implication? Results of Levin [90] imply the existence of a compact metrizable space X such that
dimz, X =1 and e-dim X £ RP2. Nevertheless, this compact space is infinite-dimensional, and the
following well-known problem is still open.

Problem 1.2. Does dimz, X < 1 imply e-dim X < RP? for any finite-dimensional compact space X ?

Since the infinite projective space RP> is of type K(Zg,1), this problem can be reformulated as
follows: Does RP*® € AE(X) imply RP? € AFE(X) for any finite-dimensional compact space X?
Dydak and Levin proved in [58] that the answer is positive if dim X < 3.

2. Finite-Dimensional Maps between Metrizable Spaces

In this section, we describe a general method for proving some theorems concerning dimensionally
restricted maps, which was applied earlier in [129-132]. The “algorithmic” form of this method used in
this paper is borrowed from [133] (see also [32]). It is based on selection theorems proved by V. Gutev
and the second author in [70, 71].

2.1. Preliminaries. First, we provide some information about the source limitation topology. This
topology can be described as follows: If (M, d) is a metric space, then a set U C C(X, M) is open if for
every g € U there exists a continuous function a : X — (0,00) such that B(g,«) C U. Here B(g,a)
denotes the set {h € C(X, M) : d(g(z), h(x)) < a(x) for each x € X}. The source limitation topology
does not depend on the metric d if X is paracompact [86]. Moreover, C(X, M) with this topology has
the Baire property provided that (M, d) is a complete metric space. Obviously, the source limitation
topology coincides with the topology of uniform convergence generated by d for compact X. In this
section, unless otherwise specified, all function spaces are assumed to be endowed with the source
limitation topology.
We will need the following simplified versions of selection theorems from [70, 71].

Theorem 2.1 (see [70]). For a paracompact space X, the following conditions are equivalent:
(a) X is a C-space;
(b) suppose that'Y is a Banach space and ® : X — Y is a closed-and-convez-valued lower semicon-
tinuous map. Then, for every sequence of upper semicontinuous maps ¥, : X — Y such that
every v, has a closed graph and ¥, (x) N ®(z) is a Z-set in ®(z) for any x € X and n € N,
there exists a single-valued continuous map f: X — 'Y with

f(z) € 2(@)\ | vnl@)
n=1

for each x € X.

Theorem 2.2 (see [71]). Suppose that X is a paracompact space with dim(X) <n, Y is a completely
metrizable space, p : X — Y is a closed-valued lower semicontinuous map such that {p(x) : x € X} is
equi-LO™ Y in'Y and each p(x), where x € X, is C" %, and 1 : X — Y is a set-valued map having a
closed graph such that ¥(x) Np(x) is a Zy-set in p(x) for every x € X. Then the set of all continuous
(single-valued) selections of ¢ with the source limitation topology contains a dense Gs-subset of maps
g such that g(z) € p(x)\¢(z) for every x € X.

Recall that a set-valued map ¢ : X — Y is lower semicontinuous (Isc) if ¢~ 1(U) = {z € X :
e(x)NU # 0} is open in X for every open U C Y, and amap f: X — Y is a selection for ¢ : X —Y
if f(x) € p(zx) for every x € X.
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Note that all countable-dimensional metrizable spaces (that is, spaces that are countable unions
of finite-dimensional subsets), in particular, all finite-dimensional ones, form a proper subclass in the
class of C-spaces (there exists a metric C-compactum which is not countable-dimensional [112]).

Let m > 0. A family S of subsets of a space Y is equi-LC™ in Y [97] if, for any y € Y and any
neighborhood U of y, there exists a neighborhood V of 4 such that, for every S € S, any continuous
image of S¥ (k < m) in V N S is contractible in U N'S. A space S is called a C™ space if every
continuous image of S* (k < m) in S is contractible in S. A closed subset F of a metrizable space M
is said to be a Z,-set in M if the set C'(I"", M\ F) is dense in C'(I"*, M) with respect to the uniform
convergence topology, where I is the m-cube. If F'is a Z,-set in M for every m € N, then we say
that F'is a Z-set in M.

Throughout this section, K is a closed convex subset of RP and f : X — Y is a perfect surjective
map between paracompact spaces. It can be shown that the set C*(X, K) of bounded maps from X
to K is open in C(X, K) with respect to the source limitation topology, provided that R? is endowed
with the Euclidean metric p. Therefore, C*(X, K) with this topology has the Baire property. Suppose
that, for every y € Y, P(y) C C*(X, K) is a set such that if h € C*(X, K) and h|f~'(y) = g|f*(y)
for some g € P(y), then h € P(y). This means that the set P(y) is determined by the restrictions
g|f~1(y). For this reason, we sometimes consider P(y) as a class of functions on f~!(y). Let P(H) =

N P(y), where H C Y. In what follows, we use the set-valued map ¢ : Y — C*(X, K) defined by
yeH

P(y) = C*(X, K)\P(y).

Lemma 2.3 (see [133]). Suppose that, for any y € Y and g € P(y), there exists a neighborhood V,,
of y in'Y and a §, > 0 such that h € P(V,,) provided that h|f~1(V,) is &,-close to g|f~*(Vy). Then
P(Y) is open in C*(X, K) with respect to the source limitation topology. Moreover, 1 has a closed
graph with respect to the topology of uniform convergence on C*(X, K).

Proof. We use some ideas from [10]. Let (y0,90) € Y x C*(X, K)\Gy, where C*(X, K) is endowed
with the topology of uniform convergence and G, is the graph of 1. Then gy & ¥ (o), i.e., go € P(yo)-
Take Vy, and d,, > 0 satisfying the hypotheses of the lemma, and let W denote the d,,-neighborhood
of go in C*(X, K). Then V,, x W is a neighborhood of (yo, go) disjoint from G,. Thus, Gy, is closed.

To show that P(Y) is open in C*(X, K) with respect to the source limitation topology, take gy €
P(Y). For every y € Y, we have gy € P(y). Choose neighborhoods V;, and positive numbers 4, < 1
satisfying the conditions of the lemma. We can assume that {V}, : y € Y'} is a locally finite cover of Y’
and consider the Isc set-valued map ¢ : Y — (0, 1] defined by ¢(y) = U{(0,.] : y € V;}. According
to [115, Theorem 6.2, p. 116], ¢ has a continuous selection 3 : Y — (0,1]; let « = S o f. It remains
to show that if g € C*(X, K) and 0(go(z), g(z)) < a(z) for all € X, then g € P(Y). Take such a
g and let y € Y. There exists a z € Y such that y € V, and a(x) < 6, for all x € f~!(y). Consider
a map h € C*(X, K) coinciding with g on f~!(y) and satisfying the inequality Q(h(:c),go(a:)) <4,
for each x € X. According to the choice of V,, we have h € P(y). Hence g € P(y), because
glf~'(y) = h|f~(y). Therefore, P(Y) is open in C*(X, K). O

Lemma 2.4 (see [133]). Suppose that a point y € Y and the set P(y) treated as a subset of
C(f~Y(y), K) satisfy the following condition:

o For every k € N (for k = m), the set of all maps h € C(IF x f~Y(y), K) such that h|({z} x
~Yy) € Ply) for any z € TF is dense in C(I¥ x f~1(y), K) with respect to the topology of
uniform convergence.

Then, for any a: X — (0,00) and go € C*(X, K), 1¥(y) N B(go, ) is a Z-set (respectively, Zy,-set) in

B(go, ) considered as a subset of C*(X, K) with the topology of uniform convergence, provided that
Y(y) € C*(X, K) is closed.

Proof. We follow the scheme of the proof of [129, Lemma 2.8]. All function spaces in this proof are
endowed with the topology of uniform convergence. We consider only the case where the set of maps
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h € O(I*x f~Y(y), K) such that h|({z}x f~1(y)) € P(y) for z € T¥ is dense in C(]Ikxffl(g), K) for each
k. The case k = m is similar. We must show that, given k, § > 0, and a map u : I¥ — B(go, «), there
exists a map v : I¥ — B(go, @)\1(y) which is d-close to u in C(I¥ x f~1(y), K). To this end, note that
u generates the function h € C*(I¥ x X, K) defined by h(z,z) = u(z)(x), and o(h(z, ), go()) < a(z)
for any (z,z) € I¥ x X. Since f~!(y) is compact, we can find A € (0,1) for which Asup{a(z) : z €
f~Y(y)} < §/2. Let us define hy € C(IF x f~1(y), K) by hi(z,2) = (1 — A\)h(z,x) + Ago(z). Then, for
every (z,7) € IF x f~!(y), we have

(1) e(h1(z,2),90(x)) < (1 = MNe(z) < (),

(2) Q(hl(z,x),h(z,x)) < )\Oé(.%') < 5/2
Let ¢ < min{r, §/2}, where

r= 11’1f{0(($) - d(hl(zvx)790($)) : (Z,[L‘) € ]Ik X f_l(y)} > 0.

By assumption, there exists a map hy € C(I¥ x f~!(y), K) such that o(ha(z, ), h1(2,2)) < ¢ and
ho|({2z} x f~1(y)) € P(y) for any (z,z) € I¥ x f~1(y). By (1) and (2), for all (z,2) € I¥ x f~(y), we
have

(3) e(ha(z,x), h(z,x)) < & and o(ha(2,x), go(x)) < a(x).

Since both ¥ and f~!(y) are compact, it follows that ug(z)(x) = ha(z,2) defines a map ug : I* —

C(f~1(y), K). The required map v is the lifting of ug. Obviously, the restriction map 7 : B(go, o) —
C(f~Yy), K) defined by 7(g) = g|f~*(y) is continuous.

Claim. The map 7 : B(go, ) — 7(B(go,)) is open.
It is sufficient to show that

m(B(g0, @) N Be(9)) = 7(B(g0, @) N Be(w(g))

for any g € B(go,a) and € > 0, where B.(g) and B.(m(g)) are open balls in C*(X,K) and
C(f~'(y), K), respectively, both with the uniform metric generated by o. Let p € 7(B(go,)) N
B:(m(g)). Then o(p(x), go(z)) < afx) and o(p(z),g(x)) < n < ¢ for any z € f~!(y) and some pos-
itive number 1. Consider the closed-and-convex-valued map ® : X — K defined by ®(z) = p(z) if
z € f~1(y) and

®(2) = Baz) (90(2)) N By(g(x))
if # & f~(y) (recall that By, (go(x)) and By, (g(x)) are open balls in K). Since g € B(go, ), it
follows that ®(z) # () for every 2 € X. Moreover, the continuity of a, g, and gy implies the lower

semicontinuity of ®. Therefore, by Michael’s convex-valued selection theorem, ® admits a selection
g1 € C(X,K). Thus, 7(g1) = p and g1 € B(go,®) N B:(g). Hence

m(B(g0, @) N Be(w(g)) € m(B(go, ) N Be(9));

the reverse inclusion is trivial.
To complete the proof, take z € I¥ and consider the set-valued map ¢, : X — K defined by

0:(z) = ua(=)(x) for @ € [ (y) and
¢=(x) = Ba(z)(g0(x)) N By (u(z)(x))

for x ¢ f~1(y), where u < ¢ is a positive number such that o(ha(z,z),h(z,2)) < p for any (2,z) €
I*¥ x f~1(y) (this is possible because of (3)). Note that the set A,(z) = Ba(x)(go(x)) N By (u(z)(x))
contains u(z)(x) for every x € X. By (3), A,(x) also contains ug(z)(x) when z € f~!(y). Therefore,
¢.(x) # 0 for all z € X, and the map ¢, is lower semicontinuous and convex-valued. Applying the
Michael convex-valued selection theorem, we obtain a map g, € C*(X, K), which is a selection for ¢,.
Now let us lift the map us to a map v : I¥ — B(go, «) such that v is 6-close to u. To this end, we define
0:1F — C*(X,K) by 0(z) = 7 (ua(2)) N Bs(u(z)). We have g, € 0(z) # 0, z € I¥. On the other
hand, since 7 is open 6 is lower semicontinuous [96, Example 1.1* and Proposition 2.5]. Obviously,
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every 6(z) is convex and closed in C*(X, K), which is, in turn, closed and convex in the Banach space
of all bounded continuous functions from X to RP. Applying again the Michael selection theorem [96,
Theorem 3.2"], we obtain a continuous selection v : I¥ — C*(X, K) for §. The map v takes I* to
B(go, ), and v is d-close to u. Moreover, we have 7(v(z)) = uz(z) for any z € I*¥, and the map us(z),
which coincides with the restriction hs|({z} x f~!(y)), belongs to P(y). Hence v(z) € P(y) for z € ¥,

i.e., v(I¥) C B(go,a)\v(y). O

Proposition 2.5 (see [133]). Suppose that Y is a C-space (with dimY < m) and the family
{P(y)}yev satisfies the following conditions:
(a) the set-valued map 1 : Y — C*(X, K) defined by ¥(y) = C*(X, K)\P(y) has a closed graph;
(b) for any y € Y, g € C*(X,K), and a continuous function o : X — (0,00), the set 1(y) N
B(g, ) is a Z-set (respectively, Z,-set) in B(g,a), where B(g, ) is considered as a subspace
of C*(X, K) with the topology of uniform convergence.

Then P(Y) is dense in C*(X, K) with respect to the source limitation topology.

Proof. 1t suffices to show that, for any go € C*(X, K) and a continuous function a : X — (0, 00),
there exists a g € B(go,a) N P(Y). We endow C*(X, K) with the topology of uniform convergence
and consider the constant convex-valued map ¢ : Y — C*(X, K) defined by ¢(y) = B(go, a1), where
a1(z) = min{a(x),1}. Conditions (a) and (b) allow us to apply Theorem 2.1 (respectively, The-
orem 2.2) to obtain a continuous map h : Y — C*(X, K) such that h(y) € ¢(y)\(y) for every
y € Y. Note that h is a map from Y to B(go, 1) and h(y) € P(y) for every y € Y. Thus, setting
g(z) = h(f(z))(x) for x € X, we obtain a bounded map g € B(go, o) such that g|f~(y) = h(y)|f~1(y),

y € Y. Therefore, g € P(y) for ally € Y, i.e., g € B(go,a) N P(Y). O

2.2. Dimensionally restricted maps. Our first application of the results of Sec. 2.1 is a general-
ization of the following theorem due to Pasynkov [109] (announced in 1975) and Torunczyk [127].

Theorem 2.6 (Pasynkov—Torunczyk). Let f : X — Y be a map between finite-dimensional compact
metric spaces. Then the following conditions are equivalent:
(a) dim f <m;
(b) the map f x g: X — Y x I¥ is (n — k)-dimensional for almost every map g : X — I¥, where
k<n;
(c) for every 0 < k < n — 1, there exists a o-compact subset A C X such that dim A < k and
dim f[(X\A) <n—k — 1.

Condition (b) in Theorem 2.6 is a parametric version of Hurewicz’ result [77] that every n-
dimensional compact metrizable space admits a 0-dimensional map to I", and (c) is a parametric
version of the decomposition theorem for covering dimension. Pasynkov [109] asked whether Theo-
rem 2.6 remains true for infinite-dimensional spaces. Theorem 2.10 below shows that this is so for
C-spaces (recall that all finite-dimensional paracompact spaces are C-spaces, but the class of C-spaces
contains also infinite-dimensional spaces). Moreover, an even stronger form of Theorem 2.10 is valid.
Namely, the implication (a)=-(b) holds if f is o-perfect, and (a)=-(c) holds if f is o-closed (see [129,
Theorems 1.3 and 1.4]). For compact X and Y, Theorem 2.10 was proved by Turygin [134].

However, the question whether Theorem 2.6 remains valid without any dimensional restrictions on
Y is open. Significant progress was made by Sternfeld and Levin. In [123], Sternfeld proved that if
f: X — Y is an n-dimensional map between compact metric spaces, then dim(f x g) <1 for almost
all g € C(X,I"); equivalently, there exists a o-compact (n — 1)-dimensional subset A of X such that
dim(f[(X\A4)) < 1. Levin [89] improved Sternfeld’s result as follows.

Theorem 2.7 (see [89]). If f : X — Y is an n-dimensional map between compact metric spaces,
then dim(f x g) < 0 for almost all maps g € C(X,I"*Y), or, equivalently, there exists a o-compact
n-dimensional set A C X such that dim f|(X\A) < 0.

979



Turygin [134] found a relationship between simplicial approximation of maps and the validity of
Theorem 2.6 without dimensional restrictions. Following Uspenskij [135], we say that amap f: X — Y
between compact spaces can be approximated by a k-dimensional simplicial map if, for any open covers
wx and wy of X and Y, respectively, there exists a commutative diagram of the form

x X Kx

f P

)

Y L ,CY
where px is an wx-map, py is an wy-map, and p is a k-dimensional simplicial map between polyhedra
Kx and Ky. Recall that a map g : X — Y is called an w-map with respect to an open cover w of X if
there exists an open cover of Y whose preimage under g refines w. Uspenskij [135] asked whether every
n-dimensional map between metrizable compacta can be approximated by n-dimensional simplicial
maps.

Theorem 2.8 (see [134]). Let f : X — Y be an n-dimensional map between compact metrizable
spaces. Then almost all maps g € C(X,I") satisfy dim(f x g) < 0 if and only if f can be approzimated
by n-dimensional simplicial maps.

The following assertion is a corollary of Theorems 2.7 and 2.8.

Corollary 2.9 (see [134]). Every n-dimensional map between compact metrizable spaces can be ap-
prozimated by (n + 1)-dimensional simplicial maps.

The Pasynkov—Torunczyk theorem has the following generalization.

Theorem 2.10 (see [129]). If f : X — Y is a perfect map between metrizable spaces and Y is a
C'-space, then the following conditions are equivalent:
(a) dim f <m;
(b) for any k < n, the space C(X,T¥) with the source limitation topology contains a dense Gs-subset
of maps g for which f x g: X —Y xI¥ are (n — k)-dimensional;
(c) forany0 <k <n-—1, there exists an F,-set Ay, C X such that dim Ay, < k and dim f|(X\A4g) <
n—k—1.

Proof. (a)=(b) Take A C X and € > 0. We say that A is (n — k, ¢)-discrete if A can be covered by a

finite family v of open subsets of X such that each of these subsets is of diameter <e and any point

of X is contained in at most n — k + 1 elements of . Following the general scheme from Sec. 2, for

any € > 0 and y € Y, we define the set P.(y) set of all maps g € C(X,I¥) such that f~1(y) Ng~'(2)

is (n — k,¢)-discrete for every z € g(f~1(y)). It suffices to show that every P.(Y) is open and dense
[e.e]

in C(X,I¥) with the source limitation topology; indeed, then P = P1/; is a dense set of type G in
i=1

C(X,I¥). Moreover, every fiber of f x g, where g € P, should be at most (n — k)-dimensional.

Lemma 2.11. Ife > 0 and yo € Y, then, for every g € P-(yo), there exists a neighborhood V' of yo
inY and a § > 0 such that h € P.(V) provided that h|f~1(V) is §-close to g|f~*(V).

Proof. Suppose that this is not so for some go € P-(yo) and let {V;};>1 be a local base at yp in Y.

Then, for every i, there exists a map g; € C(X,1¥) and points y; € V; and z; € g;(f~(y;)) such that

gi| f~1(V3) is 1/i-close to go| f~1(V;) but none of the g; ' (z;) N f~1(y:) is (n — k, )-discrete. Since f is
o0

perfect, the set F'= |J f~!(y;) is compact. Hence go(F) is compact as well, and we can assume that
i=0

lim z; = 2o for some 29 € go(f~*(y0)). Since go € P-(yo), it follows that gy (20) N f~(vo) is (n —k, e)-

discrete. Thus, there exists an (n — k,¢)-discrete open set U C X containing go_l(zo) N f~1(yo). The
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closedness of the map f x g allows us to find neighborhoods Vi and Wy of yg and zg, respectively,
for which f='(Vp) N gy (Wo) C U. Now take a neighborhood W of zp in T¥ and n > 0 such that the
distance between W and I¥\W, is > 7. Finally, choose j so that Vi Cc Vo, zj € W,and 1/j <n. We
have

F Yy ngyt(z) C (V)

hence go() is 1/j-close to z; for every x € f~(y;) N g;l(zj). Thus,

F ) ng;(z) € go ' (Wo).
This implies
F N w) gy (=) € (Vo) Ngy (W) € UL
Therefore, f~1(y;) N gj_l(zj) is (n — k, e)-discrete, which contradicts the choice of g;, y;, and z;. O

It follows from Lemmas 2.11 and 2.3 that, for every ¢ > 0, the set P.(Y) is open in C(X,TF)
with the source limitation topology and the set-valued map v. : Y — C(X,I¥) defined by v.(y) =
C(X,T¥)\P.(y) has a closed graph when C(X, I¥) is endowed with the topology of uniform convergence.

Lemma 2.12. For anye >0, m > 1, and y € Y, the set of all maps g € C’(]Im X ffl(y),]lk) such
that g|({z} x f~1(y)) is (n — k)-dimensional for each z € I"™ is dense in C(I™ x f~1(y),I¥).

Proof. Lemma 2.12 is a simple version of a more general result of Pasynkov [109] (see Theorem 2.6(b)).
However, Lemma 2.12 has a relatively easy proof, and there is no need to use Pasynkov’s result, the
proof of which is quite involved.
First, note that it suffices to prove the lemma for k& = n. Indeed, if h € C(I™ x f~'(y),I*) and
n > 0, then we can lift ~ to a map hy : I™ x f~!(y) — I" for which h = p o hy, where p : I" — IF
is the canonical projection. Take g € C(I"™ x f~1(y),I") such that it is 7-close to h1 and 7 x g is
O-dimensional. The map g = po g; is n-close to h, and 7 X g is (n — k)-dimensional. Thus, we assume
that k = n.
According to Lemma 2.13 below, there exists a o-compact set A C I™ x f~!(y) such that dim A <
n — 1 and the restriction of the projection 7 : I"™ x f~!(y) — I"™ to I x f~1(y)\A is O-dimensional.
oo
Now we use an idea of Levin [89, (i) < (ii)]. Consider A = |J A;, where each A; is compact and
i=1
A; C Aj41. By the Hurewicz theorem [77], almost all maps g € C’(Hm x f~H(y), ]I”) are n-to-1 on every
A;. Let g be such a map. Since A; C A;41 for every 14, it follows that g is n-to-1 on A. Take z € 1™
and a € I". Then ({z} x f~*(y)) Ng~*(a) is the union of the sets

{z} < F W) N (g7 @\A), g (a)N A.

Since g~1(a) N A is finite, we have

dim ({2} x f7(y)) Ng~"(a) = dim ({z} x [~} (y))\A < 0.
The last inequality follows from the fact that the restriction of 7 to I™ x f ~1(y)\ A4 is 0-dimensional. [

Lemmas 2.12 and 2.4 imply that, for any ¢ > 0, @ : X — (0,00), and g € C(X,I¥), the set
Ye(y) N B(g,a) is a Z-set in B(g,a), where B(g,a) is considered as a subset of C(X,I¥) with the
topology of uniform convergence. Applying Proposition 2.5, we conclude that, for every € > 0, P.(Y)
is dense in C(X,I¥) with the source limitation topology.

(b)=-(c) Suppose that A,_; is already defined. For k < n— 1, we can find an F,-subset Ay C A,,_1
for which dim Ay < k and dim(A,—1\A4x) < n — k — 2 (we can do this by induction; the first step

consists of representing A,,_; as the union of 0-dimensional Gs-subsets B;, where j =1,2,...,n, and
j=n—1
setting A,—» = |J Bj). Thus, we need only construct A,_;. First, we prove the following analog
=1

of Sternfeld’s lemma [123, Lemma 1], which was proved for compact metrizable spaces.
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Lemma 2.13 (see [129]). Suppose that M is metrizable and K is a compact metric space with
dim K < n. Then there exists an F,-set B C M X K such that dim B < n —1 and mp|(M x K)\B is
0-dimensional, where wp : M x K — M 1is the projection.

Proof. As in [123], the proof reduces to the case of n = 1 and K = [0,1]. Thus, let us prove the
existence of a 0-dimensional F,-set B in M x I such that any set ({y} x I)\B, where y € M, is 0-
dimensional. Suppose that Z is a 0-dimensional metrizable space and h : Z — M is a perfect surjection.
According to [110, Proposition 9.1], there exists a map g : Z — @ such that h x g: Z — M x Q is a
closed embedding, where ) denotes the Hilbert cube. Next, let D be the Cantor set; take a surjection
p: D — @ admitting an averaging operator between the function spaces C(D) and C(Q) [111] (such
maps are called Milyutin maps). According to [33], there exists a lower semicontinuous compact-valued
map ¢ : Q — D with ¢(y) C p~1(y) for every y € Q. Applying Michael’s 0-dimensional selection
theorem [98], we obtain a continuous selection ¢ for the map ¢ o g. Obviously, h x ¢ : Z — M x D
is a closed embedding; thus, Zy = (h x q)(Z) is a 0-dimensional closed subset of M x D. Finally,
considering D as a subset of I, we set Z, = {(h(z2),q(z)+71): 2z € Z} C M x 1 for every rational r € I,
where the sum ¢(z) + r is taken in R modulo 1. Each Z, is a closed subset of M x I homeomorphic
to Z; therefore, B = |J{Z, : r is rational} is O-dimensional, and F, in M x I. Moreover, ({y} x [)\B
is O-dimensional for every y € M. O

Now we are ready to complete the proof of (b)=-(c). Take g : X — I" such that f xg: X — Y xI"
is O-dimensional. By Lemma 2.13, there exists an F,-set B C Y x " for which dim B < n—1 and every
({y} xI")\ B with y € Y is 0-dimensional. The set A, 1 = (f x g)~*(B) has type F, in X. Since f x g
is perfect, it follows from the generalized Hurewicz theorem on closed maps lowering dimension [119]
that dim 4,1 <n — 1 and dim(f~!(y)\A,_1) <0 for every y € Y.

(c)=(a) The existence of an F,-set A,_1 C X such that dim 4,,_1 <n —1 and dim f|(X\A4,-1) <
0 implies that every f~!(y) with y € Y is the union of f~!(y) N A,_1 and f~'(y)\A,_1. Since
dim f~1(y) N A1 <n—1 and dim f~(y)\A4,_1 <0, it follows that dim f~1(y) < n. O

As an application of Theorem 2.10, we obtain a parametric version of the following Bogatyi’s

decomposition theorem for metrizable spaces [6]: For every metrizable n-dimensional space M, there
i=n+1
exist countably many O-dimensional Gs-subsets My C M such that M = J My, for all pairwise
i=1

distinct k(1),...,k(n+1) in N.

Proposition 2.14 (see [129]). Let f : X — Y be a closed n-dimensional surjection from a metrizable
space X onto a metrizable C-space Y. Then there exists a sequence {Ay} of Gs-subsets of X such

that every restriction f|Ay is 0-dimensional and X = |J Ay for any P C N of cardinality n + 1.
keP

Proof. Following the proof of [129, Theorem 1.3], we take closed sets X; C X with ¢ > 0 and a
map g : X — I" such that f|Xy is perfect, X\ Xy = |J X;, dim(f x ¢g) = 0, and each g¢|X; with
i>1
i > 1 is uniformly O-dimensional. According to Bogatyi’s theorem, there exists a sequence of 0-
dimensional Gs-subsets By, C I' such that I is the union of any n + 1 elements of this sequence.
Let A, = (f x g)~Y(Y x By) for k € N. The only nontrivial condition we need to check is that each
restriction f|Ay is O-dimensional, i.e., dim f~!(y) N Ay < 0 for all y € Y and k > 1. Given y and
k, we have f~'(y) N A, = U g; *(By), where g; denotes the restriction g|(f~'(y) N X;). Since every
i>0

g; 1 (By) is closed in f~!(y) N Ay, it suffices to show that the sets g; ' (By) with i > 0 are O-dimensional.
For i = 0, this follows from the Hurewicz dimension-lowering theorem [76], because g is a perfect 0-
dimensional map. For ¢ > 1, it suffices to note that g|X; is uniformly 0-dimensional and the preimage
of any O-dimensional set under a uniformly 0-dimensional map is again 0-dimensional. U
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2.3. Mappings lowering the dimension of fibers of finite-dimensional maps. In this section,
we consider yet another application of Theorem 2.10 and the results of Sec. 2.1. Answering a question
of R. Pol, Uspenskij [136] proved the following theorem: Let f : X — Y be a light map (i.e.,
every fiber f~!(y) is 0-dimensional) between compact spaces, and let A be the set of all functions
g: X — I =1]0,1] such that g(f~!(y)) is O-dimensional for all y € Y. Then A is a dense Gs-subset
of the function space C'(X,I), provided that Y is a C-space (the case of countable-dimensional Y was
proved earlier by Torunczyk). We extend this result as follows.

Theorem 2.15 (see [130]). Let f: X — Y be a o-perfect surjection such that dim f <n andY is a
paracompact C-space. Suppose that

P={geC(X, 1" :dimg(f(y)) <n for eachy € Y}.
Then P is a dense G-set in C(X, 1" 1) with respect to the source limitation topology.

Proof. All function spaces in this proof, unless otherwise specified, are endowed with the source limi-
tation topology. Recall that f is said to be o-perfect if there exists a sequence {X;} of closed subsets
of X such that every restriction f|X; is perfect and the sets f(X;) are closed in Y.

First, let us reduce the proof of Theorem 2.15 to the case where f is perfect. Take a sequence {X;}
of closed subsets of X such that every map f; = f|X; : X; — Y; = f(X;) is perfect and every ¥; C Y
is closed. Consider the maps 7; : C'(X,I""!) — C(X;,1""!) defined by 7(g) = g|X; and the sets

P; = {g € C(X;, ") : dim g(f; ' (y)) < n for each y € Y;}.

If Theorem 2.15 holds for perfect maps, then every P; is a dense Gs-set in C(X;, ["*1); hence so are
the sets 7r;1(73i) in C(X,1""1), because the maps ; are open and surjective. Finally, note that P is
the intersection of all 7; *(7;), which completes the proof, because C'(X,1"*!) has the Baire property.
Thus, we can assume that f is perfect.

We can also assume that f is O-dimensional. Indeed, if dim f < n, then, by Theorem 2.10, we have
dim(f x g) < 0 for almost all maps g € C(X,I"). For any such g € C(X,I"), almost all functions
h € C(X,I) have the property dim h(f~'(y) Ng='(2)) < 0 for any (y,z) € Y x I". The last inequality
implies that, for every y € Y, the projection map p, : (¢ x h)(f~(y)) — g(f~1(y)) defined by
Dy (g(z), h(z)) = g(z) for z € f~1(y) is O-dimensional. Obviously, p, is perfect, and dim g(f~'(y)) <n
implies dim(g x h)(f~*(y)) < n by the Hurewicz dimension-lowering theorem. Therefore, we can
assume that f is a perfect 0-dimensional map.

For every open set V in I and every y € Y, let Py (y) be the set of all g € C(X,I) such that V is
not contained in g(f~1(y)). For H C Y, we also let Py (H) be the intersection of all Py (y) for y € H.
Uspenskij’s argument from [136] implies that it suffices to show that every set Py (Y) is dense and
open in C'(X,I). Indeed, choose a countable base B in I. Since a subset of I is at most 0-dimensional
if and only if it does not contain any V' € B, it follows that P is the intersection of all Py (Y) over
V € B. Since C(X,I) has the Baire property, P is a dense Gg-set in C'(X,I).

Lemma 2.16. Suppose that yo € Y and V € B. Then, for every g € Py(yo), there erxists a neigh-
borhood W of yo in' Y and a § > 0 such that h € Py (W) provided that h|f~*(W) is 6-close to

glft(w).

Proof. 1f g € Py (yo), then there exists a 29 € V\g(f1(y0)). Let § be a positive number such that 2§
is smaller than the distance between zg and g(f~!(y)). Since f is perfect, yo has a neighborhood W
in Y such that |g(z) — 20| > 6 for all z € f=Y(W). Therefore, zo & h(f~1(W)) for every h € C(X,1)
such that h|f~1(W) is d-close to g|f~1 (W), and any such h belongs to Py (W). O

Lemma 2.17 (see [130]). For anyy € Y and m > 1, the set of all maps g € C(I"™ x f~1(y),1) such
that dim g({z} x f~(y)) < 0 for every z € I'™ is dense in C(I™ x f~1(y),I).
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Proof. Since f~! is O-dimensional, the set C(y) of all h € C(f~*(y),R) such that h(f~1(y)) is finite
is dense in C(f~!(y),R). Hence, by the Stone-Weierstrass theorem, all polynomials in elements of
the family v = {t-h : t € C(I"™,R),h € C(y)} form a dense subset K of C(I"™ x f~1(y),R). Fix a
retraction 7 : R — I and consider the map u, : C(I™ x f~!(y),R) — C(I™ x f~(y),I) defined by
u,(h) = r o h. The set u,(K) is dense in C(I"™ x f~(y),I). The observation that g({z} x f~1(y)) is
finite for every g € u,(K) and z € I"™ completes the proof. O

Lemmas 2.16 and 2.17, together with the results of Sec. 2.1, imply that Py (Y') is dense and open
in C(X,I) for every V' € B. This completes the proof of Theorem 2.15. O

Corollary 2.18 (see [130]). If X, Y, and f satisfy the conditions of Theorem 2.15 and
n+1<m < w, then there exists a dense Ggs-set Py, in C(X,I™) with the source limitation topol-
ogy such that dim g(f~1(y)) < n for every g € P and y € Y.

Proof. As in the proof of Theorem 2.15, we can assume that f is perfect. First, consider the case
where m is an integer > n + 1. Let exp,,; be the family of all subsets of A = {1,2,...,m} having
cardinality precisely n+1, and let 75 : I'™ — I” denote the corresponding projections for B € exp,, 41
It can be shown that
C(X,T™) = C(X,IP) x C(X,T"\B);
thus, each projection pp : C(X,I™) — C(X,17) is open. By Theorem 2.15, every set
Pp ={g € C(X,I%) : dimg(f(y)) < n for all y € Y}

is dense and has type G in C(X,17); hence so is the set pgl (Pp) in C(X,I™). Consequently, the
intersection P,, of all Pp with B € exp,,,; is dense as well, and G5 in C(X,I™). Moreover, if g € P,
and y € Y, then dim7p(g9(f~(y))) < n for any B € exp, ;. According to a result of Nébeling [63,
Problem 1.8.C], these inequalities imply dim g(f~!(y))) < n.

Now suppose that m = w. Let exps,;; denote the family of all finite sets B C w of cardinality
|B] > n+ 1. We use the above notation; for any B € exps,,1, 7 : @ = ¥ — IZ and pg :
C(X,Q) — C(X,IP) denote the corresponding projections. The intersection P, of all pgl (Pp) is a
dense Gs-set in C(X,Q). We must only show that dim g(f~'(y)) < n for any g € P, and y € Y.
Take an increasing sequence {B(k)} in exp,; which covers w and consider the inverse sequence

S = {mpuy(9(f W), w1}, where m ™t wpi (9(f 7 (1) — @ (9(f ' () are the natural
projections. Obviously, g(f~*(y)) is the limit space of S. Moreover, g € P,, implies TBk) © 9 € Ppx)
for any k; thus, all 75 (9(f~*(y))) are at most n-dimensional. Hence dim g(f~*(y)) < n. O

2.4. Regularly branched maps. In this section, we present a parametric version of Hurewicz’s
theorem [77] on regularly branched maps. Recall that a map g : X — Z is said to be regularly
branched (this term was introduced by Dranishnikov, Repovs, and Séepin in [47]) if dim B, (g) <
n-dimX — (n —1)-dim Z for any n > 1, where B, (g) denotes the set {z € Z : |[¢g7'(2)| > n}. We
extend the notion of regularly branched maps as follows: A map g : X — Z is said to be regularly
branched with respect to a fixed map f: X — Y (briefly, f-regularly branched) if

dim B, (f x g) <n- (dim f +dimY) — (n — 1) - (dim Z 4+ dimY)

for every n > 1.
Obviously, if f is a constant map (and Y is a point), the notions of f-regularly branched and
regularly branched maps coincide.

Hurewicz Theorem. Suppose that X is a finite-dimensional compact metrizable space and p > 1.
Then the set of all reqularly branched maps g : X — RP contains a dense Ggs-subset of the space
C(X,RP).

First, let us prove a noncompact version of a result by Levin and Lewis [93, Proposition 4.4]. Note
that, for separable metrizable spaces, Proposition 2.19 follows from [127, Lemma 2].
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Proposition 2.19 (see [133]). Suppose that f : X — Y is a perfect 0-dimensional map between
metrizable spaces and dimY < m. Then C(X,I) with the source limitation topology contains a dense
Ggs-subset of maps g such that each fiber of f X g contains at most m + 1 points.

Proof. Take amap 0 : X — @ for which fx6: X — Y x (@ is an embedding (such a 6 exists according
to [110, 131]), where @ is the Hilbert cube. Let {W;};en be a countable base of open sets in @), and
let A be the collection of the closures of §~!(W};) in X for i > 1. There are countably many families
I' = {41, As,..., A2} consisting of m + 2 disjoint elements of A. For any such I' and y € Y, let
Pr(y) denote the set of all g € C(X,1) such that every g~ *(2) N (f~'(y), where z € I, meets at most
m+1 elements of I'. As in Sec. 2, for H C Y, we set Pr(H) = N{Pr(y) : y € H}. Since the intersection
of all Pr(Y) consists of maps g such that every fiber of f x g contains at most m + 1 points, it suffices
to show that any Pp(Y) is open and dense in C'(X, ) with respect to the source limitation topology.

Lemma 2.20 (see [133]). IfT' = {G1,...,Gpi2} and y € Y, then, for every g € Pr(y) there exists
a neighborhood V of y in'Y and a 6 > 0 such that h € Pr(V) provided that h|f~*(V) is §-close to

glf (V).

Proof. Suppose this is not true for some go € Pr(y) and let {V;};>1 be a local base at y in Y. Then,
for every i, there exist functions g; € C(X,I) and points y; € V; and z; € I such that g;|f~1(V;) is
1/i-close to go| f~1 (Vi) but g; *(2:) N £~ (y;) meets all of the <m + 2 elements of I'. Since f is closed,
we can assume that U; = f~4(V;) C g5 '(W;), where the U; and W; are the 1/i neighborhoods of
f~Yy) and go(f~*(y)) in X and I, respectively, and z; € W;. Passing to subsequences, we can also
assume that lim z; = 29 € go(f*(y)). Then gy '(20) N f~'(y) intersects at most m + 1 elements of T,
say, the first m + 1 elements. Take points a; € g; *(2;) N £~ (y;) and b; € f~'(y) such that a; € Gpig
and dist(a;,b;) < 1/i for all i. Again, we can assume that limb; = by for some by € f~!(y). Then
lima; = by € gy (20) N f~4(y), and by & Gyny2. This implies a; & G2 for almost all 4, which
contradicts the choice of the points a;. O

Lemma 2.21. For any I’ and y € Y, the set of all functions g € C(I"™ x f~(y)) such that g|({z} x
fHw)) € Pr(y) for every z € I™ is dense in C'(I™ x f~(y)).

Proof. According to [93, Proposition 4.4], every h € C (Hm x f _l(y)) can be approximated by functions
g € C(I"™ x f~*(y)) such that every g~ *(t) N ({2} x f~!(y)), where z € I and ¢ € I, contains at most
m + 1 points. This implies g|({z} x f~(y)) € Pr(y) for each z € I". O

Combining the last two lemmas and the results of Sec. 2.1, we see that every Pr(Y) is dense
and open in C(X,I) with respect to the source limitation topology. This completes the proof of
Proposition 2.19. O

The following theorem is a parametrization of Hurewicz’s result.

Theorem 2.22 (see [133]). Suppose that f : X — Y is a o-perfect map between finite-dimensional
metrizable spaces and p > 1. Then the space C*(X,RP) with the source limitation topology contains a
dense Gg-set ‘H consisting of f-reqularly branched maps.

Proof. First, let show that the proof of Theorem 2.22 can be reduced to the case of perfect f. Suppose
that X is the union of an increasing sequence of its closed subsets X; such that every restriction
fi = f|X; is perfect and every Y; = f(X;) C Y is closed. Then, applying Theorem 2.22 to any
map f; : X; — Y; and using the observation that the maps m; : C*(X,RP) — C*(X;,RP) defined by
mi(g) = g|X; are surjective and open, we conclude that there exists a dense Gs-set G C C*(X,RP)
consisting of maps g such that ¢g; = g|X; is fi-regularly branched for every i. Take g € G and n > 1.
For any i, the set B, (fi X gi) is of type F, in (f; x ¢;)(X;) (see [63]) and (f; x ¢;)(X;) C Y x RP is
closed (recall that each Y; C Y is closed and the map f; x ¢; : X; — Y; x RP is perfect). Thus, all of
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the sets B, (f; X g;) are of type F, in Y x RP. Moreover,
dim By, (fi xgi) <n- (dimfi—i—dimY;) —(n—l)-(p—i—dimY;) <n- (dimf+dimY) —(n—1)~(p+dimY).

Therefore,

dimUBn(fi x gi) <n-(dimf+dimY)—(n—1)- (p+dimY).
i=1

On the other hand,
Bo(f x g) € | Bulfi x 9i).

=1
Consequently,
dim By,(f x g) <n- (dim f +dimY) — (n — 1) - (p+ dimY")
for any g € G and n > 1. Hence G consists of f-regularly branched maps. Thus, we can assume that
f is perfect. Moreover, we can also assume that p > dim f, because, by definition, every g € C'(X,RP)
is f-regularly branched if p < dim f.

Finally, by Theorem 2.10(b), the map f can be assumed to be 0-dimensional. Thus, below, we
assume that f is a perfect O-dimensional map, p > 1, and dimY = m. Let [ = I(m,p) = [m/p] + 1,
where [m/p] denotes the integer part of m/p.

Let us show that f x ¢ is at most I-to-1 for almost all maps g € C*(X,RP) by induction on p. For
p = 1, this follows from Proposition 2.19. Suppose that p > 1 and let m = (I — 1)p+ ¢ for 0 <t < p.
We have Y = Y] U Y5, where Y; is an F,-subset of Y with dimY; <m—-I=(I—-1)(p—1)+t—1 and
dim Y, <1 — 1. Suppose also that g = g1 x g2 : X — RP™! x R. Since [(m —1)/(p — 1)] + 1 = [, the
induction hypothesis implies that g; can be approximated by a map g} : X — RP~! such that f x g is
at most I-to-1 on f~1(Y}). Let B denote the union of all fibers of f x g} containing more than [ points.
Then B has type F,, in X and is disjoint from f~!(Y7); hence f(B) C Y. By the induction hypothesis,
g2 can be approximated by a map g3 : X — R such that f x g4 is at most I-to-1 on f~!(f(B)). Thus,
g is approximated by the map g* = g] x g5, and f X ¢g* is at most [-to-1. This implies that the maps
g € C*(X,RP) such that f x g is at most I-to-1 form a dense subset of C*(X,RP). To complete the
induction construction, we must show that this set is of type G in C*(X,RP). To this end, following
the proof of Proposition 2.19, we take a map 6 : X — @) such that f x0: X — Y x @Q is an embedding
and a countable base {W;};en of open sets in Q. Consider the collection A of all closures of §~1(W;)
in X for i > 1. There are countably many families I' = {A;, Ay, ..., Aj11} consisting of [ + 1 disjoint
elements of A; for any such I' and y € Y, let Pr(y) denote the set of all ¢ € C*(X,RP) such that
every g~ 1(2) N f~1(y) with z € R meets at most [ elements of I'. As in the proof of Proposition 2.19,
it can be shown that any set Pr(Y) = N{Pr(y) : y € Y} is open in C*(X,RP). Therefore, the maps
g € C*(X,RP) for which f x g is at most [-to-1 form a Gs-set in C*(X,RP), being the intersection of
all Pr(Y).

Now we can complete the proof of Theorem 2.22. Let Y; C Y, where 0 < i < m, be F,-subsets of
Y such that Yo C Y1 C -+ C Yy, dimY; < i, and dimY\Y; < m — i — 1. The above considerations
imply that C*(X,RP) contains a dense Gg-subset G of maps g such that f X g is at most [(7, p)-to-1 on
f7H(Y;) for every 0 < i < m. Moreover, by Theorem 2.15, we can additionally assume that g(f~1(y)) is
0-dimensional for all y € Y and all g € G. It remains to show that every g € G is f-regularly branched.
Take g € Gand n > 1 and let 1y : Y x R? — Y be the projection onto Y. Since B, (f X g) is an F,-set
in (f x g)(X) and 7y |(f x ¢)(X) is a perfect map, it follows that my (B, (f x g)) is an Fy-set in Y.
Moreover, since each g(f~!(y)) is O-dimensional, it follows that dim B, (f x g) is at most the dimension
of my (Bn(f x g)). On the other hand, if (f x g)~*(y, z) contains >n points, then y ¢ Yp(n—1)—1- Hence
Ty (Bn(f X g)) is contained in Y'\Y},(,,_1)—1. Consequently, dim my (Bn(f X g)) < m—(n—1)p, whence
dim By, (f x g) <m —(n—1)p. Since n(dim f +dimY) — (n —1)(p+dimY) = m — (n — 1)p, the last
inequality shows that ¢ is regularly f-branched. O
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Corollary 2.23 (see [133]). Suppose that k, p, m, and n are integers such that k+m+1 < (p—k)n.
Then, for any o-perfect map f: X — Y withdim f < k and dimY < m, the space C*(X,RP) contains
a dense Gg-set consisting of maps g such that |(f x g)~1(2)| < n for every z €Y x RP.

Corollary 2.23 follows directly from Theorem 2.22. Indeed, if the conditions of this corollary hold
and g € C*(X,RP) is f-regularly branched, then

dim Bp11(f x g) < (n+1)(k+m) —n(p+m) < —1.

Thus, f x g is <n-to-one for all f-regularly branched maps. Theorem 2.22 has also the following
corollary (actually, it follows from Corollary 2.23), which was proved in [132]; it provides positive
solutions to two conjectures of Bogatyi, Fedorchuk, and van Mill [9].

Corollary 2.24 (see [132]). Suppose that f : X — Y is a o-perfect map with dim f < k and dimY <
m. Then, for any p > 1, C*(X,RPT*) contains a dense Gs-set consisting of maps g such that |(f x
)" H2)| <max{k+m —p+2,1} forall z € Y x RP.

For p > 2k+m+1, Corollary 2.23 (as well as Corollary 2.24) implies the existence of a dense G-set
G in C*(X,RP) with the source limitation topology such that f x g is one-to-one for every g € G.
Therefore, all maps f x g, where g € GG, are embeddings provided that f is perfect. We obtain the
parametric version of the Nobeling—Pontryagin embedding theorem which was proved in [109, 110,
131].

The first version of [133] contained the question whether the set H in Theorem 2.22 can consist of
maps g such that

dimB,(f x g) <n-dmX — (n—1) - (p+ dimY)

for every n > 1. The referee of [133] and S. A. Bogatyi independently gave a negative answer. The
example suggested by Bogatyi is as follows. Let T be a compact metrizable space such that it cannot
be embedded in R?™ with m > 2 and dim7T < m. Consider the disjoint sum X = 1" & T and the
map f : X — I"™ defined by f(z) = x for x € I and f(z) = xp € I" for x € T. The existence of
amap g : X — R™2 with the above property would imply that ¢ is an embedding of T into R™*2,
which cannot exist, because m + 2 < 2m.

In this connection, we mention the following result of Torunczyk, which is not covered by Theo-
rem 2.22.

Theorem 2.25 (see [128]). Suppose that f : X — Y is a map of finite-dimensional compact metriz-
able spaces X andY such that dim f = k and dim X = n. Then there exists a map g € C(X,RPTF+1)
for which f x g is an embedding.

Note that, according to [5, Corollary 11], for any m, there exists a polyhedron X with dim X =m
such that every map g € C(X,R™*1) has a fiber containing at least m + 1 points. Therefore, the
inequality in the definition of a regularly branched map

dim By, (f x g) <n- (dim f + dimY) — (n — 1) - (dim Z + dim Y")

cannot be improved.

3. Roberts-Type Embeddings and Conversion of the Tverberg Transversal Theorem

This section contains some generalizations of theorems due to Roberts [116], Boltyanskii [12], and
Berkowitz and Roy [3]. The results are taken from the joint paper [10] of Bogatyi and the second
author.

Throughout this section, IT¥ € R™ denotes a k-plane in R™ (not necessarily coordinate). We write
I ¢ TI7 if It and II7 are two coordinate planes, ¢t < T, and IT? is a linear subspace of II7 .
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3.1. Conversion of the Tverberg transversal theorem. Our first goal in this section is to
prove Theorem 3.1 below, which is a converse of the transversal Tverberg theorem and implies the
Berkowitz—Roy theorem [3, 68]. The first part of Theorem 3.1 for t = 0,7 =m, and d—t+ 1 < g was
stated as a conjecture in [7, Conjecture 2] and [11, Conjecture 4.2].

Recall that a real number v is said to algebraically depend on real numbers uq, ..., u if v satisfies
the equation pg(u) + p1(u)v + - - - + pyp(u)v™ = 0, where po(u), ..., pp(u) are polynomials in wug, ..., ug
with rational coefficients not all equal to 0. A finite set of real numbers is algebraically independent
if none of these numbers algebraically depends on the others.

Theorem 3.1 (see [10]). Suppose that A;j, where i =1,2,...,q and j = 1,2,...,n; + 1, are points
in R™ such that the set of their coordinates is algebraically independent, 0 <t < d < T < m, and 1%
is a d-plane in R™ parallel to some coordinate planes II' C TIT C R™. If either d —t +1 < q and
ni+ng+---+n+1<(m—d)(g—1)—(T'—d)(d—t) org<d—t+1landni+np+---+ny+1<
(m — T)(q — 1), then there exists an i € {1,2,...,q} such that % does not intersect the linear hull
H(MZ) Of the set Mz = {Ai71, e 7Ai7ni+1}'

Proof. Suppose that II1? intersects the linear hull II(M;) of each set M; and let Y; € II¢ N II(M;) for
i=1,...,q. It is sufficient to show that, under this assumption, we have either nq +no+---+n,+1 >
(m—d)(g—1)— T —-d)(d—-t) if¢g>d—t+1)orni+ne+---+ng+1>(m-"T)(q—-1) (if
1 <qg<d-—t+1). For this purpose, we need the following proposition (see [3, 69]), which follows
from the properties of algebraically independent sets.

Proposition 3.2 (see [3, 69]). Suppose that A C R is an algebraically independent set and B C R is
a set such that every element of A algebraically depends on B. Then the cardinality of A does not
exceed that of B.

We can assume that IT* and II” are determined by the first ¢+ and T coordinates, respectively. Let
7 be the projection of R™ onto the space R” ! determined by the last m — t coordinates. Then
9=t = 7(119) is a (d — t)-plane in R™~ parallel to the coordinate plane II7~* = 7(II7). Moreover,
the set of coordinates of all points B; ; = m(A; ;) are algebraically independent (because it consists of
some coordinates of A; ;). Therefore, we can reduce the proof to the case of ¢t = 0 by considering the
space R™~! determined by the last m — ¢ coordinates and the projections B; ;, w(I1%), and m(II7) onto
this space.

Since Y; € TI(M;), there exist numbers {)\”};”:J{l such that X\j1 +--- 4+ Aip,41 =1 and

(4)

n;+1 ng n;
Yi= Z NijAig = Z AijAij+ (11— Z Aij) Ainit1
Jj=1 j=1 j=1

foralli=1,...,q.

For each 7, at least one of the numbers {\; ; };Lgl, say A; 1, is different from zero (we can even suppose
that all \; ; are nonzero; otherwise, we reduce the sets M; by removing the corresponding point A; ;).
Therefore, by (4), A;1 can be represented as a linear combination of the points A; o, ..., Ajn,+1, Y.
This gives n; additional numbers A; 1,..., Ain,-

As a result, we express all coordinates of the points A; ; (where i =1,...,gand j =1,...,n;+1)
in terms of the coordinates of the points A; ; (wherei=1,...,gand j =2,...,n;+1) and Y1,...,Y,
and the numbers \; ; (wherei=1,...,¢gand j =1,...,n;).

I. Suppose that ¢ < d+1. Since II? is parallel to II7, the plane Y; +II7 contains all points Ya, . . ., Y,.
Thus, we have

(5)1

T

Y;:Yl—i—Zai,jej, 1=2,...,q,
j=1
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where e; denotes the jth unit coordinate vector.

Therefore, each coordinate of any point A; ; (where i =1,...,¢gand j =1,...,n; + 1) algebraically
depends on the set of all coordinates of the points Y; and A; ; (wherei=1,...,gand j =2,...,n;+1)
and the numbers \; ; (where ¢ = 1,...,g and j = 1,...,n;) and o;; (where i = 2,...,q and j =
1,...,7).

Hence, by Proposition 3.2, we have gm < m+nj +---+ny+T'(¢ — 1). It follows that

(6)r m+---+ng=(m—T)(qg—1).

Note that (6); does not change when m, d, and T are replaced by m — ¢, d —t, and T —t, respectively.
Therefore, (6); remains true for any ¢ with 0 < ¢ < d.

II. Suppose that ¢ > d + 1. All points Y1, ..., Y, belong to 1%; hence there are d + 1 of them, say

Yi1,...,Y441, such that each Y; with j = d+2,...,q is their linear combination. Note that such d + 1

points exist even if the linear hull of Y7, ..., Y is of dimension <d. Therefore,
d d
Y; = BiYi+ (1= Bji)Var,
i=1 i=1

where j =d+2,...,q, for some numbers {§;;} withi=1,...,dand j=d+2,...,q.

It follows that equalities (5)r hold for i = 2,...,d+ 1. Thus, each coordinate of any point A; ; with
i=1,...,qand j = 1,...,n; + 1 algebraically depends on the set of all coordinates of the points Y;
and A; j withi=1,...,gand j = 2,...,n;+1 and the numbers \; ; withi =1,...,gand j =1,...,n,,
Bji with j =d+2,...,gandi=1,...,d,and o; j withi=2,...,d+1and j=1,...,T.

According to Proposition 3.2, we have gm < m+n; +---+nqy+ (¢ —d—1)d+Td, or, equivalently,
ni+---+ng > (m—d)(qg—1)— (T —d)d. Replacing m, d, and T in the last inequality by m —t, d —t,
and T — t, respectively, we obtain

(6)11 ny+ - +ng > (m—d)(g—1)— (T —d)(d—1).
The inequalities (6); and (6)rr imply the required assertion. O

Corollary 3.3 (see [10]). Suppose that K is a finite simplicial complex, 6 : K — R™ is a semilinear
map, and € > 0. Then there exists a semilinear map g : K — R™ such that d(g(v),0(v)) < & for each
vertex v of K and, for any integers n, d, t, and T such that 0 <t <d<m-n—-1andd<T <m
and any d-plane TI* C R™ parallel to some coordinate planes II* C TIT C R™, the number q of pairwise
disjoint simplexes of K of dimension <n whose images under g intersect II¢ satisfies the inequalities

q < d1—t4+ @D e p > (m—n—T)(d—t)) and g < 14+ —— (ifn < (m—n—T)(d—t)).

m—n—d m—

Proof. The following argument is due to Roberts [116]. Let {r;} be an algebraically independent
infinite set (an infinite set is said to be algebraically independent if every finite subset of this set is
algebraically independent). We set R; = {q+7; : ¢ € Q}, where @ is the set of rational numbers. Then
each R; is dense in R, and all of the R; are pairwise disjoint. Moreover, any finite set M containing
at most one point from each R;, where i = 1,2,..., is algebraically independent.

Consider the vertices v; of K and the algebraically independent sets R; mentioned above. For each
i, choose a point A; = (A;(1),..., Ai(m)) € R™ such that dist (6(v;), A;) < € and Ai(s) € Ri—1)mts-
The set {A;(k)} of all coordinates of the points A; is algebraically independent. We define a map
g : K — R™ by setting g(v;) = A; and extend it by linearity over every simplex of K. Obviously,
g(vi,) # g(vi,) for iy # ia. Moreover, the restriction of g to any n-simplex of K is one-to-one. Let
1% be a d-plane in R™ parallel to some coordinate planes IT* C II”7, and let g be the number of
disjoint at most n-dimensional simplexes o; = (v;; : j=1,...,n;+1) in K whose images g(o;) =
(Aij:j=1,...,n;+1) under g meet I1%. Let show that

n+ (n+T—m)(d—t)

g< N =d+1—-t+
m-—n-—d

ifn>(m-n—-"T)>d-1).
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Suppose that ¢ > d + 1 —t. Since II? intersects all images g(o;) C H({Ai’j i =1,...,n; + 1})
for i = 1,...,¢q, it follows from Theorem 3.1 that ny +---+ny > (m —d)(¢ — 1) — (T — d)(d — 1).
Consequently,

(7) ng = (m—d)(g—1) — (T' = d)(d - t),
because n; < n for each i. Inequality (7) is equivalent to the required inequality ¢ < Nj.

If g < d+1—t, then ¢ < Ny, because the assumption n > (m—n—T)(d—t) implies d+1—t < Nj.

Now let us show that n

qSNQ—l—I-m_n_T
form < (m—n—-T)(d—1t).

Suppose that ¢ < d —t 4+ 1. Then, by Theorem 3.1, we have ny + --- +ny > (m —T)(q — 1).
Therefore,

(8) ng = (m—T)(q—1),
which is equivalent to ¢ < Ns.

Finally, suppose that ¢ > d — ¢t + 1. We have already proved that ¢ < Nj. On the other hand, the
assumption n < (m —n — T)(d — t) implies d — ¢t + 1 > Nj. Therefore, ¢ = d —t + 1 = Ny, whence
n=m-n—T)d—t). Thus,qg=d—t+1= Ny = Ns. O

The idea of employing algebraically independent sets to prove general position theorems, such as
Corollary 3.3, was first suggested by Roberts [116]. This idea was also applied by Berkowitz and Roy
in [3], where they stated a version of Corollary 3.3 for t = 0 and 7' = m. A proof of the Berkowitz—Roy
theorem was given by Goodsell in [69, Theorem A.1] (see also [68] for yet another application of the
Berkowitz—Roy theorem).

3.2. A Roberts-type embedding theorem. Roberts proved in [116, Theorem 1.2] that if X is
a compact metrizable space of dimension <n and n 4+ 1 < d < 2n + 1, then C(X,R?"*!) with the
topology of uniform convergence contains a dense Gs-subset consisting of maps g such that dim g(X)N
% < d —n — 1 for every d-plane II* ¢ R***1. Using this result and the Hurewicz theorem about
metrizable compactifications preserving dimension, Roberts derived the existence of such embeddings
for separable metrizable spaces of dimension <n. In this section, we obtain a generalization of Roberts’
result; the latter follows from Corollary 3.8 below and the Nobeling—Pontryagin embedding theorem.

Theorem 3.4 (see [10]). Let f : X — Y be a perfect map between paracompact spaces such that
dimf < n and dimY = 0. Then, for every m > n+ 1, C*(X,R™) contains a dense Gg-set H
consisting of maps g such that dimg(f~'(y)) N1? < n+d —m for anyy € Y and any d-plane
% c R™ withm —n <d<m.

Proof. First, we prove Theorem 3.4 in the special case of d = m —n. Take spaces X and Y and a map
f satisfying the conditions of the theorem. In this section, unless otherwise specified, ¢ denotes the
Euclidean metric on R™; an e-disjoint set in R™ is a set which can be covered by a disjoint family of
open sets of diameter < ¢ in R™. We say that a set A C R™ is of type (d,¢) if II? N A is e-disjoint for
every d-plane II1¢ in R™.

Let H.-(y), where y € Y and € > 0, denote the set of maps g € C*(X,R™) such that g(f~'(y)) is of
type (m —n,e). Following the general scheme from Sec. 2, we set

He(B) = [{He(y) 1y € B}

for every B C Y. Since C*(X,R™) with the source limitation topology has the Baire property, it
suffices to show that each of the sets H-(Y) is open and dense in C*(X,R"™). Indeed, if this is so, then

H=)Hi)
k=1
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is a dense Gs-set in C*(X,R™). Moreover, if g € H and y € Y, then g(f~!(y)) NII is at most
0O-dimensional for every (n — m)-plane II C R™.

Lemma 3.5. Suppose that A C X is a compact set, € > 0, and the set go(A) is of type (d,€) for some
go € C*(X,R™) and d. Then there exists a neighborhood U of A in X and a number 6 > 0 such that
g(U) is of type (d,e) provided that g € C*(X,R™) and g|U is §-close to go|U.

Proof. Assume the opposite. For every ¢ > 1, take a neighborhood U; of A such that U; C go_l(Wi),
where W; is the 1/i-neighborhood of go(A). There exists a g; € C*(X,R™) and a d-plane Hld such that
9i|U; is 1/i-close to go|U; but ¢;(U;) N Hg is not e-disjoint. Choose points z; € g;(U;) N H? and z; € U;
such that p(gi(x;),2) < 1/i for i > 1. Obviously, K = {2}, U go(A) is a compact set intersecting
each H?. Hence, there exists a subsequence of {H?}f; converging to a d-plane Hg. We assume that
{T1¢}22, itself converges to TId.

Let V be an open subset of R™ containing go(A) NIIg and being the union of a finite disjoint open
family in R™ whose elements are of diameter < e. Since each g¢;(U;) N H? is not e-disjoint, there exist
points a; € U; and b; € ¢;(U;) N Hg such that V' does not contain the set {g;(a;),b;};2,;. We can
also require that Q(bi, gi(ai)) < 1/i for all 4. This implies the existence of a point b € go(A) and a
subsequence of {b;} converging to b. Without loss of generality, we can assume that lim b; = b. Then
b € TId, because {I1¢} converges to II¢. Hence b € go(A) NI C V. Consequently, b; € V for some 1,
which contradicts the choice of b;. O

Corollary 3.6. Suppose that go € He(yo) for some yo € Y and € > 0. Then there exists a neighbor-
hood V of yo in'Y and a number 6 > 0 such that g € Ho(V) for every g € C*(X,R™) with g|f~*(V)
§-close to go|f~1(V).

Proof. Applying Lemma 3.5 to f~1(yo), we obtain 6 > 0 and a neighborhood U of f~1(yo) such that
g(U) is of type (m — n,e) provided that g € C*(X,R™) and g|U is d-close to go|U. Since f is closed,
we can find a neighborhood V of yy in Y for which f~1(V) C U. Obviously, V is as required. O

Corollary 3.6 combined with Lemma 2.3 implies that H.(Y") is open in C*(X,R™) for each ¢ > 0,
and the set-valued map . : Y — C*(X,R™) defined by 1:(y) = He(y) has a closed graph when
C*(X,R™) is endowed with the topology of uniform convergence.

Let us show that H.(Y') is dense in C*(X,R™). For any space M and any € > 0, let C,, .)(M,R™)
denote the set of all g € C*(M,R™) such that g(M) is of type (m —n,¢e) for n <m — 1.

Lemma 3.7. Suppose that M is an n-dimensional compact space and m > n+1. Then C(, o) (M,R™)
is dense in C(M,R™) for any e > 0.

Proof. Take g9 € C(M,R™) and § > 0. Representing gy as the composition of two maps ¢; : M — Z
and g2 : Z — R™, where Z is a compact metrizable space of dimension <n, and considering Z and g9
instead of M and gg, we reduce the proof to the case where M is a compact metrizable space. Take a
positive number 7 satisfying the conditions

(9) 51 < /2 and 9n(r + 1) < e, where r = n(m + 1 —n).

Since dim M < n, a standard procedure yields a finite n-dimensional complex K and maps h : M —
K and 0 : K — R™ such that 6 o h is §/2-close to gg. Moreover, we can assume that

(10) diam(6(c)) < n for every simplex o € K.

It is sufficient to find a map g : K — R™ 4/2-close to ¢ for which goh € C, . (M,R™). To this
end, we apply Corollary 3.3 (with d = m —n, t =0, T = m, € = 7, and n replaced by n — 1) to
obtain a semilinear map g : K — R™ such that o(g(v),0(v)) < n for all vertexes v of K and, for
each (m — n)-plane II C R™, the number ¢ of disjoint at most (n — 1)-dimensional simplexes of K
whose images under g intersect II is at most » = n(m + 1 —n). We can choose g so that, in addition,
g(vi) # g(v;) for any different vertices v; and v; of K.
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Let v; and v; be two vertices of the same simplex A € K. Then, according to (10) and the choice
of g, we have

o(9(vi), 9(v;)) < e(g(vi),0(vi)) + 0(0(vi),  0(vy)) + 2(0(v5), 9(v;)) < 3n.
Consequently,
(11) g(A) is of diameter <37 for any simplex A € K.

Condition (11) implies g(g(y), O(y)) < bn for all y € K. Hence, by (9), g and 0 are ¢/2-close to each
other.

It remains to show that goh € C, (M, R™), or, equivalently, g(K) is of type (m —n,¢). For this
purpose, we use an idea of [116, proof of 2.3, p. 568]. Take an (m — n)-plane IT C R™. It suffices to
prove that each component of g(K) NIl is of diameter <9(r + 1)1, because, by (6), 9(r + 1)n < e.
Suppose that o(a,b) > 9(r+1)n for some component P of g(K)NII and some points a,b € P. Consider
an arc ab in P. According to (11), every subarc of ab of diameter > 37 must contain at least one
point of the boundary of a simplex from g(K); hence it must contain a point of a simplex from g(K)
of dimension <n — 1. Take points a; € ab, where i = 1,...,r + 1, such that

3(3t —2)n < o(a,a;) <3(3i—1)n

for i = 1,...,r + 1 and each a; belongs to a simplex g(o;) € ¢g(K) with o; of dimension <n — 1.
We have g(aj, aj) > 6n for ¢ # j; according to (11), this implies g(o;) N g(o;) = 0. Thus, we have
obtained r + 1 disjoint simplexes o; € K, where i = 1,...,r + 1, of dimension at most n — 1 whose
images under g meet II. This is a contradiction, because, according to the choice of g, K contains at
most n(m —n+ 1) = r pairwise disjoint at most (n — 1)-dimensional simplexes whose images under g
intersect II. O

It can be shown that H.(Y) is dense in C*(X,R™). We have dimY < 0; thus, by Lemma 2.4, it
suffices to prove that each C(I° x f~1(y),R™), where y € Y, contains a dense set consisting of maps
g such that g({z} x f~'(y)) is of type (m — n,¢) for each z € I (here I” is the O-cube). This follows
from Lemma 3.7. The application of Proposition 2.5 completes the proof of Theorem 3.4 in the case
ofd=m —n.

Consider the general case. Let us show that every g € H is as required, i.e., any set A = g(f~1(y))N
1, where y € Y and 11 ¢ R™ is a d-plane with m —n + 1 < d < m, is at most (n +d — m)-
dimensional. Take some (m — n)-plane II"~" C II¢ and consider the orthogonal projection p of 1%
onto the (n + d — m)-plane II"*4=™ C TI¢ being the orthogonal complement of II"~" in I1¢. The
compact set B = p(g(f_l(y)) N Hd) C II"t4=™ is of dimension <n + d — m. Obviously, any fiber
of the map p|a : A — B is the intersection of g(f~!(y)) and some (m — n)-plane. Thus, by the
choice of g, p|4 has zero-dimensional fibers. Therefore, by the Hurewicz dimension-lowering theorem,
dimA<dimB<n+d-—m. ]

Corollary 3.8 (see [10]). Suppose that X is a normal space with dim X = n and m > n+ 1. Then
C*(X,R™) with the topology of uniform convergence contains a dense Gs-set H consisting of maps g
such that g(X)NII% is at most (n-+d—m)-dimensional for every d-plane IIY C R™ with m—n < d < m.

Proof. Considering the Cech-Stone compactification 3X of X and the function space C(5X,R™)
instead of X and C*(X,R™), respectively, we can assume that X is compact. Then, we take a
constant map on X for f and apply Theorem 3.4. U

3.3. Generalized Boltyanskii-type theorems. In this section, we generalize some results of
Boltyanskii [12]. For example, a special case of Theorem 3.9 (with compact X, one-point Y, ¢t = 0,
and T' = m) implies the Boltyanskii theorem about k-regular maps [12, Theorem 1], and Theorem 3.13
with compact X, one-point Y, and r = 0 gives another result of Boltyanskii [12, Theorem 4].
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Theorem 3.4 does not apply to d < m —n — 1. However, the following theorem shows that, in this
case, an even stronger assertion is valid; namely, we can find a residual subset of C*(X,R™) consisting
of maps g such that g(f~*(y)) NI is finite for any y € Y and any d-plane in R™.

Theorem 3.9 (see [10]). Suppose that f : X — Y is a perfect map between metrizable spaces, dim f <
n, and dimY < 0. Then C*(X,R™) contains a dense Gs-set IC consisting of maps g such that, for any
integers d, t, and T satisfying the inequalities 0 <t < d <T <m andd < m—n—1 and any d-plane
¢ ¢ R™ parallel to some coordinate planes It ¢ TIT € R™, any set f~(y) N g~ (1) with y € Y

n+(n;T;T¢)z(d_t) ifn=(m—n-T)(d-t)

contains at most q points, where g =d+ 1 —t +

and g =1+ S L— otherwise.
m—n-—"1T
Proof. 1t is sufficient to show that, for any integers d, ¢, and T satisfying the inequalities 0 < ¢ <
d<T <mandd<m-n-—1and any coordinate planes IT* C TI” in R™, C*(X,R™) contains
a dense Gj-set consisting of maps g such that f~'(y) N g~ (II¢) contains at most ¢ points for every
y € Y and every d-plane IIY C R™ parallel to IT! € TI”, where ¢ is the integer part of Ny =
d+1—t+" +ntT-mid-1) ifn > (m—n—T)(d—t) and of Ny = 14— otherwise. Thus,
m—n—d m—n-—"1T

take integers n, d, t, and T satisfying the above inequalities and coordinate planes IT* C II” C R™,
Note that ¢ cannot be smaller than 1 and let P be the set of all d-planes in R™ parallel to IT* ¢ TI7.
We say that a subset A of an arbitrary metric space M is of cotype (q,€,g), where ¢ > 0 and
g € C*(M,R™), if, for any II¢ € P, the set AN g~ (II%) can be covered by at most ¢ disjoint
open subsets of M of diameter <e. Let K.(y), where y € Y and € > 0, denote the set of all maps
g € C*(X,R™) such that f~1(y) is of cotype (¢,&,9). By K<(H), where H C Y, we denote the
intersection of all KC.(y) over y € H. We have reduced the proof to showing that any K.(Y), where
e > 0, is open and dense in C*(X,R™).

Lemma 3.10. Let A be a compact subset of X of cotype (q,¢€, go) for some go € C*(X,R™) and e > 0.
Then there exists a neighborhood U of A in X and a § > 0 such that U is of cotype (q,€,g) for every
g € C*(X,R™) with g|U §-close to go|U.

Proof. Suppose that the lemma is false. For every ¢ > 1, take a 1/i-neighborhood U; of A such
that go(U;) is contained in the 1/i-neighborhood of go(A) in R™. There exists a g; € C*(X,R™)
and a d-plane II¢ € P such that ¢;|U; is 1/i-close to go|U; but 9; 1(H§l) N U; is not covered by any
family of <q¢ open disjoint sets in X with diameters <e. As in the proof of Lemma 3.5, passing to
subsequences, we can assume that {H?}f; converges to a d-plane Hg. All H;-i are from P (i.e., parallel
to IT* C TI7); hence so is II3. Therefore, A N gy *(TI{) is covered by a disjoint family {V;} of <q open
sets in X with diameters <e. Take points z; € g; '(IT9) NU;\V and y; € A such that dist(z;,y;) < 1/i

for i = 1,2,..., where V = [JV;. We can assume that the sequence z; converges to some zy € A
(recall that A is compact). Then {g;(z;)} converges to go(zo) and go(wo) € go(A) NTIZ. Therefore,
zo € AN gy (ITd) € V. Thus, z; € V for almost all 4, which contradicts the assumption. O

Lemma 3.10 implies that, if go € Kc(yo) for some yp € Y and € > 0, then there exists a neighborhood
V of yo in Y and a § > 0 such that g € K.(V) for every g € C*(X,R™) with g|f~1(V) é-close to
golf~1(V). Hence, by Lemma 2.3, K.(Y) is open in C*(X,R™) for each £ > 0, and the corresponding
set-valued map 1. : Y — C*(X,R™) has a closed graph when C*(X,R™) is endowed with the topology
of uniform convergence.

Lemma 3.11. Let M be a metrizable at most n-dimensional compact space. Then the set Ko(M,R™)
of all g € C(M,R™) such that g~ *(II%) contains at most q points for every II% € P is dense in
C(M,R™).
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Proof. Let 2 be the collection of all disjoint families {V1,Va,...,V 41} of ¢ + 1 elements such that
each V; belongs to a fixed base for M. We set

Cr = {g € C(M,R™) : g~ (IT%)meets at most q elements of I" for every I1¢ € P}

for I' € Q.
Obviously, € is countable and Ko(M,R™) is the intersection of all sets Cr over I" € Q. Thus, we
must show that each Cr is dense and open in C(M,R™).

Claim 1. Every Cr is open in C'(M,R™).

Take I' € Q and g9 € Cr. Suppose that, for every i, there exists a g; ¢ Cr such that g; is 1/i-close
to go. Then we can find Hg € P such that g, 1(H§l) meets every element of I'. As in Lemma 3.5,
we can assume that the sequence {II¢} converges to some IT§ € P. Then g; ' (ITd) intersects at most
q elements of I, say, the first ¢ elements. For every 4, choose a point z; € g, 1(H?) N Vq+1. Since
M is compact, we can assume that the sequence {x;} converges to some zg € V1. Thus, {g;(z:)}
converges to go(zo) € I, and zq € gy ' (TI¢) N V441, which contradicts the assumption.

Claim 2. Ewvery Cr is dense in C(M,R™).

Suppose that I' = {V,Va,...,V4i1}, go € Cr, and § > 0. There exists an open cover w of M
with mesh(w) < r/3, where r = min{dist(V;,V;) : i # j}, and a semilinear map h : L — R™ such
that g = h o7 is d-close to gg. Here L is the polyhedron underlying the nerve of w and 7 : M — L
is the canonical map. According to Corollary 3.3, we can assume that, for any II¢ € P, the number
of pairwise-disjoint at most n-dimensional simplexes o € L with h(c) NTI? # @ does not exceed q.
We can also assume that w is of order at most n + 1, so that L is at most n-dimensional. If there
exists a plane IT* € P for which g~!(IT*) intersects every V;, choose x; € g~ }(II*) N V; and let w; be

the family of all elements of w containing the point x;. Then each family w;, where ¢ = 1,...,q+ 1,
generates a simplex o; € L of dimension <n such that h(z;) € h(o;) NII* and 0; No; = O for i # j.
This contradicts the choice of h. ]

Lemma 3.11 implies that each C(I° x f~1(y),R™), where y € Y, contains a dense set of maps g
such that g|({z} x f~*(y)) belongs to K.(y) for every z € I°. Hence, by the results of Sec. 2.1, K.(Y')
is dense in C*(X,R™). O

Theorem 3.9 with one-point Y, m =n+2,d=1,t =0, and T' = r implies the following assertion.

Corollary 3.12. Let X be a compact metrizable space with dim X < n. Then C(X,R"2) contains a
dense Gg-set consisting of maps g such that, for any positive integer r < n+2 and any line II' ¢ R*+2
parallel to some coordinate plane I1I" in R"*2, the preimage g~ (II') contains at most n +r points.

Theorem 3.9, together with [142, Theorem 5.1], implies the following interesting fact: If X is an
n-dimensional compact metrizable space, n > 3, and m > 2n + 1, then almost every embedding of X
in R™ is tame.

Theorem 3.13 below is an infinite-dimensional version of Theorem 3.9. As mentioned above, for
compact X and one-point Y, Theorem 3.13 was proved by Boltyanskii [12, Theorem 4] under the
additional assumption that r = 0.

Theorem 3.13 (see [10]). Let f : X — Y be a perfect map from a metrizable space X to a metrizable
C-space Y. For any integers d and r, let P(d,r) denote the family of all d-planes TI% C Iy parallel to
some coordinate plane II" C ly. Then C*(X,l2) contains a dense Gs-subset consisting of maps g such
that, for any y € Y and 1% € P(d,r), the intersection f~1(y) N g~ (T1%) contains at most d +1 —r
points if r < d and at most one point if r > d.
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Proof. Given integers d and r, let Q be the set of all d-planes parallel to the r-plane of first r coordinates
in l3. As in Theorem 3.9, we introduce the notion of a (g, ¢, g)-cotype subset of a metric space M by
considering the planes II¢ € Q and taking ¢ = d+ 1 —r if d > r and ¢ = 1 otherwise. For y € Y
and € > 0, let F.(y) denote the set of all maps g € C*(X,Il3) such that f~1(y) is of cotype (q,¢,g).
It suffices to show that each F.(Y) = [(\{F:(y) : y € Y} is open and dense in C*(X,l3). Following
the scheme of the proof of Theorem 3.9, we can show that all F.(Y") are open in C*(X,l2) and that
Lemma 3.14 below implies the density of F.(Y).

Lemma 3.14. Let M be a compact metrizable space, and let € > 0. Then the set F.(M,l2) of all
g € C(M,ly) such that M 1is of cotype (q,¢€,g) is dense in C(M,ls).

Proof. Take go € C(M,l2) and A > 0. There exist maps ¢ : M — K and h : K — Il such that K is a
finite complex and h o ¢ is A\/2-close to gg. We can assume that each fiber of ¢ has diameter <e. For
every A C N, we identify R4 with the subspace

{y€ly:y;=0foralli¢ A}

of 15 and denote the canonical projection 74 : lo — RA by m4. Let dim K = n. Take any finite set
A C N satisfying the following conditions:

(i) {1,...,7} C 4

(ii) |A| >r+d+2n+n-|d—r|+ 1, where |A| is the cardinality of A.

Since every projection 74 is open, it follows that the map Ay : C(K,lp) — C(K,R4) defined by
A4(g) = ma 0 g is open as well.

First, suppose that r < d. If T = m, then (m —n —T)(d —r) = —n(d — r) < 0, whence
n > (m—n—"T)(d—r). Therefore, by Theorem 3.9 with m =T = |A| and t = r, there exists a dense
n+n(d—r)

Al —n—d
points for every d-plane II1¢ C R4 parallel to the 7-plane of first  coordinates in R4. Since |A| >
r+d+2n-+n-(d—r)+1, it follows that any preimage g~ (II%), where g € F4, contains at most 14-d—r
points. The set A;l (fA) is dense and has type Gy in C(K,l3). Hence there exists a g € Agl (fA)
which is A/2-close to h. The map § = g o ¢ is A-close to go. It remains to show that g € F.(M,ls).
To this end, take II¢ € Q. Since Hff‘ = m4(I%) is a d-plane in R* parallel to the r-plane of first =
coordinates in R4, it follows that the preimage ¢~ ! (7T21<Hfl4)) contains <1 4 d — r points. Formally,
the plane H‘Zl may have dimension <d, but in this case, the estimation on the cardinality of preimage
is even better. The inclusion ITI% C w;l(HdA) implies that ¢~!(II%) contains <1 + d — 7 points. Hence
(9)~1(9) = ¢! (g71(I1%)) consists of <1+ d — r fibers of ¢. Since any fiber of ¢ has diameter <e,
it follows that g € F.(M,l2).

Suppose that d < r. We again apply Theorem 3.9 to A but with |A] = m, ¢t = 0, and T = r.
Obviously, in this case, we have (m —n — T)(d — t) > n. Hence there exists a dense Gg-set F4 in
C(K,R4) consisting of maps ¢ such that g~ '(II%) contains at most one point for every d-plane in R4
parallel to the r-plane of first r coordinates in R?. As above, we take g € Azl (.7-' A) which is \/2-close
to h and show that § = go ¢ € F.(M,ls). O

Gs-set Fa in C(K,R4) consisting of maps g such that g~ (II?%) contains at most 14d—7+

This completes the proof of Theorem 3.13. O

3.4. Problems and possible improvements. In this section, we discuss some possible improve-
ments of the results obtained in Secs. 3.1-3.3.

Conjecture 1 (see [10]). Let f: X — Y be a map of finite-dimensional compact metrizable spaces.
Then, C(X,R™) contains a dense Gs-set consisting of maps ¢ such that, for any integers d, t, and
T satisfying the inequalities 0 <t < d < T < m and dim f +d+ 1 < m and any d-plane TI¢ C R™
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parallel to some coordinate planes II* C TIT in R™, each set f~'(y) N~ (I1%) with y € Y contains at
most

1+ dimY +dim f + (T — d)(d — t)
m—dim f —d
points.
Obviously, Theorem 3.9 implies that Conjecture 1 is true for O-dimensional Y.

Conjecture 2 (see [10]). Let f : X — Y be a map of finite-dimensional compact spaces. Then
C(X,R™) contains a dense Gs-set consisting of maps ¢ such that

dim(ap(ffl(y)) ﬁHd) <dmf+d-m
for any d-plane TI* ¢ R™ with m —dim f <d <m and any y € Y.

Theorem 3.4 implies that Conjecture 2 is true for 0-dimensional Y. As in Theorem 3.4, it suffices
to prove Conjecture 2 in the special case of d = m — dim f. Conjecture 2 is also true when dim f =0
by Uspenskij’s theorem about light maps [136] (see also Theorem 2.15).

Suppose that f: X — Y, ¢ € C(X,R™), and ¢, d, and T are integers satisfying the inequalities
0 <t<d<T<mandd-—t+1 < q. Consider the set B;d’t,T(np) consisting of all points
(Y, y1,---,Yq) €Y x (R™)4 satisfying the following condition: there exist points z1,...,z, € f~(y)
such that z; # x; for i # j, y; = ¢(z;), and all y; with ¢ = 1,..., ¢ belong to a d-plane in R™ parallel
to some coordinates planes II*  TIT c R™.

Conjecture 3 (see [10]). Let f : X — Y be a map of finite-dimensional compact metrizable spaces.
Then C(X,R™) contains a dense Gs-set H consisting of maps ¢ such that

dim B! ;. 7(¢) < dimY +dim f + (T — d)(d — t) — (¢ — 1)(m — dim f — d)
for any integers d, t, T, and q satisfying the inequalities 0 <t < d < T <m,d—-t+1 < q, and
dimf+d+1<m.

If the right-hand side of the inequality from Conjecture 3 is <—1, then the set B;i di,T(gp) is empty.
Conditions under which B(J; a+.7(®) is empty are considered in Conjecture 1. If d = 0, then the set

Bg7o7o,T(90) does not depend on T'. In this case, it is homeomorphic to the set

Bl(p) ={(y,2) €Y xR™: [f M (y) N o' ()| = g}
For d = 0 and one-point Y, Conjecture 3 coincides with the Hurewicz theorem on regularly branched
maps. By Theorem 2.22, the inequality from Conjecture 3 holds for d = 0 and all ¢ > 1 if and only
if ¢ is an f-regularly branched map. Note that for d > 1, the conjecture is open even in the case of
one-point Y.

For maps f; : X; — R™, where i = 1,...,¢, and integers 0 <t < d < T < m, let Bas7r(f1,..., fq)
be the set of all points (y1,...,94) € (R™)? such that the points y; = f(x;), where i = 1,..., ¢, belong
to a d-plane in R™ parallel to some coordinate planes II' ¢ II”. By Cy;r(f1,. .., f;) we denote the
set

{(.%’1,... ,.’L‘q) € X1 X -+ X Xq : (f(xl), . ,f(.l'q)) € Bd,t,T(flw . .,fq)}.

Conjecture 4 (see [10]). Suppose that numbers ny,...,ng,m,d,t, T satisfy the inequalities
0<t<d<T<m,0<ng, ..., 0<ng, m+1+d<m, ..., ng+1+d<m, d—t+1<gq,
and

n+-+ng > (m—d)(g—1)— (T —d)(d—1).
Then there exists an € > 0 and maps f; : A™ — R™, where i = 1,...,q, such that the set
Bai1(91,---,9q) is nonempty for any maps g; : A™ — R™ e-close to f; fori=1,...,q.
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In the simplest case of ¢ = 1, n1 = 0, no = m, and d = 0, Conjecture 4 coincides with Alexandroff’s
theorem that the identity map of the ball is essential. For d = 0, Conjecture 4 is also true (see, e.g., [5,
Corollary 3] and [13, Lemma 6.3, p. 65]). For d = ¢ —1,t =0, and T = m, Conjecture 4 was proved
by Boltyanskii [12, Lemma 9] (this is the main ingredient in his proof that m > nk + n + k if the set
of k-regular maps from X to R™ is dense in C(X,R™) for some n-dimensional polyhedron X).

Conjecture 5 (see [10]). Suppose that numbers ny,...,nqg, m, d, t, and T satisfy the inequalities
0<t<d<T<m,0<ng, ..., 0<ng, m+1+d<m, ..., ng+1+d<m, d-t+1<gq.
Then there exists an € > 0 and maps f; : A™ — R™, wherei=1,...,q, such that

dim Carr(g15---59¢) 2+ +ng—(m—d)(g—1)+ (T —d)(d—1)
for any maps g; : A™ — R™ e-close to f; fori=1,...,q.

For d = 0, Conjecture 5 was proved in [5, Corollary 3].
We conclude this section with the following problem, where A,IY denotes the m-skeleton of the
N-simplex AN,

Problem 6 (see [10]). Find all integers n, m, q, d, t, and T satisfying the inequalities
0<t<d<T<m, n+l4+d<m, d—t+1<q,

and
n>m-n—d)(¢qg—1)— (T —d)(d—1) (n,m,q,d,t,T)

and the following condition: there exists a number N such that, for any map f : AN — R™ there exist
pairwise disjoint simplices o1, ...,04 C Ag whose images under f meet a d-plane II* C R™ parallel
to some coordinate planes IIt C TI7.

Note that, if numbers n, m, q, d, t, and T satisfying the conditions of the problem exist, then
Theorem 3.9 cannot be improved not only at the level of a dense set of maps but also at the level of
the existence of one map with small preimages, even in the class of polyhedra. Most of the results on
the existence of a number N mentioned in the problem were obtained for d = 0; they were obtained
by van Kampen and Flores [66, 79] (for ¢ = 2 and N = 2n + 2); Sarkaria [118] (for prime ¢ and
N = gn + 2q — 2); Volovikov [137] (for prime power ¢ and N = gn + 2¢ — 2); and Bogatyi [5,
Corollary 11] (for ¢ = n+1 and N < 2n%+5n). Another result of Bogatyi [11] provides such an N for
d=q—1,t=0, and T = m, where ¢ is odd. Zivaljevi¢ [146] proved an embedding theorem for the
graph Kg g into R3, which implies a positive solution of the problem forn =1, m =3,t =0, T = 3,
q=4,and N =11.

Ford=q—1,q=2,t=0, and T = m, there exists no number N satisfying the condition in the
problem (see [12]).

The above problem can be formulated differently: Given a family of integers n, q, d, t, and T, find
the largest number m for which a number N satisfying the above condition exists. Then the problem
of determining the smallest number N arises. In this case, the description of minimal subpolyhedra
in Aﬁ’ is more complicated. For n = 1, d = 0, and m = 2, the Kuratowski graphs K5 and K33 are
minimal subpolyhedra.

The above problem is related to conjectures about different forms of the Tverberg theorem [8,
146]. Tt is also well known that k-regular maps are closely related to interpolation and approximation
problems. For this reason, it is important to find applications of the maps described by Theorem 3.9
and Theorem 3.13 to interpolation and approximation problems.
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4. Theorems on Dimension-Lowering and Dimension-Raising Maps

This section collects some generalizations of the Hurewicz dimension-lowering and dimension-raising
theorems to extension dimension. The “dimensional scale” corresponding to the extension dimension
is much finer than the usual integer-valued one and allows us to discover new properties of spaces.
Moreover, a variety of known facts can be considered from a more general point of view.

The Hurewicz dimension-lowering theorem states that if f : X — Y is a closed map, then dim X <
dim f + dim Y, where dim f = sup{dim f~'(y) : y € Y}. It was first proved by Hurewicz [76] for
compact metrizable spaces. This theorem was extended to separable metrizable spaces by Hurewicz
and Wallman [78] and to metrizable spaces by Morita [100] and Nagami [101]. Sklyarenko [119] proved
it for paracompact spaces (see also Filippov [64, 65] and Pasynkov [107, 108] for other generalizations
of the dimension-lowering theorem).

One of the first extensional generalizations of the Hurewicz theorem was obtained by Dranishnikov
and Uspenskij in [49].

Theorem 4.1 (see [49]). If f : X — Y is a 0-dimensional map between compact spaces, then
e-dim X < e-dimY.

Theorem 4.1 combined with Theorem 2.10 gives yet another generalization of the Hurewicz formula:
If dim f <n, X and Y are compact metrizable spaces, and Y is a C-space, then e-dim X < e-dim(Y" x
).

Extensional versions of the dimension-lowering theorem for compact spaces were also obtained by
Levin and Lewis [93].

Theorem 4.2 (see [48, 93] for finite-dimensional Y'). Let f : X — Y be a map of compact metrizable
spaces such that X is finite-dimensional and Y is full-valued, and let K be a CW-complex such that
e-dim(f~Y(y) x Y) < K for everyy € Y. Then e-dim X < K.

Theorem 4.3 (see [93]). Suppose that f : X — Y is a map of compact metrizable spaces, X is finite-
dimensional, K and L are CW-complexes, K is countable, e-dim f < K, and e-dimY < L. Then
e-dim X < K A L.

Recall that a compact space Y is said to be dimensionally full-valued if dimg Y = dimz Y for any
Abelian group G, where dimg Y is the cohomological dimension of Y with respect to the group G
and Z is the additive group of integers. If Y is finite-dimensional, then Y is full-valued if and only if
dimg Y = dimY for any group G. Moreover, the inequality e-dim f < K for a map f : X — Y means
that e-dim f~!(y) < K for any y € Y. In particular, dimg f denotes max{dimg f~*(y) : y € Y} for
any Abelian group G.

Theorem 4.3 is a parametric version of the Dranishnikov-Dydak theorem [44] that e-dim(X xY') <
K A L for finite-dimensional compact metrizable spaces X and Y with e-dim X < K and e-dimY < L.

Dimension-lowering type theorems for cohomological dimension were proved by Kuz'minov [88] and
Dranishnikov [41].

Theorem 4.4 (see [41]). Let f : X — Y be a map between finite-dimensional compact metrizable
spaces. Then the following assertions are valid:

(a) dimg X < dim f + dimg Y for any Abelian group G

(b) dimg X < dimg f +dimY for any Abelian group G;

(¢) dimg X < dimg f + dimg Y for any principal ideal domain G with unit;

(d) dimg X <dimg f +dimgY + 1 for any Abelian group G.

In comparison with the case of compact spaces, extensional dimension-lowering type theorems for
noncompact spaces are more complicated. First, not all CW-complexes are absolute neighborhood
extensors even for the class of paracompact spaces. This suggests various modifications of the definition
of extension dimension for noncompact spaces. One of the possible approaches is to define extension
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dimension for the class of CW-spaces introduced by Dranishnikov and Dydak [40]. This class consists
of all spaces X such that every contractible CW-complex is an AE(X), or, equivalently, every CW-
complex is an ANFE(X). Another approach was developed by Chigogidze in [25, 27]. The third
approach (see Kuz’'minov [88] and Rubin [117]) is as follows: for any CW-complex K, we consider the
class a(K) of spaces X such that any map from a closed set A C X to K can be extended to the entire
X, provided that it can be extended to some neighborhood of A in X. Dydak [57] also suggested an
approach based on absolute extensors up to homotopy.

The most general extensional version of the dimension-lowering theorem is the following result due
to Brodskii and Chigogidze [15] (a special case of this theorem, where dimY < m and Z = I'", was
proved earlier in [31]).

Theorem 4.5 (see [15]). Let f : X — Y be a closed map from a k-space X onto a paracompact
C-space Y. Suppose that M € AE(Y) for a quasi-finite CW-complex M and L is a CW-complex such
that L € ANE(Z x X) and L € AE(f~Y(y) x Z) for any point y € Y and any compact space Z with
e-dimZ < M. Then L € AE(X).

Theorem 4.5 was proved for finite complexes M, but the proof works also for quasi-finite complexes.
Recall that a complex M is quasi-finite [81, 82] if every finite subcomplex K of M is contained in a
finite subcomplex P such that any map g : A — K, where A is a closed subset of a normal space Z
with M € AE(Z), can be extended to a continuous map g : Z — P (see also Secs. 5.5 and 7 in this

paper).

Corollary 4.6 (see [15]). Suppose that f : X — Y is a map of finite-dimensional compact spaces and
e-dimY < M for a finite CW-complex M. If e-dim(f~'(y) x Y) < L for some CW-complex L and
any point y € Y, then e<dim X < L.

We complete the discussion of the dimension-lowering theorem with the following open problem.

Problem 4.1. Suppose that f : X — Y is a perfect surjective map between metrizable spaces such
that dimY x f~Y(y) <n for ally € Y. Is it true that dim X < n?

The dimension-raising map theorem asserts that if f : X — Y is a closed map and there exists an
integer k such that | f~!(y)| < k+1 for every y € Y, then dim Y < dim X +. For separable metrizable
spaces, it was proved by Hurewicz [76] and extended by Morita [99] to arbitrary metrizable spaces.
Zarelua [144] generalized this theorem to normal spaces (see also Filippov [65] for an elementary proof
of the same theorem). Another generalizations of the dimension-raising map theorem were obtained
by Keesling [85], Skordev [120, 121], and Filippov [64].

Zarelua’s proof of the dimension-raising theorem for paracompact spaces is based on cohomological
methods. He proved in [144] that if f : X — Y is a closed map between paracompact spaces and each
fiber f~1(y) contains at most k + 1 points, then dimy Y < dimy X + k, where L is any commutative
ring with unit. The result of Zarelua was generalized by Skordev [122] as follows.

Theorem 4.7 (see [122]). Suppose that f : X — Y is a closed map between paracompact spaces
and each fiber f~(y) has at most k + 1 components. If max{d, + n : n > 0} < m — 1, then
dimz Y < max(m,dimy X) + k for any module L over a commutative ring with unit, where

dp = max{dim F : F is closed in Y and F C M,}, M, ={yeY :dimy f~'(y) > n}.

An extensional version of the dimension-raising map theorem was obtained by Dranishnikov and
Uspenskij [49].

Theorem 4.8 (see [49]). If f: X — Y is a surjective map between compact metric spaces and k is
an integer such that |f~1(y)| <k +1 for every y € Y, then e-dimY < e-dim(X x IF).

It is easy to show that the Levin-Rubin-Shapiro extensional dimension factorization theorem [94]
and the Séepin spectral theorem imply Theorem 4.8 for all compact (not necessarily metrizable) spaces.
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5. Universal Spaces

The problem of the existence of a universal object plays a central role in many fields of mathematics.
In topology, a universal object is defined as follows. Let C be a class of topological spaces with certain
properties. A space U is said to be universal for C if U € C and any space X from C can be embedded
inU.

In classical dimension theory, the properties defining the class C usually refer to Lebesgue dimension.
In cohomological and, more generally, extension dimension theory, conditions are imposed on the
cohomological (extension) dimension of spaces. Dimensional conditions may be supplemented by
other topological properties. For instance, we can consider compact spaces of given weight, separable
metrizable spaces, or compact metrizable spaces. Universal spaces were considered in many classical
papers on dimension theory, including [4, 95, 102, 103, 106, 113, 143].

In this section, we assume that all spaces are separable and metrizable, unless otherwise specified.

5.1. Universal spaces in extension dimension theory. One of the most famous unsolved prob-
lems related to universal spaces in dimension theory is as follows.

Problem 5.1 (see [138]). Does there exist a universal compact metric space of given integral coho-
mological dimension?

In this problem, C is the class of all compact metrizable spaces X with dimz X < n. For extension
dimension, it can be generalized as follows.

Problem 5.2. Let Cr, denote the class of all compact metrizable spaces X such that e-dim X < [L],
where L is a countable locally finite complex. Characterize all complexes L for which Cr, contains a
universal space.

Indeed, for L we can take the Eilenberg—MacLane complex K (Z,n). In what follows, we refer to a
universal object for the class Cr, as an [L]-universal compactum.

Problem 5.2 has partial solutions. First of all, results of Chigogidze [27, Theorem 2.5] and Dydak [54]
imply that a universal compactum exists in the case where L is finite or, more generally, finitely
dominated. A standard way of obtaining such a universal compactum is to construct an [L]-invertible
map f: X; — [ where X is a compact metric space with e-dim X < [L] (in fact, e-dim X = [L],
because Xy, is universal).

Definition 5.1 (see [27]). A map f : X — Y is said to be [L]|-invertible if, for any space Z with
e-dim Z < [L] and any map g : Z — Y, there exists a map h: Z — X such that foh=g.

Note that the [L]-invertibility of L and the universality of I“ for all compact metrizable spaces
guarantees the [L]-universality of X;. In turn, the map f can be obtained as a limit projection of a
certain L-resolvable inverse sequence. We recall the definition below.

Definition 5.2 (see [45]). An inverse sequence {X,,p*1} of compact metrizable spaces is said to be
L-resolvable if, for any n, any closed subset A of X,,, and any map g : A — L, there exists an m >n
such that the map (gopi) : (pi') "t A — L can be extended over Xp,.

This property of the sequence is used to ensure that e-dim X < [L]. Indeed, it can be shown that
if an inverse sequence of compact metrizable spaces is L-resolvable, then the extension dimension of
the limit space does not exceed [L] (see [45, Lemma 2.1]).

Moreover, the sequence is constructed so that all bonding maps are [L]-invertible (which implies the
[L]-invertibility of the limit projection f) and the nontrivial preimages of points under the bonding
maps are homeomorphic to L. The latter condition is crucial, as it ensures the compactness of each
space in the sequence and hence of Xy for finite L. On the other hand, the construction does not
yield a compact space when applied to countable L, for example, to K(Z,n).

Nevertheless, a universal object for any (countable locally finite) complex L does exist in a larger
class of spaces, namely, in the class of separable metrizable spaces. Dydak and Mogilski [59] proved
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that, for any n, there exists a Polish space X of integral cohomological dimension n which contains
a topological copy of any separable metric space Y with dimzY < n. This result was generalized
by Olszewski [104], who proved the existence of a universal separable metric space of given extension
dimension [L]. As a corollary, this implies the existence of a universal separable metrizable space of
given cohomological dimension with respect to any countable Abelian group of coefficients.

5.2. Projective resolution of extension problems. In this section, we briefly outline the con-
struction of universal spaces as limits of inverse spectra in the case of finite L (see [27, 45]).

The following basic idea is due to Dranishnikov [42]; it found further applications in the papers [45,
46] of Dranishnikov and Repovs. Given a space X, its closed subset A, and a map f: A — L, we can
guarantee the existence of an extension of f over X only if e-dim X < [L]. We can, however, always
extend f projectively as follows (see [45]; a similar terminology was introduced in [17] in relation to
another problem). Let ¢ : L x I — Cone(L) denote the natural quotient map. Note that f can be
extended to a map f : X — Cone(L). Consider the pullback diagram

R(X, A f) —— LxI

P, b

X Cone(L)

We say that the space R(X, A, f) projectively resolves the extension problem (X, A, f). The crucial
property of the space R(X, A, f) and the map p is that the map (fop) : p~1(A) — L can be extended
toamap F: R(X,A, f) — L (see [45, Lemma 2.2]).

Suppose given an arbitrary compact metrizable space Xo. We construct an inverse sequence as
follows. Let us represent the set of all positive integers as the union of disjoint cofinal subsets N =
U{N; | ¢ = 0,1,2,...}. Suppose that the compact space X; is already constructed. We want to
projectively resolve all extension problems f: A — L, where A is a closed subset of X;. It turns out
that it is sufficient to resolve only countably many extension problems. First, consider any countable
family A of closed subsets of X; such that, for any closed subset F' of X; and any open neighborhood
U of F, there exists an A in A such that F' C A C U. Next, for each A € A, consider a countable
family F4 of maps from A to L dense in the space of all maps from A to L. Since L is an ANR, it
suffices to resolve the extension problems from the set | J{F4 | A € A}. Let us enumerate this set by
the elements of N;. Suppose that f : A — L is the extension problem with least number in the set
U{Nk | £ =0,1,2,...,i} not yet resolved. Note that A is a closed subset of X; for j < i. We set
Xit1 = R(X;, (pé-)_l(A), f Opé) and define p/™ as the natural projection.

It can be shown that the sequence thus obtained is [L]-resolvable (see [45, Lemma 2.3]). Thus, the
limit compact space is of dimension at most [L]. If we need it to be universal, then the construction of
the resolution p : R(X, A, f) — X must be modified as follows [27]. Consider the product Cone(L) x L
and its subset T' = {((/,t),1) : (I,t) € L x [0,1)}. Let U be an open neighborhood of the vertex of the
cone in Cone(L). We set L = (U x L) UT and define the map ¢ : L — Cone(L) as the restriction of
the projection Cone(L) x L — Cone(L) to L. It can be shown that the map § is [L]-invertible and
approximately [L]-soft (see [27, Lemma 2.6]).

Definition 5.3 (see [27]). A map f : X — Y is said to be [L]-soft (approzimately [L]-soft) if, for
any space Z with e-dim Z < [L], any closed subset A of Z (for any open cover w of Y), and any two
maps g: A — X and h : Z — Y such that f o g = h|a, there exists a map G : Z — X such that it
extends g over Z and f oG = h (respectively, f oG is w-close to h).

The map gcan be used to projectively resolve the extension problem f : A — L. Namely, we extend
f toamap f: X — Cone(L) and define R(X, A, f) — X to be the pullback in the diagram (see [27,
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p. 324])
R(X, A f) — L

7 q ([L}-invertible)

X BN Cone(L)

It is easy to show that the map p : ﬁ(X ,A, f) — X is [L]-invertible as well. Thus, in the inverse
sequence constructed by using the resolutions R(X, A, f) instead of R(X, A, f), all bonding maps are
[L]-invertible. This guarantees the [L]-invertibility of the limit projection. As a consequence, if Xy is
the Hilbert cube, then the limit compactum is [L]-universal (even in the class of separable metrizable
spaces).

If the compact space E(X ,A, f) is an ANR, then p is approximately [L]-soft (because of the ap-
proximate [L]-softness of ¢). If Xy is a Hilbert cube or a finite polyhedron, then the above construction
can be modified (by a more careful choice of the sets in .4 and maps in F4 at each step) so as to make
all compact spaces in the inverse sequence into AN Rs. In this case, all bonding maps and, therefore,
the limit projection are approximately [L]-soft. Moreover, if X is a polyhedron, then all compact
spaces in the sequence can be made into polyhedra and all bonding maps, into simplicial maps. More
details can be found in [45, Lemma 2.7] and [27, Proposition 2.23].

5.3. Compacta of given extension dimension. An approach similar to that described in Sec. 5.2
was used by Dranishnikov and Repovs [45, 46] to obtain, for given complexes L and M, a compact
metrizable space X such that e-dim X < [L] and e-dim X > [M]. Of course, such a compact space
does not always exist; L and M must satisfy certain conditions. The required compactum is the
limit of the inverse sequence constructed as above starting with the suspension ¥M. The inverse
sequence is constructed by using resolutions of type R(X, A, f), which can be improved so that all
spaces in the sequence are polyhedra and all bonding maps are simplicial. In particular situations,
some modifications may be required. A map p : X — XM is obtained as the limit projection [46].
The key idea is to find a continuous cohomology theory h* (or a homology theory h,) for which
h*(L) ~ 0 and h*(XM) is nontrivial [45, Theorem 2.4] (see also [46, Theorem 1.3]). The assumption
that h* is continuous is necessary to obtain an inverse sequence consisting of compact spaces in the
case where L or M is not finite. Suppose that such a cohomology theory h* exists. Since all fibers of
the bonding maps are either homeomorphic to L or trivial, it follows that all bonding maps are acyclic
with respect to h*, and it can be shown by using a Vietoris—Begle-type theorem that all bonding maps
induce isomorphisms in cohomology. The nontriviality of A*(M) implies that the map p is not null-
homotopic. Therefore, the restriction p|p_1( M) of p to the preimage of M, considered as the equator
of ¥ M, cannot be extended to a map from X to M. Hence e-dim X > [M]. Detailed proofs can be
found in [45, 46]; in [45], the role of h, was played by the classical homology. It was shown in [46]
that truncated cohomology can be used in place of h*.

The idea to distinguish between two CW-complexes by using a suitable cohomology theory is due
to Dranishnikov. In [37], he used K-theory (which distinguishes between the sphere S* and K (Z, 3))
to construct a compact space of finite integral cohomological dimension and infinite covering dimen-
sion, thus solving the famous problem of Alexandroff. After Dydak and Walsh discovered truncated
cohomology [61], the method was developed further and found new applications. A similar approach
was used by Levin in [90, 91].

5.4. Compactifications and [L]-invertible maps. Chigogidze suggested a different construction
of [L]-universal compact space [25]. Suppose that L is a complex such that, for any space X, e-dim X <
[L] implies e-dim X < [L]. Consider the set of all Polish spaces X; with e-dim X; < [L] and their
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maps f; : Xy — [¥ (note that the spaces X; may coincide for different ¢ if the corresponding maps f;
differ). Let X be the discrete sum of all Xy, and let f : X — I be the map coinciding with f; on each
X;. Then e-dim X < [L], and it can be shown that f is [L]-invertible. Consider ff : X — I¥. Note
that Bf is [L]-invertible as well. Since e-dim X < [L], it follows from the assumption about L that
e-dim X < [L]. It can be shown that the map Sf : X — I can be factored through a metrizable
compactum X of extension dimension not exceeding [L] as

VN

Finally, it is easy to show that h: X — I* is [L]-invertible.
This construction suggests the following question [26].

Problem 5.3. Characterize the complexes L such that L € AE(X) if and only if L € AE(8X) for
any space X .

From works of Dranishnikov [36], Dydak [53], Dydak and Walsh [60], and Levin [91], we know that,
for each n > 2, there exists a (metrizable separable) space X for which dimz X < n and dimgz X > n.
Therefore, in the above problem, L cannot be the Eilenberg-MacLane complex K(Z,n) for n > 2. In
fact, results of Levin [91] imply that L cannot coincide with the complex K(G,2) for any nontrivial
Abelian group G.

Chigogidze [26] showed that Problem 5.3 is equivalent to the following problem.

pX I

Problem 5.4. Characterize the complezes L for which there exists an [L]-invertible map f: X — 1¢,
where X is a compact metrizable space such that e-dim X < [L].

It is seen from the above considerations that the following problem is closely related to Problems 5.3
and 5.4 (see [28, 54]).

Problem 5.5. Let L be a complex such that an [L]-universal compactum exists. Is it true that the
extension type of L contains a finitely dominated complex?

In the next section, we show that the answer to this question is negative [81] and give solutions to
Problems 5.3 and 5.4.

5.5. Quasi-finite complexes. We begin by introducing the notion of a quasi-finite complex. Let
X be a space. We say that a pair of spaces V. C U is X-connected if, for every closed subspace
A C X, any map from A to V can be extended to a map from X to U. If C is a class of spaces, then
a pair of spaces V' C U is said to be [L]-connected with respect to C if, for every space X € C with
e-dim X < [L], the pair V C U is X-connected. It follows from [16, Proposition A.1] that if a pair
V C U is [L]-connected with respect to Polish spaces, then it is [L]-connected with respect to normal
spaces.

Definition 5.4. We say that a complex L is quasi-finite if, for every finite subcomplex P of L, there
exists a finite subcomplex eP of L containing P such that the pair P C eP is [L]-connected for Polish
spaces.

The following theorem [26, 81] shows that the class of quasi-finite complexes provides a solution to
Problem 5.3 (and 5.4). The equivalences (ii)—(vi) in this theorem were proved by Chigogidze [26].

Theorem 5.1. Let L be a locally finite countable CW-complex. Then the following conditions are
equivalent:

(i) L is quasi-finite;

(ii) e-dim X < [L] whenever X is a (Tychonoff) space with e-dim X < [L];
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(iii) e-dim X < [L] whenever X is a normal space with e-dim X < [L];

(iv) e-dim B(&{X: | t € T}) < [L] whenever T is an arbitrary index set and X;, where t € T', is a
separable metrizable space with e-dim X; < [L];

(v) edimB(®{X; | t € T}) < [L] whenever T is an arbitrary indexing set and X, where t € T, is
a Polish space with e-dim X; < [L];

(vi) there exists an [L]-invertible map f : X — 1%, where X is a compact metrizable space with
e-dim X < [L].

Remark. For a normal space X, the inequality e-dim X < [L] means that L € AE(X). The definition
of extension dimension for arbitrary (Tychonoff) spaces can be found in [25] or in Sec. 7 of this paper.

The above theorem and the remarks after Problem 5.3 imply that none of the Eilenberg—MacLane
complexes K(G,n), where G is a countably generated nontrivial Abelian group, is quasi-finite for all
n > 2. The following statement is an easy corollary of Theorem 5.1.

Theorem 5.2. If L is a quasi-finite complex, then there exists an [L]-universal compact space.

The natural question that arises first is: Are there quasi-finite complexes which are not finite (or
finitely dominated)? It is easy to show that the wedge product of any number of finite complexes
is always a quasi-finite complex. Nevertheless, such a wedge product may be equivalent to a finite
(finitely dominated) complex. Our immediate goal is to construct an example of a quasi-finite complex
which is not equivalent to a finitely dominated complex [81]. This example and Theorem 5.2 give a
negative solution to Problem 5.5.

5.6. An example of a quasi-finite complex. Let M, = M(Z,,2) denote a Moore space of
type (Zp,2). Note that M, is a finite complex. Consider a locally finite countable CW-complex M
homotopy equivalent to the wedge product V{M,, : p-prime} V S3. Clearly, M is quasi-finite (because
it is equivalent to a wedge of finite complexes). We claim that the extension type of M does not
contain a finitely dominated complex and, therefore, [S?] < [M] < [S3] (obviously, [S?] < [M] < [S?]).

Suppose that, on the contrary, L is a finitely dominated countable complex for which [M] = [L].
Then [S?] < [L] < [S?]. The inequality [S?] < [L] implies that L is an absolute extensor for the
disk. Therefore, [L] is simply connected, and hence Hy(L) & mo(L). Since L is finitely dominated, it
follows that the groups Ha(L) ~ m2(L) are finitely generated; moreover, mo(L) is nontrivial, because
[L] < [S3]. The further argument depends on whether or not Hs(L) is torsion.

First, suppose that the free part of Ho(L) is nontrivial. Then Hy(L) ~ Z @& H, where H is finitely
generated. According to the universal coefficient formula, the groups H'(M;Q) and H?(M;Q) are
trivial. On the other hand, the suspension isomorphism and the Hurewicz theorem imply H3(XL) ~
7.@® H; hence, again by the universal coefficient formula, the group H3(XL; Q) is nontrivial. Applying
construction of Dranishnikov and Repovs (see [45, Theorem 2.4] and [46, Theorem 1.3]) and using the
idea from the proof of Theorem 1.4 in [46, p. 351], we obtain a metrizable compactum X for which
e-dim X < [M] and L ¢ AE(X). This construction was outlined in Sec. 5.3; instead of ~*, the rational
Cech cohomology should be used. Since L ¢ AE(X), it follows that [L] # [M].

Now suppose that Ha(L) is torsion. Then Ho(L) ~ @{Zy, : i = 1,--- ,m}. Choose a prime p >
max{n; : i = 1,...,m}. The universal coefficient formula shows that H'(L;Z,) ~ 0, H*(L; Z,) =~ 0,
and H3(2Mp;Zp) is nontrivial. As above, we can find a map f : X — XM, where X is a compact
metrizable space for which e-dim X < [L] and e-dim X > [M,]. The inequality [M] < [M,] contradicts
the equality [M] = [L].

We conclude this section with two questions related to the above considerations. The first question
is similar to Problem 5.5 but refers to quasi-finite complexes.

Problem 5.6. Let L be a complex for which an [L]-universal compact space exists. Is it true that L
18 quasi-finite?
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The above example of a quasi-finite complex is a wedge product of finite complexes. What are other
possible examples?

Problem 5.7. Does there exist a quasi-finite complexr which is not equivalent to a wedge product of
finite complexes?

Recently, Cencelj, Dydak, Smrekar, Vavpeti¢, and Virk obtained new results on quasi-finite com-
plexes, but they are beyond the scope of this paper. The interested reader can find them in [22,
23].

6. Quasi-Finite Complexes and Absolute Extensors in Dimension [L]

Not only the general problem of the existence of a universal compact space of given extension
dimension is of interest but also the question of how “nice” this compact space may be. For example,
since absolute extensors in dimension n play an important role in the study of universal spaces in
classical dimension theory, it is natural to consider the following modification of Problem 5.2 in
Sec. 5.1.

Problem 6.1. Characterize all complexes L for which Cy contains a universal object which is an
absolute extensor in dimension [L] for Polish spaces (or compact metrizable spaces).

Recall that a space Y is an absolute (neighborhood) extensor in dimension [L] (or, briefly, ¥ €
A(N)E([L])) for a given class of spaces C if Y € A(N)E(X) for all X from C such that e-dim X < [L].

For a finite complex L, the existence of an [L]-universal compact absolute extensor in dimension L
follows from the existence of an [L]-invertible approximately [L]-soft map f : X — I* (see [27]). Here
X1, is a compact metrizable space with e-dim X7, = [L]. Note that X € AE([L]) for Polish spaces,
because f is approximately [L]-soft. The idea of the construction of f was outlined in Sec. 5.2. It
should also be mentioned that there always exists an AF([L])-space universal for the class of all Polish
at most [L]-dimensional spaces. Indeed, for any countable complex L, there exists an [L]-soft map
f: Xr — I [25]. On the other hand, Zarichnyi [145] proved that there exists no universal compact
space of given integral cohomological dimension which is an absolute extensor with respect to compact
metrizable spaces of given cohomological dimension. Thus, in Problem 6.1, the complex L cannot be
the Eilenberg-MacLane complex K(Z,n) for n > 2.

We shall see that quasi-finite complexes may be candidates to provide a solution to Problem 6.1.
Namely, we shall show that if there exists an [L]-universal compact space which is an absolute extensor
in dimension [L] for Polish spaces, then L must be quasi-finite.

6.1. The connected-pair property. Let BB be a class of spaces. We say that a complex L possesses
the connected-pair property with respect to B if, for any compact metrizable space K with e-dim K <
[L], there exists a compact metrizable space C' containing K such that e-dim C' < [L] and the pair
K C Cis [L]-connected with respect to B (see Sec. 5.5). The following technical lemma describes the
behavior of connected pairs of compact spaces with respect to the Stone-Cech compactification.

Lemma 6.1 (see [83, Lemma 3.1]). Suppose that T is an arbitrary index set and {X; | t € T} is a
family of Polish spaces such that e-dim X; < [L] for each t € T. Let X = @{X: |t € T}. Suppose
that K C C is a pair of compact metrizable spaces such that e-dim K < [L]. If the pair K C C is
[L]-connected with respect to Polish spaces, then this pair is X -connected.

The following lemma establishes an important relationship between the connected-pair property
and the property of being an absolute extensor for a given space.

Lemma 6.2 (see [83, Lemma 3.2]). Let L be a complex with the connected-pair property with respect
to Polish spaces, and let X be a compact space. Suppose that each pair K C C of compact metrizable
spaces with e-dimC' < [L] is X-connected provided that K C C' is [L]-connected with respect to
Polish spaces. Then any metrizable space Y such that Y € AE([L]) for metrizable compacta and
e-dimY < [L] is an AE(X).

605



To investigate the relationship between the connected-pair property, quasi-finite complexes, and
Problem 6.1, we apply a technique similar to that used to construct approximations of multivalued
maps. For this purpose, we need simplices and skeletons associated with an open cover of a space [16].

6.2. Simplices and skeletons associated with covers. A standard way to construct an ap-
proximation of a multivalued map is as follows. First, we consider a sufficiently fine open cover of
a space and a canonical map to the nerve of this cover. The second step is to define a map on the
nerve by induction on the dimensions of skeletons. The required approximation is the composition
of these two maps. The construction can be implemented provided that, for example, the set-valued
map is UV™-valued and the domain X has Lebesgue dimension n. However, when we try to ob-
tain extension-dimensional versions of various approximations and selections theorems, the situation
changes. Namely, if the extension dimension of the space X does not coincide with the Lebesgue
dimension of X, the required map on the nerve of a cover cannot be defined.
Thus, approximations must be constructed directly from the space X. The following notation,
which proved very useful for constructing approximations, was introduced in [16].
For an open cover ¥ € cov(X), let 2(*) denote its “k-skeleton,” i.e., the set of all points in X at
which the order of ¥ is at most k + 1. Thus, we set X*) = {z € X | ordgx < k + 1}. For elements
n
50, 81, - - -, Sp € X with nonempty intersection () s;, we define the “closed n-simplex”
i=0
n

[30,31,...,sn]:Usi\U{seZ]s;«ési,i:(),l,...,n}

=0

n

and its “interior” (sg, $1,...,8n) = [] 8 N (") Tt is easy to check that the n-skeleton consists of the
i=0

n-simplices

E(n) — U{{Sio’sil" ..,Sin] | m Sik ?é @}
k=0

and that any simplex consists of “boundary” and “interior,” i.e.,
n

[50, 815+, 8n] = U[so,...,§m,...,sn]U<50,31,...,sn>.
m=0

Clearly, 2 is closed in X and (" = X if the cover ¥ has order n 4 1. Note also that the interiors
of distinct k-simplices are mutually disjoint, and

E(k) = U{<3i073i17 .. .,Sin> ’ ﬂ Siy, #* @} @] E(kfl).
k=0

6.3. Characterization of quasi-finite complexes. The following lemma is crucial for the char-
acterization which we obtain below. It allows us to construct approximate liftings with respect to a
map whose fibers have nice extensional properties for a given space.

Lemma 6.3 (see [83, Lemma 3.3]). Suppose that X is a compact space and Z is a paracompact space
such that any compact subspace of Z has finite Lebesque dimension. Let g :' Y — Z be a surjection
such that, for every z € Z and any neighborhood U(z) of z in Z, there exists a smaller neighborhood
V(2) of z such that g~*(V(2)) € AE(X). Then, for any w € cov(Z) and any map f : X — Z, there
exists a map f : X — Y such that the maps f and g o f are w-close.

Proof. Note that f(X) C Z is compact; therefore, dim f(X) = n < oo for some n. We set wy = w
and construct a sequence of covers wi,ws, . ..,w, by induction as follows. Suppose that w; € cov(Z) is
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already constructed and let v be a strong star refinement of w;. For each z € Z, we choose U(z) € v
containing z and take a smaller neighborhood V' (z) C U(z) of z such that

g (V(2)) € AB(X). (1)

We set wir1 = {V(2) | z € Z}. Obviously, w11 is a strong star refinement of w;.
Let ¥ € cov(f(X)) be a finite strong star refinement of w,, restricted to f(X) for which ord ¥ < n+1.
We set ¥ = {f~1(U) | U € £}. Clearly, X is a finite open cover of X of order <n+ 1. Let us construct

a sequence of maps fy, f1,..., fn such that f : $*) Y and

9(fr()) € St(f (), wn—r) (%)

for all k. To construct fo, we choose a point P, € g~ '(f(s)) for each s € 5 and put folg = Ps
for every closed 1l-simplex [s]. Suppose that fj is already constructed. Let us construct fry1. It
suffices to define it on the interior () of each simplex [o] = [s0, $1, .. ., sgs1]- Since & is finite and
the interiors of closed k-simplices are mutually disjoint, we can consider each simplex independently.
Let [o] = [0] N S®). The cover & being a strong star refinement of w, (and, consequently, of wy_)
and inclusion (*) imply the existence of a W, € w,,_j such that g(fx([c]')) C St(Wy,wn—k). Since
wn_k 18 a strong star refinement of w,_;_1 and by the construction of w,__1, there exists an element
V, € wn_k_1 having property (1) and such that St(W,,w, ) C V,. We have g~ 1(V,) € AE(X);
therefore, the map fi|j,) can be extended to a map fiy1 : [0] — g7 (V,) C Y. It is easy to see that

condition (%) holds for fy,1. Finally, we set f: fn- O
Now we can characterize quasi-finite complexes in terms of the connected-pair property.

Theorem 6.4 (see [83, Theorem 3.4]). A locally finite countable complex L has the connected-pair
property with respect to Polish spaces if and only if L is quasi-finite.

Proof. The “if” part follows from the existence of an [L]-invertible map. Suppose that K is a compact
metrizable space with e-dim K’ < L. We embed K into the Hilbert cube I and consider an [L]-
invertible map f : Y — I“ such that Y is a compact metrizable space with e-dimY < L. The
existence of such a map is guaranteed by Theorem 5.1 (vi). Consider the adjunction space Y Uy K,
that is, the disjoint union of Y — f~}(K) and K with the topology consisting of the usual open subsets
of Y — f~1(K) and all sets of the form f~}(U — K)U (UNK), where U are open subsets of [“. There
are two associated maps px : Y — Y Uy K and fg : Y Uy K — 1% such that f = fx o px. Since f is
[L]-invertible, so is fr. Moreover, the set Y — f~!(K) is open in Y and, therefore, can be represented
as a countable union of compact sets, each with e-dim < L. By the countable-sum theorem, we have
e-dimY Uy K < L.

It remains to show that the pair K C Y Uy K is L-connected. Suppose that Z is a Polish space
with e-dim Z < L, A is a closed subset of Z, and g : A — K is a map. We can consider g as a map
from A to K C [¥. Since I is an absolute extensor, it follows that ¢ has an extension g : Z — I“.
Finally, since fx is L-invertible, we can lift g to a map h: Z — Y Uy K with fg o h =g. Clearly, h
extends g.

To prove the “only if” part, we show that L satisfies condition (v) in Theorem 5.1. Let {X; | t € T'}
be a family of Polish spaces (where T is an arbitrary index set) such that e-dim X; < [L] for all t € T
Consider X = @{X; |t € T'}. We must show that e-dim X < [L]. Take a closed subset A of 3X and
amap f: A— L. Consider an [L]-soft map ¢ : Y — L, where Y is a Polish space with e-dimY < [L].
The existence of such a map follows from [25, Proposition 5.9]. We claim that the map g satisfies the
conditions of Lemma 6.3 (with L instead of Z). Indeed, take z € L and its open neighborhood U (z).
There exists a neighborhood V(z) C U(z) of z in L which is an absolute extensor. Since g is [L]-soft,
we have g~ 1(V(2)) € AE([L]) for Polish spaces. Successively applying Lemmas 6.1 and 6.2 (for the
pair g71(V(2)) € g7 1(V(2))), we conclude that g~ (V(2)) € AE(3X). This proves the claim. The
same argument shows that Y € AE(X).
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Since L is an AN R-space, it follows that there exists an open cover w € cov(L) such that any two
maps w-close to L are homotopic. Applying Lemma 6.3 to the maps g : ¥ — L and f: A — L and
the cover w, we obtain a map f : A — Y such that f and go f are w-close. Since Y € AE(BX), f
extends to amap f: 3X — Y. Let f' = gof:3X — L. Note that f’| 4 is w-close to f and, therefore,
f admits an extension over X, as required. O

The following theorem, which is the central result of this section, is a direct corollary of Theorem 6.4.

Theorem 6.5 (see [83, Theorem 3.5]). Suppose that there exists an [L]-universal compact metrizable
space which is an AE([L]) for Polish spaces. Then L is quasi-finite.

Note that none of the Eilenberg-MacLane complexes K(G,n), where G is a nontrivial Abelian
group and n > 2, is quasi-finite (see the remark after Theorem 5.1). Thus, this theorem implies the
following assertion.

Theorem 6.6 (see [83, Theorem 3.6]). Suppose that G is a countably generated nontrivial Abelian
group and n > 2 is an integer. Then there exists no universal compact space of given cohomological
dimension n with respect to the coefficient group G which is an absolute extensor with respect to Polish
spaces of cohomological dimension <n.

The following question naturally arises; a positive answer to this question would provide a complete
solution to Problem 6.1 in the case of Polish spaces.

Problem 6.2. Let L be a quasi-finite complex. Does there exist a compact metrizable space L which
is an [L]-universal absolute extensor in dimension [L] for Polish (or compact metrizable) spaces?

7. Further Properties of Quasi-Finite Complexes

In this section, we extend the definition of quasi-finite CW-complexes to arbitrary complexes, not
necessarily countable and locally finite [82].

We shall see that quasi-finite complexes are similar to finite complexes in many respects [82]. We
characterize quasi-finite complexes in terms of L-invertible maps and the dimensional properties of
compactifications. We also prove a version of the factorization theorem and construct universal spaces
of arbitrary weight.

7.1. Extension dimension and quasi-finite CW-complexes: The general case. First, we
need a more careful definition of an absolute extensor. Suppose that X and Y are spaces, A C X,
and g: A — Y is amap. We write Y € ANE(g, A, X) if g has a continuous extension g: U — Y to a
neighborhood U of A in X for which there exists a function h : X — [0, 1] such that h=1((0,1]) = U
and h(A) = 1. If U = X in the above definition, then we write Y € AFE(g, A, X). Note that, according
to [55, Lemma 2.8], Y € ANE(g, A, X) if and only if g extends to a map g : X — Cone(Y).

We say that L is an absolute extensor for X (and write, as usual, L € AE(X)) if L € AE(g,A, X)
for any closed set A C X and any map g : A — L with L € ANE(g, A, X). We also say that
the extension dimension of X is at most L (e-dim X < L) if L € AE(X). Dydak’s version of the
homotopy extension theorem [55, Theorem 13.7] implies that if L; is homotopy equivalent to Lo,
then e-dim X < L; is equivalent to e-dim X < Lo for any space X. Moreover, our definition of
e-dim coincides with Chigogidze’s definition [25] for countable L and with the original Dranishnikov’s
definition [40] for compact spaces.

The definition of connected pairs required a similar revision.

Definition 7.1. A pair of spaces K C P is said to be L-connected if, for any closed subset A C X
of a space X with e-dim X < L, every map g : A — K has an extension g : X — P provided A is
normally placed in X with respect to (g, P). The latter means that, for any continuous function h on
P, the function h o g can be continuously extended over X.
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The notion of a normally placed set was introduced by Chigogidze [25]. Obviously, if X is a normal
space, then every closed subspace A of X is normally placed with respect to any map g : A — K.
We say that a pair K C P is L-connected with respect to a given class of spaces C if, in the above
definition, X satisfies the additional requirement X € C.

Now, we can extend the definition of a quasi-finite complex to arbitrary complexes.

Definition 7.2. A CW-complex L is quasi-finite if every finite subcomplex P of L is contained in a
finite subcomplex eP C L such that the pair P C eP is L-connected in the sense of Definition 7.1.

It can be shown that this definition coincides with Definition 5.4 for locally finite countable L.

Slightly modifying Definition 5.1, we say that a map f : X — Y is L-invertible for a given class of
spaces C if, for any map g : Z — Y, where Z is in C and e-dim Z < L, there exists amap h: Z — X
such that g = foh. If the class C consists of all (Tychonoff) spaces, then we say that f is L-invertible.

The following theorem characterizes quasi-finite CW-complexes in terms of Stone-Cech compacti-
fication, L-invertible maps, and extension of connected pairs; it can be considered as a generalization
of Theorem 5.1.

Theorem 7.1 (see [82, Theorem 2.1]). The following conditions are equivalent for any CW-complex
L and any infinite cardinal T:
(1) L is quasi-finite;
(2) e-dim X < L for any (Tychonoff) space X with e-dim X < L;
(3) there exists an L-invertible map f : Yy — 17 such that Y; is a compact space of weight <7 and
e-dimY; < L;
(4) for every L-connected pair P C M, where P is a compact space of weight <t and M an arbitrary
space, there exists a compact space eP C M containing P for which w(eP) < T and the pair
P C eP is L-connected.

Proof. (1) = (2) Suppose that e-dim X < L. Take a closed subset A of 3X and consider f: A — L.
It is well known that every CW-complex is an absolute neighborhood extensor for the class of compact
spaces; hence L € ANE(f, A, 3X). Consequently, there exists a closed neighborhood B of A in 8X
and a map g : B — L extending f. The set g(B), being compact, is contained in a finite subcomplex
P of L. Since L is quasi-finite, there exists a finite subcomplex eP of L such that the pair P C eP
is L-connected. We can assume that B is a zero-set in X, i.e., the preimage of zero under some
continuous real-valued function defined on SX. Then B N X, being a nonempty zero-set in X, is
normally placed in X with respect to (g,eP). Therefore, the map g : BN X — P extends to a map
h: X — eP, because e-dim X < L and the pair P C eP is L-connected. Finally, let h : 3X — eP be
the unique extension of h. Then h is an extension of f, and e-dim X < L.

(2) = (3) Consider the family of all maps {ho : Xq — I"}aen such that every X, is a closed
subset of 1" with e-dim X, < L. Let X be the disjoint sum of all X, and let h : X — I” be the
map coinciding with h, on every X,. Clearly, e-dim X < L. Therefore, e-dim 86X < L. Consider the
extension h : X — I". By the factorization theorem from [94], there exists a compact space Y; of
weight <7 and maps r : X — Y; and f: Y, — I” such that e-dimY; < L and for = h.

Let us show that f is L-invertible. Take a space Z with e-dimZ < L and a map g : Z — I".
Considering $Z and the extension g : Z — I of g, we can assume that Z is compact. We can also
assume that the weight of Z is <7 (otherwise, we again apply the factorization theorem from [94] to
find a compact space T of weight <7 and maps ¢g; : Z — T and g9 : T' — I" for which e-dimT" < L and
g2 0 g1 = g and consider the space T and the map g, instead of Z and g, respectively). Thus, without
loss of generality, we can assume that Z is a closed subspace of I". According to the definition of X
and h, there exists an index a € A for which Z = X, and g = h,. The restriction r|Z : Z — Y; is a
lifting of g; i.e., fo (r|Z) =g.

(3) = (4) Suppose that P is a compact subset of the space M such that w(P) < 7 and the pair
P C M is L-connected. We embed P in I” and consider an L-invertible map f : Y; — I” such that Y;
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is compact and e-dimY; < L. We set P = f “1(P) and h = f]p Obviously, P is normally placed in
Y, with respect to (h, M). Consequently, h extends to a map h : Y, — M. Let eP = h(Y;). Clearly,
w(eP) < 1; thus, it only remains to show that P C eP is L-connected. Consider g : A — K, where
A C X is a closed normally placed subset of X with respect to (g,eP) and e-dim X < L. This implies
that A is normally placed in X with respect to (g,I"). Since I” is an absolute extensor, the map g
has an extension g; : X — I". We lift ¢g; to a map g2 : X — Y, such that f o gy = g1 (recall that f is
L-invertible) and set § = h o go. Clearly, § is a map from X to eP extending g.

(4) = (1) Take a finite subcomplex P of L. First, let us show that the pair P C L is L-connected.
Suppose that Z is a space with e-dimZ < L, A C Z is closed, and g : A — P is a map such that
A is normally placed in Z with respect to (g,L). Since P is C-embedded in L, it follows that A
is normally placed in Z with respect to (g, P). This condition, together with the fact that P is an
absolute neighborhood extensor for all separable metric spaces, implies P € ANFE(g, A, Z). Indeed,
consider an embedding of P in R¥ and take a retraction r : U — P, where U is a neighborhood of
P in R¥. Since A is normally placed in Z with respect to (g, P), it follows that g has an extension
h:Z — R¥. The set h~}(U) is a cozero neighborhood of A in Z which contains the zero-set h=!(P),
and roh : h™1(U) — P extends g. Hence P € ANE(g, A, Z), which implies L € ANFE(g, A, Z). Since
e-dim Z < L, it follows that g can be extended to a map g: Z — L. Thus, P C L is an L-connected
pair. Hence there exists a compact set £ C L containing P such that the pair P C E is L-connected.
Finally, we take a finite subcomplex eP of L which contains E and observe that the pair P C eP is
also L-connected. Hence L is quasi-finite. ]

7.2. Quasi-finite complexes and universal spaces. An immediate consequence of the existence
of [L]-invertible maps (Theorem 7.1(3)) and the universality of I” is the existence of universal compact
spaces in dimension [L] of arbitrary weight for a quasi-finite L.

Theorem 7.2. Let L be a quasi-finite complex, and let T be an infinite cardinal. Then the class of
all compact spaces of weight <t with extension dimension <L contains a universal object.

Another consequence of Theorem 7.1(3) is the existence of a compact metrizable space universal
for the class of all separable metrizable spaces with e-dim < L for every quasi-finite complex L.
In particular, any space from this class has a metrizable compactification of extension dimension
at most L. Indeed, let Y, be the space from Theorem 7.1(3). Then, for every X from the above
class, there exists an embedding ¢ : X — [“ which can be lifted to a map j : X — Y,. The
required compactification of X is the closure of j(X) in Y,. The following observation provides a
characterization of countable quasi-finite complexes in terms of compactifications.

Proposition 7.3 (see [82, Corollary 2.3]). For any countable complex L, the following conditions are
equivalent:
(a) L is quasi-finite;
(b) for every separable metrizable space X with e-dim X < L and its metrizable compactification
c(X), there exists a metrizable compactification ¢*(X) such that e-dimc*(X) < L and ¢*(X) >
c(X) (i.e., there exists a map from c¢*(X) onto ¢(X) which is the identity on X).

Proof. (a) = (b) Let ¢(X) be a metric compactification of X. Consider a map f : X — ¢(X) such
that f(x) = x for every x € X. By Theorem 7.1(2), e-dim X < L; hence f can be factored through a
compact metrizable space Z with e-dim Z < L. Clearly, Z is a compactification of X which is >¢(X).

(b) = (a) According to [59, Corollary 3.4], there exists a compact metrizable space Y with e-dim Y <
L and a surjective map f : Y — ¥ such that, for any map g : X — [¥, where X is a separable
metrizable space with e-dim X < L, there exists an embedding i : X — Y lifting g, i.e., such that
foi=g. Hence f is L-invertible with respect to separable metric spaces. By Theorem 7.1(3), it
suffices to show that f is L-invertible. Consider g : Z — 1%, where e-dim Z < L. According to [25,
Proposition 4.9], there exists a Polish space P with e-dim P < L and maps h: Z — Pand ¢: P — I
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for which g = qo h. Let g: P — Y be a lifting of ¢ such that f og = ¢g. Then g o h is the required
lifting of g. O

It is well known that every metric space admits a uniformly 0-dimensional map to l. The following
theorem establishes the existence of a universal L-dimensional metrizable space of an arbitrary weight
for quasi-finite L.

Theorem 7.4 (see [82, Proposition 2.7]). Let L be a quasi-finite CW-complex. Then, for every T >
w, there exists a perfect L-invertible surjection f(r ;) : Y+ — lo(T) such that
(a) Y1, is a completely metrizable space of weight T with e-dimY(y, -y < L;
(b) every (completely) metrizable space of weight <t and extension dimension <L can be embedded
as a (closed) subspace in Y(r, ;).

Proof. By Theorem 7.1(3), there exists an L-invertible map f : Y — I¥ where Y is a compact
metrizable space with e-dimY < L. Suppose that I3 is embedded in I¥. We set Y7,y = f~(l2) and
fw) = fIY(Lw)- Then e-dimY{; ) < L and f is L-invertible; hence so is f(y, .-

If 7 > w, we take a metric d; on la(7) and a uniformly O-dimensional map ¢ : la(7) — Il with
respect to di. Let Y(z -y denote the fiber product of l(7) and Yz, with respect to the maps g
and f(r, .. Consider the projections f(r, ) : Y(r ) — la(7) and h : Y1, ;) — Y1 .. Since f1 ) is
a perfect L-invertible surjection, it follows that so is f(z ;). If d2 is any metric on Yz ), then h is
uniformly 0-dimensional with respect to the metric d = y/d} + d3 on Y7 (see [2, Lemma 4, p. 379]).
Thus, Y(z ) admits a uniformly 0-dimensional map to the space Y[z, of extension dimension <L.
Therefore, by [92, Theorem 1.2], e-dimY(; -y < L. Note that Y(, ;) is completely metrizable as a
perfect preimage of the completely metrizable space la(T).

Assertion (b) follows directly from the L-invertibility of f; -y and the universality of la(7). O

Corollary 7.5 (see [82, Corollary 2.9]). Suppose that L is a quasi-finite complex and X is a metriz-
able space. Then e-dim X < L if and only if X admits a uniformly 0-dimensional map to a separable
metrizable space of extension dimension <L.

Proof. Sufficiency follows from the above-mentioned result of Levin [92, Theorem 1.2]. Suppose that
X is a metrizable space of weight 7 with e-dim X < L. By Theorem 7.4, X can be embedded in the
space Y(r r). It follows from the construction of Y(y, ;) that the map h : Yy ;) — Y1) is uniformly
O-dimensional; hence so is the restriction h|X. This completes the proof of the corollary. O

Olszewski proved a completion theorem for L-dimensional metric spaces, where L is an arbitrary
countable CW-complex [105]. It follows from Theorem 7.4 that such a theorem is also valid for
quasi-finite (not necessarily countable) complexes L.

Theorem 7.6 (see [82, Corollary 2.8]). Let L be a quasi-finite complex. Then every metrizable space
X with e-dim X < L has a completion of extension dimension <L.

Levin, Rubin, and Shapiro proved a general factorization theorem for L-dimensional compact spaces,
where L is an arbitrary complex [94]. We give a factorization theorem for L-dimensional metrizable
spaces for quasi-finite L (in [92, Theorem 1.5], a similar result for countable L was obtained).

Theorem 7.7 (see [82, Proposition 2.10]). Suppose that L is a quasi-finite complez, Y is a metrizable
space, and f : X — Y is a map. If eedim X < L, then f can be factored through a metrizable space Z
such that e-dim Z < L and w(Z) < w(Y').

Proof. First, let us show how to reduce this theorem to the case of separable Y. This reduction is
well known (see, e.g., [2, p. 388]), but we present it here for the reader’s convenience. Suppose that
the required assertion is true for separable metrizable Y. Taking a uniformly 0-dimensional map
g:Y — Iy and applying the “separable factorization theorem” to the map go f : X — [5, we obtain
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a separable metrizable space M and maps ¢ : X — M and h : M — Iy such that e-dim M < L and
hog=gof. Let pps : Z — M and py : Z — Y be the pullbacks of g and h, respectively. Clearly, Z is
a metrizable space of weight w(Z) < w(Y’). Since g is uniformly 0-dimensional, so is pys. According
to [92, Theorem 1.2], we have e-dim Z < L.

Now let us prove the separable case. Suppose that Y is a metrizable compactification of Y and
f BX — Y is the Stone-Cech extension of f. Since L is quasi-finite, it follows that e-dim X < L.
Therefore, we can apply the factorization theorem of Levin, Rubin, and Shaplro from [94] and obtain
a compact metrizable space Z and maps f1 8X — Z and fg : Z — Y such that f2 o f1 = f and
e-dim Z < L. The space Z = f1(X) and the maps f; = f1|X and fo = f5|Z form the required
factorization. O

We say that amap f: X — Y is L-soft if, for any space Z with e-dim Z < L, any closed set A C Z,
and any two maps h: Z — Y and g : A — X, where A is normally placed in Z with respect to (g, X)
and f o g = h|A, there exists an extension g : Z — X of g such that f og = h (cf. Definition 5.3).
If, in addition, Z belongs to a given class of spaces C, then we say that f is L-soft with respect to
the class C. It was established in [30] that, for any countable complex L and any metric space Y,
there exists an L-soft map f : X — Y such that X is a metric space of extension dimension <L and
w(X) = w(Y). Quasi-finite complexes also have this property.

Theorem 7.8 (see [82, Proposition 2.11]). Let L be a quasi-finite CW-complex. Then, for every T >
w, there exists an L-soft map p(r, 7y : X (1) — l2(7) such that

(a) X(1,7) s a completely metrizable space of weight T with e-dim X, ) < L;

(b) X(r,7) s an absolute extensor for all metrizable spaces of extension dimension <L;

(¢) p(r,r) s a strongly (L,T)-universal map, i.e., for any open cover w of X(r ), any (complete)
metrizable space Z of weight <t with e-dim Z < L, and any map g : Z — X1, 1), there exists a
(closed) embedding h : Z — Xy, ;) w-close to g such that p(r, )0 g =pr) o h.

8. Homotopy

Methods of algebraic topology are extensively used in general and geometric topology, in particular,
in dimension theory. For example, we use algebraic invariants to define the cohomological dimension
of a topological space and study its properties. Moreover, classical homotopy theory is indispensable
for studying AN E(n)-spaces. On the other hand, the progress made in dimension theory, namely,
the appearance of extension dimension, has given rise to a new concept in homotopy theory. In [27],
Chigogidze initiated [L]-homotopy theory, intended to be applied to [L]-dimensional spaces. The
notion of [L]-homotopy is defined for any finite complex L. The [point]-homotopies coincide with the
usual homotopies, and the [S™]-homotopies coincide with the n-homotopies suggested by Fox [67] and
studied by Whitehead [141]. However, [L]-homotopies differ substantially from classical homotopies in
the general case. Below, we define them and mention some of their properties. Following Chigogidze
[27], we define [L]-homotopy groups and compute them in some (very special) cases. We also cite the
main result of [29] that [L]-homotopies are indeed homotopies in the sense of Quillen [114]. This result
shows that [L]-homotopy theory is an adequate homotopy theory from the categorical point of view.

Throughout this section, L denotes a finite CW-complex.

8.1. [L]-Homotopy. We begin by defining [L]-homotopic maps. The following definition differs
from the classical definition of homotopy in that it requires the existence of a “path” between two
maps modulo [L]-dimensional spaces.

Definition 8.1 (see [27, 29]). Suppose that A is a subspace of a Polish space X and fo,f1: X =Y
are two maps such that fo(x) = fi(x) for each © € A. We say that fo and fi are [L]-homotopic

L
relative to A (and write fo [_N] firel A) if, for any map h : Z — X x [0,1], where Z is a Polish space
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of extension dimension e-dim Z < [L], there exists a map H : Z —'Y such that

H(z) = h(fo(2)) if z€ B (X x {0} U A x [0,1]),
h(fi(2)) if z € h7Y(X x {1}).

L
If A = o, then we say that fo and f1 are [L]-homotopic (and write fo [:] f1)-

Obviously, any map to an AE([L])-space is [L]-homotopic to a constant map. The following state-
ment establishes a relationship between homotopy and the order on complexes.

Proposition 8.1 (see [27]). Let L and K be finite connected complexes. If [K] < [L], then any [L]-
homotopic maps are also [K|-homotopic. Moreover, if [K] < [L], then the identity map idg is not
[L]-homotopic to a constant map.

The usual homotopies and n-homotopies coincide with the [singleton]-homotopies and [S™]-
homotopies, respectively. However, even for relatively simple complexes different from spheres, a
new homotopy theory arises. For instance, let n > 1 be an integer, and L be a connected complex
such that [S"] < [L] < [S"™!] (for example, L = RP™ Vv S"™1). Since L € AE([L]), we have (see [27,

Sntl n L
p. 328] and Proposition 8.1) idy, [é} const but idy, | * | const, and idgn [*,9:} const but idgn [;é] const.

One might expect that [L]-homotopies behave nicely with respect to ANE([L])-spaces. This is

indeed the case. First of all, they have the following extension property.

Proposition 8.2. [27, Proposition 2.28] Let X be a Polish AN E([L])-space. Suppose that A is closed
in a separable metrizable space B with e-dim(B) < [L]. If maps f,g9 : A — X are [L]-homotopic and

f has an extension F : B — X, then g has an extension G : B — X, and it can be assumed that
(L]
F~G.

In addition, any two sufficiently close maps to an AN FE([L]) space are [L]-homotopic.

Proposition 8.3 (see [27, Proposition 2.26]). Let X be a Polish AN E([L])-space. Then there exists
an open cover w of X such that any two w-close maps from any separable metrizable space to X are
[L]-homotopic.

Next, there is a natural relation of [L]-homotopy equivalence.

Definition 8.2 (see [27]). A map f: X — Y is said to be an [L]-homotopy equivalence if there exists
a map g : Y — X such that the compositions g o f and f o g are [L]-homotopic to idx and idy,
respectively.

The following proposition provides a source of examples of [L]-homotopy equivalences and highlights
the relationship between [L]-homotopies and approximately [L]-soft maps.

Proposition 8.4 (see [27, Proposition 2.29]). Suppose that f : X — Y is a map between ANE([L])-
compacta and e-dimY < [L]. Then f is approzimately [L]-soft if and only if f is an [L]-homotopy
equivalence.

It is well known that a metric space Y is AN E(n) if and only if Y is locally (n—1)-connected (see [50,

87]). The AN E([L])-spaces have a similar local characterization. Namely, employing [L]-homotopies,
we can define the notion of [L]-contractibility by analogy with the classical case.

Definition 8.3. Let L be a finite CW-complex. A space X is said to be locally [L]-contractible (no-
tation: X € LC[L]) if, for any point x € X and any neighborhood U of x, there exists a smaller
neighborhood V' of x such that the inclusion of V into U is [L]-homotopic in U to a constant map.

Theorem 8.5 (see [16, Theorem 4.1]). Let L be a finite CW-complex such that [L] < [S™] for some
n. A Polish space Y is an AN E([L]) if and only if it is locally [L]-contractible.
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Note that the condition [L] < [S™] cannot be removed because of the celebrated Borsuk’s example
of a contractible locally contractible space which is not an absolute extensor [14, p. 124]. Note also
that the local [S™]-contractibility of a Polish space is equivalent to the local (n — 1)-connectedness of
this space. To see this, it suffices to remember that the AN E([S"])-spaces coincide with the AN E(n)-
spaces and combine Theorem 8.5 with the classical characterization of AN E(n)-spaces.

8.2. [L]-Complexes. The most natural and best studied class of spaces in classical homotopy theory
is that of CW-complexes. The class of [L]-complexes intended to play a similar role in [L]-homotopy
theory was introduced in [29]. First, we need the following resolution theorem. It shows how to obtain
AN E([L])-spaces as preimages of usual CW-complexes under special [L]-invertible and approximately
[L]-soft maps.

Theorem 8.6 (see [29, Proposition 3.6]; cf. [27, Proposition 2.23]). Let L be a finite complex, and let

X be a locally finite complex. Then there exists a locally compact metrizable space u[)?] and an [L]-

invertible approximately [L]-soft proper map f)[?} : u[)?} — X satisfying the following conditions:

(i) ulf! € ANE(L));

(ii) e-dim(ul)) = [L};
(iii) for any map f : B — ,u[)?, where B is a compact space with e-dim(B) < [L], and any open

cover w € cov(,u,[)?]), there exists an embedding g : B — ,u[)?} such that it is w-close to f and

(L] _ 0 g
/ x 9= f x © VE
(iv) if, in addition, X is a locally finite polyhedron and T is its triangulation, then it can be assumed

-1
that, for any subpolyhedron Xo C X of X with respect to T, the inverse image (f)[(L]) (Xo) is a

-1
locally compact AN E([L]) and the restriction of f)[(L] to ( )[(L}) (Xo) is approximately [L]-soft.

This theorem is proved by using a modified construction of Dranishnikov and Repovs [45] (see also
Sec. 5.2).

Before defining [L]-homotopy groups, we introduce the simplest [L]-complexes, namely, the [L]-
spheres and [L]-disks, which are analogs of the usual spheres and disks. We shall see in what follows
that they can also be regarded as “building blocks” for [L]-complexes. For each n > 0, consider [L]-
dimensional compact AE([L])-spaces Dy which admit ([L]-invertible) approximately [L]-soft maps

onto the n-disk D™ (see Theorem 8.6). Theorem 8.6(iv) allows us to treat the pairs (S&},D&Tl) as
approximately [L]-soft preimages of the standard pairs (S™, D"*1) consisting of the (n + 1)-disks and
their boundaries D" *! = S™ for n > 0. We call Diyy an n-[L]-disk. The n-[L]-spheres are defined to
be compact spaces admitting approximately [L]-soft maps onto the n-sphere S™; we denote them by
S
[LI]mportantly, for any given n, there may exist many n-[L]-disks and n-[L]-spheres (see the remark
after Theorem 2.7 in [27, p. 327]). Nevertheless, being AFE([L])-compacta, all of the n-[L]-disks are
[L]-homotopy equivalent to the singleton. The following proposition shows that all of the n-[L]-spheres

are also [L]-homotopy equivalent.

Proposition 8.7 (see [29, Proposition 3.5]). Suppose that p : X — Y is an approximately [L]-soft

map between Polish spaces and f1, fo : Z — X are maps defined on a Polish space Z and such that
(a) fi(z) = fa(z) for some point z € Z,;

(L]
(b) po fi =~ po farel 2.

(L]
Then f1 ~ forelz.
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At this point, we may encounter another difficulty, which is caused by the nonuniqueness of an
[L]-homotopy equivalence between two [L]-spheres. Nevertheless, we can distinguish a certain class of
[L]-homotopy equivalences between [L]-spheres, namely, the [L]-homotopy equivalences of canonical
type [29, p. 138], which allows us to give a correct definition of [L]-homotopy groups.

Next, we define [L]-polyhedra and [L]-complexes (see [29, Sec. 3.1]).

Definition 8.4. We say that a space X of extension dimension e-dim X < [L] is a (finite) [L]-
polyhedron if it admits a proper approximately [L]-soft map f : X — Y onto a locally finite polyhedron
Y satisfying condition (iv) in Theorem 8.6 for some (finite) triangulation T of Y. The [L]-complezes
are defined to be spaces [L]-homotopy equivalent to [L]-polyhedra. Recall that a map is said to be proper
if the preimage of any compact subspace is compact.

Any [L]-polyhedron is built in a standard way, namely, by attaching “cells” (i.e., [L]-disks) along
their “boundaries” (i.e., [L]-spheres) via inclusion maps. We can also define analogs of n-skeletons and
show that the topology of [L]-polyhedra is similar to the standard CW topology [29]. The classical
polyhedra are obtained by setting L = {point} (or L = S™ for n-dimensional polyhedra). However,
the class of [S™]-polyhedra is obviously larger than that of n-dimensional polyhedra.

8.3. [L]-Homotopy groups. Consider a pointed space (X,xzo). Take n > 1 and a point s € S™.

Let S[”L} be an n-[L]-sphere, and let f : S[”L} — S™ be the corresponding approximately [L]-soft map.
[L]

Take a point s;7; € f~'(s). By m, (X, z0) = (SElL}’ sin))s (X, xo)] » we denote the set of relative [L]-

homotopy classes of maps of pointed spaces. Let us describe a group structure on this set (see [29]).

First, we define a group operation. Take two elements o and [ in 7T7[1L] (X, z9) with representatives

a,b : (SELL},S[L}) — (X, 20). Let ST and S” denote the upper and lower hemispheres, respectively,
and take an equator ¥ of S™ containing s. Let h : S™ — S™ vV S be the homotopy comultiplication
defining the standard H-cogroup structure of the sphere S™ (see, e.g., [125, Definition 2.16]), and let
fo: SFL} — S™ and f, : S[”L] — S™ be two copies of the map f.

Given maps a and b, we need to construct a new map a * b from a pointed n-[L]-sphere to (X, z¢);
its [L]-homotopy class will represent the product of @ and 3. Since S™ is an AN E-compactum, there
exists an open cover w such that any two w-close maps from any compact space to S™ are homotopic
(as maps to S™). Since f; is approximately [L]-soft, there exists a map hy : f~1(S%) — S[”L] such that

ﬁ+(f*1(E)) = s[z) and the composition fy o hy is w-close to the composition h o f|f71(51). Similarly,
there exists a map h_ : f~1(S") — S{;) such that h_(f~Y(E)) = sir) and the composition f_ o h_ is
w-close to the composition h o f[;—1(gn).

Now we can define the composition

axb=((aVb)o(hyUhy)): (S, f(E)) — (X,20)

~a(hi(x) ifxe ST,
e {b@@:» o e (s
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The following diagram (which is commutative up to [L]-homotopy) illustrates the situation:

(X’ xO)
a*b.,-"..' aVb
n — n 7 n By Uh— n n
=171 Sm)u sy . Sz V S
f F-Vfe
5n h AV

The choice of the cover w ensures that the relative [L]-homotopy class [a * b](z) of this composition

does not depend on the choice of the representatives a and b (and of the maps hy and h_). This
allows us to define the product of o and (3 by setting a x 5 = [a * b] (L)

The [L]-homotopy class of the map sending S[”L} to the point xg is the identity element with re-
spect to this operation. To complete the construction, we need to define inverse elements. Let
a: (S&},S[L]) — (X, o) be a representative of a € WLL](X, xo), and let g : 8™ — S™ be the map
defined by g(z1,...,2p4+1) = (z1,...,—2n41) (the points of the equator E are fixed under this map).
Since f is approximately [L]-soft, there exists a map g : S[T}J] — S[V}J] such that g(siz)) = sz) and the
composition f o g is w-close to the composition go f. We set ! = [a o @}[L]. It is routine to show
that o' has the desired property and does not depend on the choice of the representative a.

As mentioned above, the n-[L]-sphere is defined not uniquely. Thus, we must show that the groups

il (X, zo) are well-defined. It was mentioned in Sec. 8.2 that different n-[L]-spheres are [L]-homotopy
equivalent, and the [L]-homotopy equivalence between them is of canonical type. Importantly, any
two [L]-homotopy equivalences of canonical type are [L]-homotopic. Using them, we can show that
the group i (X, ) does not depend on the choice of the [L]-sphere.

Finally, let f : (X, z0) — (Y,y0) be a map of pointed spaces, and let [f];z) € [(X,x0), (Y, o)) be
its relative [L]-homotopy class. Then we can define a natural homomorphism [f](z : r (X, o) —

e (Y,yp) in a standard way.

8.4. Computations. Obviously, the [singleton]-homotopy groups of a space coincide with the usual
homotopy groups. On the other hand, it can be shown that the system of [S"]-homotopy groups of a
space X has the form

7T1(X), 7T2(X), ceey 7Tn,1(X), 0, 0, ey 0,

This suggests the conjecture that, generally, the [L]-homotopy groups may differ substantially from
the usual homotopy groups. Thus, the following problem arises.

Problem 8.1. Describe the [L]-homotopy groups of a space X in terms of the classical algebraic
invariants of X and L (in particular, in terms of their homotopy and (co)homology groups).

In the rest of this section, we make a first step toward solving this problem. Namely, we show
that the n-[L]-homotopy group of S™ is isomorphic to Z for certain class of complexes L [80]. First,
we obtain some information about the cohomology groups of complexes L satisfying the condition
L) < [s7).
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Proposition 8.8 (see [80, Proposition 3.1]). Suppose that L is a finite complex such that [L] < [S™ 1]
and n is the minimal integer with this property. Then, for any q < n, the groups Hy(L) and HI(L)
are torsion.

Proof. First, note that both groups Hy(L) and H?(L) are finitely generated. Suppose that there
exists a ¢ < n such that Hy(L) ~ Z & G. To obtain a contradiction, we shall show that [L] < [S9].
Since L is finite, it suffices to compare L and S¢ by using compact metrizable spaces. Consider a
compact metrizable space X for which L € AE(X). Note that dim X is finite, because [L] < [S™1].
We set H = Hy(L). By Theorem 1.1, we have dimy X < q. Hence H*(X,A;H) = 0 for any
closed subspace A of X. Applying the universal coefficient formula to the group H9*!' and using the
assumption HY(L) ~ Z & G, we see that H1*(X, A) = 0 for all closed A C X. Hence dimz X < ¢
and, therefore, dim X < ¢, because X is finite-dimensional. This implies S? € AE(X).

Using the universal coefficient formula, which establishes a relation between homology and coho-
mology, and taking into account the fact that the homology and cohomology groups of L are finitely
generated, we obtain the required assertion for HY(L). O

Proposition 8.8, the universal coefficient formula, and the structure theorem for finitely generated
Abelian groups imply the following assertion.

Proposition 8.9 (see [80, Proposition 3.3]). Suppose that L is a finite complex such that [L] < [S™ 1]
and n is the minimal integer with this property. Then there exists an arbitrarily large integer p such
that H1(L; Zy) is trivial for any g < n.

In what follows, we consider complexes L satisfying the inequalities [S"] < [L] < [S™T!] for some
integer n. In this case, e-dim S™ = [S™] < [L] and, therefore, we can take S™ for the n-[L]-sphere
["L]. It follows immediately that, for any space X, the group 7['7[1[/} (X) is the quotient of the classical
homotopy group 7, (X) by the [L]-homotopy relation. Thus, for the group WLL](SH), there are three
possibilities: m[lL}(S”) ~ Z, W,LL}(S”) ~ L, and WLL](STL) ~ 0 . We characterize the (hypothetical)

equality m[zL} (S™) & Zy, in terms of extensions of maps.

Proposition 8.10 (see [80, Proposition 4.3]). Let L be a finite complex satisfying [S™] < [L] <
[SnHL). If WLL](STL) & Zm, then, for any Polish space X such that e-dim X < [L], any closed sub-
space A of X, and any map f : A — S™, there exists an extension h : X — S™ of the composition
h = znf, where z,, : S™ — S™ is a map of degree m.

The proof of the following statement is standard.

Proposition 8.11 (see [80, Proposition 5.3]). Suppose that X is a compact metrizable space, A is
a closed subspace of X, f : A — S™ is a map, k is an integer, and  is a generator of the group
H™(S™, Zy) = Zy. If f can be extended to a map from the entire space X to S™, then 5;(,,4(10*(0) =0
in the group H" (X, A;7Z;,), where Ox At H"(A; 7)) — H"Y (X, A;Zy,) is the connecting homomor-
phism.

Now we are ready to show that 777[{:} (S™) =~ Z.

Theorem 8.12 (see [80, Theorem 5.4])). If L is a finite complex such that [S"] < [L] < [S™*1] for
some n, then W,[@L](S”) ~ 7.

Proof. Suppose that, on the contrary, W%L}(S”) ~ Ly, OT WLL}(S”) ~ 0. We consider only the former

case (the latter is treated similarly). Using the technique described in Sec. 5.2 (which follows the ideas
of [45]), we obtain an L-resolvable inverse sequence & = {X;, pﬁ“} consisting of compact polyhedra,

in which Xg = D"*! and the preimages of all bonding maps are either homeomorphic to L or trivial.
We set X =lim S.
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Note that e-dim X < [L], because S is L-resolvable. Let pg: X — X = D""! denote the limit
projection. Take an integer p > m + 1 as in Proposition 8.9. The Vietoris-Begle theorem and the
choice of p imply that, for every index ¢ and any X/ C X;, the homomorphism (pﬁ“)* c HN (X Zp) —
H*((pi™")~'X/;Z,) is an isomorphism for & < n and a monomorphism for ¥ = n + 1. Therefore, for
each D' C Xy = D" the homomorphism pj, : H*(D';Z,) — H"((po) 1D';Z,) is an isomorphism
for £ < n and a monomorphism for k = n + 1. In particular, H"(X;Z,) ~ 0.

Let A = (po)~tS™. Take a generator ( € H"(S™;Z,) ~ Z,. Since p§ : H"(S™; Z,) — H"(A;7Z,) is
an isomorphism, it follows that p;(¢) € H"(A;Zy) is an element of order p. The exact sequence of the
pair (X, A)

C HY(XZ,) 0 —22% H'(A;Z,) —2 H'"PU(X, A Z,) — ...
implies that 5}7 4 1s a monomorphism, and hence
0%,a(P5(Q)) € H'H(X, A; Zy)

is an element of order p.

Now consider the composition h = z,, o pg, where z, : S* — S" is a map of degree m. By
assumption and by Proposition 8.10, this map can be extended to a map from X to S™. Combining
this with Proposition 8.11, we see that 0% 4(h*(¢)) = 0 in H""Y(X, A;Z,). On the other hand,

X.a(h*(C)) =m - % 4(p5(C)). This contradiction shows that WLL](S") =Z. O

8.5. Model categories. An axiomatic approach to homotopy theory was suggested by Quillen
[114], who introduced the notion of model category. Suppose that C is a category. To specify a model
category structure on C, we must distinguish between the following three classes of morphisms:

(i) weak equivalences;
(ii) fibrations;
(iii) cofibrations,
each of which is closed under compositions and contains all identity morphisms of all objects from
C. A morphism which is both a fibration (cofibration) and a weak equivalence is called an acyclic
fibration (respectively, acyclic cofibration). The following axioms must be satisfied.

(1) Finite limits and colimits exist in C.

(2) If f and g are maps in C such that gf is defined and two of the three maps f, g, and gf are
weak equivalences, then so is the third.

(3) If f is a retract of g and g is a fibration, a cofibration, or a weak equivalence, then so is f.

(4) Given a commutative diagram ;

A— X
| ]
1 K p

B—"—~Y
(solid arrows), a lift (dotted arrow) exists in either of the following two situations:
(i) ¢ is a cofibration and p is an acyclic fibration,
(ii) i is an acyclic cofibration and p is a fibration.
(5) Any map f can be factored in two ways:
(i) f = pi, where i is a cofibration and p is an acyclic fibration,
(ii) f = qj, where j is an acyclic cofibration and ¢ is a fibration.

In any abstract category C with a model-category structure, a homotopy theory can be developed
(see [114]). This was done, e.g., in [18] and [74]. Moreover, if a homotopy theory satisfying the above
axioms already exists, then powerful category methods can be applied to study it. See [51] for more
information on model categories.
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The classical homotopy structure satisfies Quillen’s axioms. Moreover, it gives rise to two different
model-category structures on the category of topological spaces, Quillen’s [114] and Strgm’s [124]. The
former uses Serre fibrations as fibrations and weak homotopy equivalences as weak equivalences, while
the latter employs Hurewicz fibrations and homotopy equivalences. A model category associated to n-
homotopies with a structure based on weak n-homotopy equivalences and n-fibrations was constructed
by Elvira-Donazar and Hernandez-Paricio in [62].

Now let us construct a closed model-category structure associated to [L]-homotopy on the category
of topological spaces. It is convenient to describe it in terms of lifting properties. We say that a map
i : A — B has the left lifting property (LLP) with respect to a map p : X — Y and p has the right
lifting property (RLP) with respect to i if, for every commutative square diagram

A4f>X

7]

B2,y
(solid arrows), there exists a lift (dotted arrow) h : B — X such that hoi = f and poh = g. We
describe the model-category structure by specifying the required morphisms.

Definition 8.5 (see [29, Definition 4.2]). Let f : X — Y be a map of topological spaces. We say that
fis
(i) a weak equivalence if it is a weak [L]-homotopy equivalence;
(ii) a fibration if it has an RLP with respect to inclusions of finite [L]-polyhedra A C B such that
both A and B are AE([L])-spaces;
(iii) a cofibration if it has an LLP with respect to acyclic fibrations.

In the above definition, weak [L]-homotopy equivalences are maps that induce isomorphisms of
[L]-homotopy groups [29, Definition 4.1], as in the classical case.

The following result shows that the morphisms from Definition 8.5 satisfy the axioms of model
category. Thus, [L]-homotopy is indeed a homotopy in the sense of Quillen.

Theorem 8.13 (see [29, Theorem 4.7]). Let L be a finite complex. Then the category of topological
spaces with weak equivalences, fibrations, and cofibrations introduced in Definition 8.5 is a model
category.

We emphasize that each finite complex L determines a closed model category structure. Note that
this structure differs from all classical structures [62, 114, 124] even for L = S™ (see the concluding
remarks in [29, p. 148]). Thus, since [S™]-homotopies coincide with n-homotopies, we obtain a new
model category structure describing n-homotopies. For one-point L, it is unclear whether the structure
coincides with that described in [114].

The following generalization of classical Whitehead’s theorems [139, 140] can be obtained as an
application of Theorem 8.13.

Theorem 8.14 (see [29, Corollary 4.8]). A map of [L]-complexes is an [L]-homotopy equivalence if
and only if it induces isomorphisms of all [L]-homotopy groups.
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