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Abstract

We provide a detailed study of two properties of spaces and pairs of spaces, the
surjection property and the e-surjection property, that were recently introduced to
characterize the notion of computable type arising from computability theory. For a
class of spaces including the finite simplicial complexes, we develop techniques to prove
or disprove these properties using homotopy and homology theories, and give applica-
tions of these results. In particular, we answer an open question on the computable
type property, showing that it is not preserved by taking products.

1 Introduction

The surjection property and the e-surjection property are topological properties of spaces
and pairs of spaces, introduced in [1] to derive topological characterizations of a property
from computability theory first studied by Miller [2] and Iljazovi¢ [3], called computable
type. Informally, a compact metrizable space X has computable type if for every homeo-
morphic copy X’ of the space in the Hilbert cube [0, 1]V, if the metric balls that are disjoint
from X’ can be enumerated by a Turing machine, then the metric balls intersecting X’
can also be enumerated by a Turing machine. Miller [2] proved that n-dimensional spheres
have computable type, and Iljazovié¢ [3] proved that closed n-manifolds have computable
type for all n € N.

It was proved in [1] that a finite simplicial complex X has computable type if and only
if it satisfies the e-surjection property for some € > 0, which means that every continuous
function f : X — X which is e-close to the identity must be surjective. It was also
proved that this property holds if and only if every star, which is a cone C(L), satisfies the
surjection property, which means that every continuous function f : C(L) — C(L) which is
the identity on L is surjective.

The purpose of this article is to further study the surjection and e-surjection properties,
to provide techniques to establish or refute them notably using homotopy and homology
theories, and to present applications of these techniques. The results apply to finite sim-
plicial complexes, and slightly larger classes of compact metrizable spaces.



One of the main applications of our results is that the computable type property is
not preserved under products, answering a question raised by Celar and Iljazovié¢ in [1].
Namely, there exists a finite simplicial complex X such that X has computable type, but
its product with the circle X x S; does not. This result heavily relies on the properties of
the suspension homomorphism between homotopy groups of spheres.

Another application is that the (e-)surjection property holds when the space is a union
of homology cycles, implying in particular that in a simplicial complex K if every n-simplex
belongs to an even number of maximal (n + 1)-simplices, then K has computable type.
The reduction to homology also implies that the computable type property is decidable,
for finite simplicial complexes of dimension at most 4.

The computable type property, the e-surjection property and all the results are more
generally stated for pairs (X, A) consisting of a compact metrizable space X and a compact
subset A.

Some of the results were announced in the article [1] for simplicial complexes and are
presented here with complete proofs and for slightly more general spaces.

The article is organized as follows. In Section 2 we investigate general aspects of the
(e-)surjection property, such as their preservation under countable unions. In Section 3 we
show that for spaces that are finite unions of cones, the e-surjection property is equivalent
to the surjection property of each cone. In Section 4 we investigate the surjection property
of cones and obtain precise relationships with homotopy and homology theories. In Section
5 we apply these results to a family of spaces which is a source of counter-examples. In
Section 6 we give applications to the computabe type property. We end with a conclusion
in Section 7.

We include an appendix which contains results that are classical or folklore, but which
are stated slightly differently in the literature, and therefore deserve some explanations.
Section A contains results about homotopy of functions, Section B is about the cone and
join of spaces, Section C contains Hopf’s extension and classification theorems and Section
D discusses the choice of the coefficients in homology groups.

1.1 Preliminaries

We will work with compact metrizable spaces only. A compact pair (X, A) consists of a
compact metrizable space X and a compact subset A C X.

Every compact metrizable space embeds in the Hilbert cube @ = [0, l]N endowed
with the product topology, and with the complete metric d(z,y) = > ,cn 27y — il
where © = (2;);ey and y = (yi)ien. If X is a compact space and f,g : X — @ are
continuous functions, then we let dx(f,g) = max,cx d(f(x), g(x)).

If (X,d) is a metric space, A C X and r > 0, let N(A,r) ={x € X : d(z,A) < r}.

If two topological spaces X and Y are homeomorphic, we write X =2 Y.

A compact metrizable space X is an Absolute Neighborhood Retract (ANR)
if every (equivalently, some) homeomorphic copy Xg C @ of X is a retract of an open



set U C @ containing Xj.

1.1.1 Euclidean points and regular cells

We introduce a class of spaces for which most points have a Euclidean neighborhood. Most
of the results will apply to these spaces.

Definition 1.1. Let X be a topological space and n € N, n > 1. A point z € X is
n-Euclidean if it has an open neighborhood that is homeomorphic to R™. A point is
Euclidean if it is n-Euclidean for some n.

A space is almost Euclidean if the set of Euclidean points is dense. A space is almost
n-Euclidean if the set of n-Euclidean points is dense. A pair (X, A) is almost Euclidean
(resp. almost n-Euclidean) if X \ A is almost Euclidean (resp. almost n-Euclidean).

Every CW-complex without isolated point is almost Euclidean and every n-manifold is
almost n-Euclidean.

Definition 1.2. Let X be a topological space and n > 1. A set C' C X is a regular n-cell
if there is a homeomorphism f : B,, — C such that f(B,, \ S,,—1) is an open subset of X.
The set f(S,,—1) is the border of the cell and is denoted by bd(C'). The set f(B,, \S,—_1) is
the corresponding open cell and is denoted by op(C'). A regular cell is a regular n-cell
for some n > 1.

Note that bd(C) and op(C) always contain the topology boundary and the interior of C'
respectively, but do not always coincide with them. For instance, in a simplicial complex,
a free face of a simplex is contained in its border but not in its boundary.

A point z € X is n-Euclidean if and only if 2 belongs to op(C') for some n-cell C' C X.

2 The (e-)surjection property

The surjection property and the e-surjection property were defined in [1]. We recall their
definitions and develop techniques to prove or disprove these properties.

Definition 2.1. A pair (X, A) has the surjection property, if every continuous func-
tion f: X — X such that f|4 =idy4 is surjective.

Let (X,d) be a metric space and A C X a closed set. For € > 0, the pair (X, A) has
the e-surjection property if every continuous function f : X — X such that f|4 =ida
and d(f,idx) < € is surjective. The space X has the e-surjection property if the pair (X, ()
does.

Of course, the surjection property implies the e-surjection property for any € > 0.

Example 2.1 (Ball). For every n € N, the pair (B,+1,S,,) has the surjection property. It
is a consequence of the fact that S,, is not a retract of B,,41, but is a retract of any proper
subset of B,, 1 containing S,.



Example 2.2 (Sphere). Let n € N and let d be a compatible metric on S,,. If € is smaller
than half the distance between every pair of antipodal points, then S,, has the e-surjection
property. It is a consequence of Borsuk-Ulam’s theorem.

Although the e-surjection property depends on the metric, quantifying over e only
depends on the topology induced by the metric.

Proposition 2.1 (Proposition 3.3 in [1]). Let (X, A) be a compact pair. Whether there
exists € > 0 such that (X, A) has the e-surjection property does not depend on the choice
of a compatible metric on X.

When the pair is well-behaved, the condition f|4 = id4 can be replaced by the weaker
condition f(A) C A.

Lemma 2.1. Let (X, A) be a compact pair satisfying the homotopy extension property and
assume that A is an ANR whose interior is empty. The following statements are equivalent:

1. There exists € > 0 such that (X, A) has the e-surjection property,

2. There exists € > 0 such that every continuous function f : (X, A) — (X, A) satisfy-
ing d(f,idx) < € is surjective.

When A has non-empty interior, the result still holds if one replaces the surjectivity
of f by X\ A Cim(f) in condition 2.

Proof. Of course 2. implies 1., we prove the other direction. We assume that 2. does not
hold and prove that 1. does not hold. Let ¢ > 0. Let § < €/2 be such that functions
to A that are d-close are e/2-homotopic (Lemma A.3). Let f : (X,A) — (X,A) be a
non-surjective function satisfying d(f,idx) < 4. There is an ¢/2-homotopy h; : A — A
from hg = f|a to hy =id4. We then apply Lemma A.1, which implies that there is an €/2-
homotopy Hy : X — A Uim(f) extending hy, from f to some g : X — AUim(f). As A
has empty interior, X is compact and f is not surjective, A U im(f) is a proper subset
of X so g is a non-surjective function to X. One has g|4 = hy = id4 and d(g,idx) <
d(g, f)+d(f,idx) < €, so (X, A) does not satisfy the e-surjection property. O

The product of two pairs is (X, A) x (Y, B) = (X xY, X x BUAXY). For well-behaved
pairs, the e-surjection property of the product implies the J-surjection property of the two
pairs for some 9.

Proposition 2.2 (Product). Let X,Y and A C X,B CY be compact ANRs.
If (X, A) x (Y, B) has the e-surjection property, then (X,A) and (Y, B) satisfy the ¢-
surjection for some § > 0.



Proof. Let (Z,C) = (X,A) x (Y,B) = (X xY,X x BUAXY). Note that C is a compact
ANR: indeed, the product of ANRs is an ANR (Theorem IV.7.1 in [5]), so X x B, Ax Y
and their intersection A x B are ANRs, therefore their union is an ANR (Theorem IV.6.1
in [5]). We can assume w.l.o.g. that the metric on the product space is the maximum of
the metrics on X and Y.

We assume that (X, A) does not satisfy the e-surjection property for any ¢ > 0, and
show that the same holds for (Z,C). Let € > 0 and f : X — X be a non-surjective function
such that f|4 =id4 and d(f,idx) < e. We naturally define g : (Z,C) — (Z,C) by g(z,y) =
(f(x),y). One easily checks that g(C) C C. As d(f,idx) < €, one has d(g,idz) < e. The
image of g does not contain Z\ C: if xg € X \im(f) and yo € Y\ B, then (xo,y0) ¢ im(g).
Therefore, we can apply Lemma 2.1, implying that (Z, C') does not satisfy the e-surjection
property for any € > 0. O

2.1 The (e-)surjection property for cone pairs

Cones have the particular property that they contain arbitrarily small copies of themselves,
implying that for any € > 0, the e-surjection is equivalent to the surjection property. Cones
and cone pairs are defined in Section B.1.

Proposition 2.3. Let (X, A) be a compact pair and € > 0. The cone pair C(X, A) has
the e-surjection property iff it has the surjection property.

Proof. Assume that X is embedded in @ and let C(X) = {(t,tx) : t € [0,1],z € X}.
Assume that there is a non-surjective continuous function f : C(X) — C(X) which is the
identity on X U C(A). For any € > 0, one can define such a function g which is e-close to
the identity. We decompose C(X) as C(X) = C U D where

C={(ttx):te€0,d],z € X}
D ={(t,tx): t € [0,1],z € X}.

Note that C' is homeomorphic to C(X). We define g as the identity on D and as a rescaled
version of f on C, namely g(dt, dtz) = 0 f(t,tx) for t € [0,1] and x € X. g is non-surjective,
is the identity on X U C(A), and if ¢ is sufficiently small, then g is e-close to the identity.
In Section B.1, we introduce the symbol ® and define C(®) = {0}. Note that the proof
works when A = ® and C(X,®) = (C(X), X U{0}) (where 0 is the tip of C(X)). O

The only case when we need to consider A = ® is when X is a singleton.

Proposition 2.4. If X is not a singleton, then C(X,®) has the surjection property if and
only if C(X,0) has the surjection property.

Proof. Assume that C(X,()) does not have the surjection property, and let f : C(X) —
C(X) be a non-surjective continuous function which is the identity on X. We build a
non-surjective continuous function g : C(X) — C(X) which is the identity on X U {0}.



We are going to define a proper subspace Y C C(X) that contains im(f) U {0} and
contains a path from 0 to f(0). Let then ¢ : X U {0} — Y be the inclusion and j :
X U{0} — Y be the identity on X and send 0 to f(0). The path from 0 to f(0) in YV
induces a homotopy from ¢ to j. As the pair (C(X), X U{0}) has the homotopy extension
property, it implies that the inclusion has a continuous extension g : C(X) — Y, which is
non-surjective when typed as g : C(X) — C(X), which completes the proof.

We now define the space Y. There are two cases.

First assume that 0 € im(f). In that case, we simply take ¥ = im(f). Let x € C(X)
be such that f(z) = 0. The image by f of the ray from 0 to = in C(X) is a path from f(0)
to 0, contained in Y.

Now assume 0 ¢ im(f). Let Y be the union of im(f) and the ray from 0 to f(0). We
need to show that Y is a proper subset of C(X). Let a,b be two distinct points of X.
As im(f) is closed and does not contain 0, the rays from 0 to a and b are not contained
in im(f). f(0) belongs to at most one of them, so the other ray is still not contained in Y.
Therefore, Y is a proper subset of C(X). O

2.2 The (e-)surjection property and unions

In certains cases, the (e-)surjection property for a pair (X, A) can be established by proving
the (e-)surjection property for subpairs covering (X, A).
The first result holds for cone pairs and countable unions.

Theorem 2.1. Let (X, A) and (X, Aj)ien be compact pairs such that X = ey Xi
and A = |J;ey Ai- Assume that (X, A) is almost Euclidean.

If every pair C(X;, A;) has the surjection property, then C(X,A) has the surjection
property.

Proof. Assume that C(X, A) does not have the surjection property. There exist n € N and
a regular n-cell C' C X \ A such that the corresponding quotient map g¢ : (X, A) — (Sp, s)
is null-homotopic.

For each 4, the topological boundary 0X; of X; is nowhere dense in X, so |J;cy 0X;
is meager. By the Baire category theorem, its complement is dense, in particular it inter-
sects op(C). Let x belong to the intersection and let i be such that z € X;. As x ¢ 0X;, x
belongs to the interior of X; so z is n-Euclidean in X;. Note that x ¢ A;, because C' is
disjoint from A.

Let C' C C N X; \ A; be a regular n-cell. The quotient map gor : (X, A) — (Sp,s)
is homotopic to g¢ so it is null-homotopic. Therefore, its restriction to (X;, 4;) is null-
homotopic, implying that C(X;, A;) does not have the surjection property. O

Under certain conditions, the e-surjection property is preserved by taking finite unions.
This result was stated as Theorem 4.1 in [1] for simplicial complexes.



Theorem 2.2. Let (X,A) and (X;, A;)i<n be compact pairs such that X = ., Xi
and A = J,<,, Ai. Assume that each topological boundary 0X; is a neighborhood retract
m X. -

If every pair (X;, A;) has the e-surjection property for some € > 0, then (X, A) has
the d-surjection property for some § > 0.

Proof. For each i, there is a neighborhood U; of X; and a retraction r; : U; — X; such that
the only preimage of each x € int(X;) is z.

Indeed, let V; C X be a neighborhood of 0X; and p; : V; — 0X; be a retraction.
Let U; = X; UV; = int(X;) UV, and define r; : U; — X; as the identity on X; and as p;
on V; \ int(X;). The definition is consistent because the intersection of X; and V; \ int(X;)
is 0.X;, on which p; coincides with the identity. Therefore, r; is well-defined and continuous,
and is indeed a retraction.

Let € > 0 be such that each (Xj;, A;) has the e-surjection property. Let § > 0 be such
that for each i < n, N(X;,0) C U; and for z,y € U;, d(z,y) < § implies d(r;(z),7:i(y)) < €.

Assume the existence of a non-surjective continuous function f : X — X such that f|4 =
id4 and d(f,idx) < . There exists i« < n and ¢ € int(X;) which is not in the image of f.
Let fi =m0 flx, : X; — X;. It is well-defined, because f(X;) C N(X;,d) C U;. Both f
and r; are the identity on A, so f; is the identity on A. By choice of ¢, d(f;,idx;) < e. Fi-
nally, f; is not surjective, because xg is not in its image: the only preimage of xg € int(X;)
by r; is xg, which is not in the image of f. O

3 Finitely conical spaces

We show that for a class of spaces containing finite simplicial complexes and compact
manifolds, the e-surjection property is actually a local property.

3.1 Definition and first properties

Definition 3.1. A topological space X is finitely conical if there exists a finite sequence
of compact metrizable spaces (L;);<, and a finite covering of X by open sets U; C X, i < n,
where U; is homeomorphic to OC(L;).

A pair (X, A) is finitely conical if X is finitely conical and for every i, the home-
omorphism f; : U; — OC(L;) satisfies f(U; N A) = OC(NN;) for some compact N; C L;
(OI" Ni = @).

We will say that the sequence (L;)i<p or (L;, N;)i<n witnesses the fact that X or (X, A)
is finitely conical.

For simplicity of notation, we will identify U; with OC(L;), so the condition for pairs
can be written as OC(L;) N A = OC(NV;).

Remark 3.1 (Particular case). We allow the pair (L;, N;) = ({0}, ®), giving the open cone
pair OC({0}, ©) = ([0,1), {0}).



Example 3.1 (Graph). Let X be a finite topological graph and A be the set vertices of
degree 1. The pair (X, A) is finitely conical. An open cone consists of a vertex v together
with the open edges starting at v. The open cone pair centered at v is OC(L, N), where L
is the set of vertices that are neighbors of v and N = @ if v has degree 1, and N = ()
otherwise.

Example 3.2 (Simplicial pair). More generally, every pair (X, A) consisting of a finite
simplicial complex X and a subcomplex A is finitely conical, witnessed by the open stars
of the vertices.

Example 3.3 (Compact manifold). Every compact manifold of dimension n € N* with
possibly empty boundary OM is finitely conical. The pairs (L;, N;) are (S,—1,0), as well
as (Bn—1,S,—2) when OM # (). A point x € M \OM is the tip of OC(S,_1), a point z € OM
is the tip of OC(B,,—1). Note that for n = 1, one has (By,S_1) = ({0}, ®) (see Section B.1).

The class of finitely conical spaces or pairs is preserved by many constructs.

Proposition 3.1. Finitely conical pairs are closed under finite products and the cone
operator.

Proof. Let (X1, A1) and (X2, A2) be finitely conical, and let (L}, N}!);<, and (L?,Nf)jgn

)

be respective witnesses. It is not difficult to see that the (X, A) = (X1, A1) x (X2, A2) is
finitely conical, witnessed by the pairs

(Lij, Nij) = (Li, N}) = (L5, N7),

where the join * of pairs is defined in Section B.2.
Indeed, one has
X = X1 x Xy =|_JOC(L}) x | Joc(L}) = Uoc ) x OC(L?) Uoc

i J

by Proposition B.1. Note that each OC(L; ;) is open in X. Moreover,

OC(Lij) N A= (0C(L7) x OC(L3)) N (A1 x X2) U (X1 x Az))
= ((OC(L7) N A1) x OC(LF)) U (OC(L;) x (OC(LF) N As))

= (OC(NV}') x OC(L})) U (OC(L;) x OC(N}))

C(Nj * L3 UL % N7)

where the last equality holds by Proposition B.2. We have proved that (X, A) is finitely
conical.

We now show that if (X, A) is finitely conical, coming with (L;, N;)i<n, then C(X, A)
is finitely conical, witnessed by the pairs C(L;, N;) together which the pair (X, A).



The first component of the pair C(X, A) is the cone C(X), which is covered by two
open sets OC(X) and X x (0,1]. Its second component is X U C(A), which is covered by
the two open sets OC(A) and X U (4 x (0,1]). All in all, we have C(X,A) = OC(X,A) U
(X, 4) x (0, 1], {1})).

The first pair OC(X, A) is finitely conical, because it consists of one open cone pair.

The second pair (X, A) x ((0,1],{1}) = (X,A) x OC({0},®) is a product of two
finitely conical pairs, so it is finitely conical by the first statement. It is witnessed by
the pairs (L;, N;) x ({0},®) = C(L;, N;). Therefore, C(X, A) is the union of two open
subspaces which are both finitely conical, so it is finitely conical. O

Remark 3.2. By similar arguments, it can be proved that if the pairs (X7, A1) and (X2, Ag)
are finitely conical, witnessed by (L}, N}!)i<m and (sz, N ]2) j<n respectively, then their
join (X, A) * (Y, B) is finitely conical, witnessed by the pairs

C((Lzlv Nil) * (L?’ Nf))v

which means that (X, A) % (Y, B) is covered by the open cones of these pairs. We will not
use this result.

3.2 The e-surjection property for finitely conical pairs

We show that the e-surjection property of a finitely conical pair reduces to the surjection
property of each local cone pair, assuming that the L;’s are ANRs. This result is particu-
larly useful because it enables one to check a global property by inspecting the local cones
independently of each other. The result was stated in [!] for the family of finite simplicial
complexes.

Theorem 3.1. Let (X, A) be a finitely conical compact pair coming with (L;, N;)i<n, where
each L; is an ANR. The following statements are equivalent:

1. (X, A) has the e-surjection property for some € > 0,
2. All the cone pairs C(L;, N;) have the surjection property.

The implication 2. = 1. does not follow from Theorem 2.2, because in a finitely conical
pair (X, A), one has A = |J, C(NNV;) while applying Theorem 2.2 would require A = |J, L; U
C(V;).

Proof. 1. = 2. Assume that some C(L;, N;) does not have the surjection property and
let € > 0. C(L;, N;) does not have the e-surjection property by Proposition 2.3, which
is witnessed by a non-surjective continuous function f : C(L;) — C(L;). We assume
that C(L;) is embedded in X in such a way that its topological boundary in X is L;. We
then extend f as the identity outside C(L;), showing that (X, A) does not have the e-
surjection property. Note that the extension of f is indeed continuous because f is the
identity on the boundary of C(L;).



2. = 1. We assume that for every € > 0, (X, A) does not have the e-surjection property,
and we prove that some cone pair C(L;, N;) does not have the surjection property.

As X is compact and is covered by finitely many open cones OC(L;), X is covered by
slightly smaller closed cones C(L;) contained in these open cones. Let (K;, M;) = C(L;, N;)
be these closed cones, contained in X. L; can be seen as a subset of the Hilbert cube Q,
and there is a homeomorphism

g; . {(t,t.%‘) 1t e [0, 1],x S Lz} — K;.

sending {(1,z) : x € L;} U{(¢, tx) : t € [0,1],z € N;} to M; (if N; = ©®, then the latter set
is {(1,z) :xz € L;} U{(0,0)}).
For any ¢ € (0, 1), define the smaller copy (K;(t), M;(t)) of (K;, M;) as follows:

Ki(t) = gi({(s,sz) : s € [0,t],x € L;}),
M;(t) = (K;(t) N A) U gi({(t, tx) : x € L;}).

Let ty < 1 be such that the sets K;(tp) cover X, which exists as X is compact. Pick
two other real numbers tg < t1 < to < 1. Let € > 0 be such that for all 7,

N(Ki(to), €) C K;(t1), (1)
N(Ki(t1),€) C K;(t2). (2)

Let § < € be smaller than the values provided by Lemma A.2 applied to all the com-
pact ANRs Kj(t2) and e. By assumption, (X, A) does not have the d-surjection property,
i.e. there exists a non-surjective continuous function h : X — X such that h|4 = idg
and dx(h,idx) < d <e. As X =, Ki(to) and h is not surjective, there exists ¢ such that

Ki(to) € h(X). (3)

Let (K, M) = (K;(t2), M;(t2)) = C(Li, N;). We define a non-surjective continuous func-
tion G : K — K such that G|j; = idps, showing that C(L;, N;) does not have the surjection
property.

First observe that h(K;(t1)) is contained in K = K;(t2), because h is e-close to the
identity, so h(K;(t1)) C N (K;(t1),e) € K by (2).

We define g : K;(t1) UM — K by

9lK;(t1) = Pk, (1) and glar = idas.

The function g is well-defined and continuous because h coincides with the identity on the
intersection K;(t1) N M C A.

We now define a continuous extension G : K — K of g. Note that g is d-close to the
inclusion f : K;(t;) UM — K and f has a continuous extension F' :=idx : K — K, so
using Lemma A.2; g has a continuous extension G : K — K satisfying dx(G,idg) < e.
As G extends g, G|y = idys. It remains to show that G is not surjective. Indeed, K;(to)
is not contained in G(K):
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e G(K;(t1)) = h(K;(t1)) which does not contain K;(tp) by (3),
o G(K\ K;(t1)) CN(K \ K;(t1), €) which is disjoint from K;(t9) by (1). O

4 The surjection property for cone pairs

Theorem 3.1 reduces the e-surjection property to the surjection property for cone pairs.
The purpose of this section is to develop techniques to establish whether a cone pair has
the surjection property. We will only work with cones of almost Euclidean spaces.

4.1 Quotients to spheres

The first characterization of the surjection property for cone pairs involves quotient maps
to spheres associated to regular cells.

Let (X, A) be a compact pair and C' C X \ A a regular n-cell. The quotient of X
by X \ op(C) is homeomorphic to S,. We let

qc : (X, A) = (Sn,s) (4)
be the quotient map, where s € S,, is the image of X \ op(C) by qc.

Theorem 4.1 (Surjection property vs quotient maps). Let (X, A) be an almost Fuclidean
compact pair. The following statements are equivalent:

1. C(X,A) has the surjection property,

2. For everyn > 1 and every reqular n-cell C C X \ A, the quotient map qc : (X, A) —
(Sp, s) is not null-homotopic.

Actually, the implication 1. = 2. holds without assuming that (X, A) is almost Eu-
clidean. In order to prove the theorem, we first give a reformulation of the surjection
property for cone pairs.

Lemma 4.1. Let (X, A) be an almost Fuclidean compact pair. The following statements
are equivalent:

1. C(X, A) does not have the surjection property,

2. There exists a reqular cell C C X\ A and a continuous function f : C(X) — XUC(D),
where D = X \ op(C'), which is the identity on X U C(A).

Proof. 1. = 2. Let f: C(X) — C(X) be a non-surjective continuous function which is the
identity on X UC(A). The union of regular cells C' C X \ A is dense in X \ A, so the union
of their cones is dense in C(X \ A). Therefore, there exists a regular cell C' C X \ A such
that C(C) is not contained in the image of f. C(C) is a regular cell in C(X), its intersection
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with X U C(A) is contained in its border. Let = belong to the interior of C(C') but not to

the image of f. There exists a retraction ro : C(C) \ {z} — bd(C(C)), which extends to

a retraction r : C(X) \ {z} — X UC(D). The composition ro f : C(X) - X UC(D) is
well-defined, continuous and is the identity on X U C(A).

2. = 1. Such a function f is a non-surjective continuous satisfying f|c ayux = idcayux-

O

The existence of a continuous function f : C(X) — X U C(D) which is the identity
on X is nothing else than a null-homotopy of the inclusion map i : X — X U C(D). If the
pair (X, D) has the homotopy extension property, then X U C(D) is homotopy equivalent
to X/D (Proposition 0.17 in [0]), which implies that the inclusion map ¢ is null-homotopic
if and only if the quotient map ¢ : X — X/D is null-homotopic.

We prove a similar equivalence applicable to pairs (X, A). Essentially, we need to be
careful about how the homotopy equivalence between X UC(D) and X/D is defined on A.

Proposition 4.1. Let (X, D) be a compact pair satisfying the homotopy extension property
and A a compact subset of D. The following statements are equivalent

1. There ezists a continuous function f : C(X) — X U C(D) which is the identity
on X UC(A),

2. The quotient map q : (X, A) — (X/D,p) is null-homotopic (p being the equivalence
class of D).

Proof. 1. = 2. The function f is a null-homotopy for pairs of the inclusion map ix :
(X,A) = (XUC(D),C(A)). Consider the quotient map p : X UC(D) — (X UC(D))/C(D)
and observe that (X U C(D))/C(D) can be identified with X/D. The function poiy :
(X,A) — (X/D,p) is precisely ¢, and the null-homotopy of ix composed with p is a
null-homotopy of gq.

2. = 1. Now assume that ¢ is null-homotopic.

First, we show that the inclusion ix : X — X U C(D) is null-homotopic. The obvious
null-homotopy of the inclusion ip : D — X U C(D) can be extended to a homotopy

F,: X - XUC(D)
from Fy = ix to some Fj which is constant on D. Let
F,: X/D — X UC(D)
be the continuous map induced by F1, i.e. satisfying F} = E ogq. Let
Hy: (X, A) = (X/D,p)

be a homotopy between Hy = ¢ and the constant map H; = p. Observe that Fvl o Hy :
X — X UC(D) is a homotopy from F} o ¢ = F} to F} o Hy which is constant. Therefore,
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the inclusion ix : X — X U C(D) is homotopic to F; which is null-homotopic, so ix is
null-homotopic. The null-homotopy of ix is given by K; = Fy; for 0 <t < 1/2 and K; =
FloHy_ jfor1/2<t<1.

The null-homotopy K; can be seen as a function ¢g : C(X) — X U C(D) which is the
identity on X. However, g is not the identity on C(A), but we show how to modify g.

We use the following notation: C(X) is the quotient of [0, 1] x X obtained by identifying
all the points (1,z), so we can express any point of C(X) as the equivalence class of a
pair (¢,z) € [0,1] x X, denoted [t, xz]. Note that [1,z] = [1,2/] for all z,2' € X.

With this notation, we can see how g is defined on C(A). Let 7 be the tip of C(D).
For z € A and t € [0, 1], one has

th:{?uywﬂg—mw]gmgguz
()= if1/2<t<1.

Observe that g is constant on the segment S = {[t,z] : t € [1/2,1],x € A}, and the
idea is to contract S to a point as follows.
Let D > maxgex d(z, A) and h : C(X) — C(X) be the continuous function defined by

(2 — d(z, A)/D)t, 2] if0<t<1/2

h([t,]) = {[1 + (d(x, A)/D)(t —1),z] if1/2<t<1,

and represented on Figure 1.

0 12 1

Figure 1: Graph of ¢t — hy(t,z), where h(t,z) = [hi(t, ), ha(t, z)], for different x’s

First, h is surjective because for each z € X, h sends the segment {[t,z] : t € [0,1]}
to itself and fixes its endpoints, so h sends the segment onto itself. As C(X) is compact
Hausdorff, h is a quotient map.

We claim that the function f: C(X) — X U C(D) satisfying g = f o h is well-defined.
Indeed, if h(u) = h(v), then u = v or u,v € S, therefore g(u) = g(v). As h is a quotient
map and ¢ is continuous, f is continuous as well.

The restriction of f to X (identified with {[0, z] : € X'}) is the identity, because h|x =
glx = idx. The function h sends C(A) onto C(A), and coincides with g on C(A), so the
restriction of f to C(A) is the identity. O
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Proof of Theorem /.1. We combine Lemma 4.1 and Proposition 4.1, which is possible be-
cause the pair (X, X \ op(C)) has the homotopy extension property. O

An interesting consequence is that it is always possible to replace a pair (X, A) by the
single space X/A.

Corollary 4.1 (Pair vs quotient). Let (X, A) be an almost Euclidean compact pair. The
pair C(X, A) has the surjection property if and only if C(X/A, () = (C(X/A), X/A) has the
surjection property.

Proof. Note that X/A is almost Euclidean, so we can apply Theorem 4.1 to both (X, A)
and (Y,B) = (X/A,0). For each regular cell C C X \ A, the corresponding quotient
map ¢ : (X, A) — (S,, s) is null-homotopic if and only if the quotient map ¢’ : X/A — S,
is null-homotopic, applying Proposition A.1. Therefore, Theorem 4.1 applied to (X, A)
and (Y, B) gives the equivalence. O

Another consequence is that in Proposition 4.1, the condition that f : C(X) — C(X) is
the identity on X U C(A) can be equivalently replaced by an apparently weaker condition.

Corollary 4.2. Let (X, D) satisfy the homotopy extension property and A a compact subset
of D. The following statements are equivalent:

e There exists a continuous function f : C(X) — X U C(D) which is the identity
on X UC(A),

e There exists a continuous function f: C(X) — X UC(D) which is the identity on X
and satisfies f(C(A)) C C(D).

Proof. The second condition precisely means that the inclusion map

i:(X,A) - (XUC(D),C(D))
is null-homotopic. It implies that the quotient map ¢ : (X, A) — (X/D,p) is null-
homotopic, which in turn implies the first condition by Proposition 4.1. O

4.2 Retractions to spheres

We give a simple sufficient condition implying that C(X, A) does not have the surjection
property. We will later show that this condition is also necessary under certain assumptions.

Theorem 4.2. Let (X, A) be a compact pair and C C X \ A be a regular n-cell. If there
exists a retraction r @ X \ op(C) — bd(C) which is constant on A, then the quotient
map q : (X, A) — (S,,s) is null-homotopic, hence C(X, A) does not have the surjection
property.
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Note that a retraction r : X \ op(C') — bd(C) is the same thing as a retraction 7’ :
X — C which sends X \ op(C) to bd(C) (indeed, 7’ can be obtained from r by extending
it as the identity on C, and r can be obtained from 7/ by restriction to X \ op(C)).

Proof. Let D = X \ op(C') and r¢ : D — bd(C) be a retraction with constant value p on A.
Let r : X — C be the retraction extending rg, defined as the identity on C. As a function
of pairs, 7 : (X, A) — (C,p) is null-homotopic. Indeed, there is a contraction of C' = B,
that fixes p, i.e. the identity id¢ : (C,p) — (C,p) is null-homotopic, so r = idg o 7 is
null-homotopic.

The quotient of (X, A) by D is (Sy,s), and the quotient of (C,p) by bd(C) is (S, s).
Let gc : (X,A) — (Sp,s) and g : (C,p) — (Sn,s) be the quotient maps. As r is
the identity on C, one has gc = g o r. Therefore, the null-homotopy of r induces a
null-homotopy of go. Theorem 4.1 implies that C(X, A) does not have the surjection
property. ]

Example 4.1 (Graph). Let X be a topological graph and C' be an edge. If C is neither
contained in a cycle nor in a path from a point of A to another point of A (see an example on
Figure 2), then C(X, A) does not have the surjection property because there is a retraction
of X \ op(C) to bd(C), as we now explain. We will see with Theorem 4.3 that these
conditions are tight.

As C does not belong to a cycle, its two endpoints a, b belong to two distinct connected
components of X \ op(C). As there is no path from A to A through C, the connected
component of a or b, say a, is disjoint from A. Let r : X \ op(C) — bd(C) send that
component to a and all the rest to the other endpoint b. It is a retraction which is constant
on A.

C

a b A

Figure 2: A pair (X, A) whose cone pair C(X, A) does not satisfy the surjection property

Example 4.2. Let X = S; x Sy be the torus with a disk attached along one of the two
circles, and A = (). The disk is a regular cell, and the torus retracts to the boundary of the
disk, so C(X, A) = (C(X), X) does not have the surjection property.

Figure 3: A space X whose cone pair (C(X), X) does not satisfy the surjection property

15



The next result shows that the assumptions in Theorem 4.2 can be weakened.

Proposition 4.2. Let (X, A) be a compact pair and C C X be a reqular cell which is not
contained in A. If there exists a retraction r: X \ op(C) — bd(C) whose restriction |4 :
A — bd(C) is null-homotopic, then C(X, A) does not have the surjection property.

Proof. We show that there is a regular cell ¢’ C C'\ A and a retraction 7’ : X \ op(C’) —
bd(C") which is constant on A, and then apply Theorem 4.2.

As C ¢ A and A is closed, there exists a regular cell C' C op(C) \ A. The retraction r :
X\ op(C) — bd(C) can be extended as the identity on C'\ op(C”), giving a retraction r :
X \op(C’) — C\op(C"). There is a retraction ry : C'\ op(C’) — bd(C”), because C'\ op(C")
is a thickened sphere and bd(C") is its inner sphere.

Let f =rg0r1 : X \ op(C’) — bd(C"). The restriction of f to AUbd(C") is homotopic
to a function h : AUbd(C") — bd(C") which is constant on A and is the identity on bd(C")
(extend the null-homotopy of 7|4 as the identity on bd(C’), which is disjoint from A).
As bd(C") is an ANR (it is indeed a sphere), Borsuk’s homotopy extension theorem implies
that f is homotopic to an extension of h. Such an extension is a retraction ' : X \op(C’) —

bd(C”) which is constant on A. O
4.3 Cycles
It was proved in [1] that when the space X is a finite topological graph, the surjection

property of its cone can be characterized in terms of the cycles of X.

Theorem 4.3 (Theorem 4.4 in [1]). Let (X, A) be a pair consisting of a topological finite
graph X and a subset A of vertices. C(X, A) has the surjection property if and only if every
edge belongs to a cycle or a path between two points of A.

It is assumed that cycles and paths visit each edge at most once. The result should be
compared with Example 4.1.

We investigate how far this result extends to higher-dimensional spaces like finite sim-
plicial complexes, and more generally almost Euclidean spaces. The higher-dimensional
notions of cycles and paths between points of A are the homology cycles and cycles relative
to A, i.e. the elements of H, (X, A). We need to express the idea that a cell “belongs” to
a relative cycle.

Let T = R/Z be the circle group.

Definition 4.1. Let (X, A) be a compact pair and n > 1. A regular n-cell C C X \ A
belongs to a relative cycle if the canonical homomorphism

H,(X,A;T) = H,(X, X \ op(C); T)

is non-trivial.
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Let us explain why this definition is meaningful. First, we use the coefficient group T
because it subsumes the more usual coefficients groups Z and Z/kZ (see Proposition D.1).
The canonical homomorphism is non-trivial if there exists a relative cycle in (X, A) which
is not cancelled when quotienting by the part of the space which is not in C, so the cycle
should “visit” C. An alternative way of seeing this is to consider the exact sequence (with
coefficients in T)

Ho (X \ op(C), 4) = Ho(X, A) = Ha(X, X \ 0p(C)).

The second homomorphism is non-trivial if and only if the first one is non-surjective, which
means that there is a relative cycle in (X, A) which is not contained in X \ op(C).

Remark 4.1 (Homology vs cohomology). Here is an equivalent formulation of Definition
4.1, at least for pairs (X, A) where X and A are ANRs. C belongs to a relative cycle if
and only if the canonical homomorphism on cohomology groups with coeflicients in 7Z

H"(X,X \op(C)) - H"(X,A)

is non-trivial. Indeed, H, (X, A;T) is the Pontryagin dual of H"(X, A) and the homomor-
phisms between homology and cohomology groups are dual to each other (Proposition G,
§VIIIL.4, p. 137 and Proposition F, §VIIL5, p. 141 in [7]).

4.3.1 Simplicial complexes

Let us illustrate Definition 4.1 in the case of finite simplicial complexes. A finite simplicial
pair is a pair (X, A) where X is a finite simplicial complex and A is a subcomplex.

A finite simplicial complex is almost Euclidean, each maximal simplex being a regular
cell. For simplicial complexes, singular homology is isomorphic to simplicial homology.
Whether a simplex belongs to a relative cycle in the sense of Definition 4.1 can be refor-
mulated in a much more explicit way.

Proposition 4.3. Let (X, A) be a finite simplicial pair and C a mazimal simplex, of
dimension n. C belongs to a relative cycle if and only if there exists an n-chain with coef-
ficients in T (equivalent, in Z or some Z/kZ) whose boundary is contained in A, assigning
a non-zero coefficient to C.

Proof. Let (A;)i<m be the n-simplices in X, and assume w.l.o.g. that Ag is C. Let D be the
subcomplex obtained by removing C' from X (but keeping its faces). The homomorphism

H,(X,A;T) - Hy,(X,D;T)
is realized, at the level of n-chains, by sending > a;A; to apAg. As A is maximal, Ag is

not a boundary. Therefore, the homomorphism is non-trivial if and only if there exists a
relative cycle assigning a non-zero coefficient ag to Ag. O
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4.3.2 Cycles vs the surjection property

Let (X, A) be a compact pair and C C X \ A be a regular n-cell (n > 1). One has natural
isomorphisms
H,(X,X \op(C);T) = H,(C,bd(C); T) (by excision)
=~ H,(C/bd(C),s;T)
>~ H,(Sp,s;T)
=T.
Therefore, up to isomorphism, the canonical homomorphism from Definition 4.1

H,(X,A;T) = Hu(X, X\ op(C);T)

is nothing else than the homomorphism induced by the quotient map g¢ : (X, A) — (Sp, s)
on homology groups. It has the following immediate consequences:

e If C belongs to a relative cycle, then g¢ : (X, A) — (Sp, s) is not null-homotopic,

e When dim(X) = n and X, A are ANRs, C belongs to a relative cycle if and only if g¢ :

(X,A) = (Sp,s) is not null-homotopic, by Hopf’s classification theorem (Theorem
C.2).

Therefore, we obtain partial generalizations of Theorem 4.3 to higher-dimensional
spaces. The first one is only an implication.

Corollary 4.3 (Cycles vs surjection property, implication). Let (X, A) be an almost
Euclidean compact pair. If every regular cell C C X \ A belongs to a relative cycle,
then C(X, A) has the surjection property.

This result becomes an equivalence when the space “has the same dimension every-
where” | giving a first extension of Theorem 4.3, from graphs to pure simplicial complexes,
i.e. simplicial complexes X whose maximal simplices all have the same dimension.

Corollary 4.4 (Cycles vs surjection property, equivalence). Let n > 1. Let (X, A) be
an almost n-Euclidean compact pair, where X and A are ANRs and dim(X) = n. The
following statements are equivalent:

e The pair C(X, A) has the surjection property,
o Every regular cell C C X \ A belongs to a relative cycle.

Theorem 4.2 also becomes an equivalence when the dimension of the space matches the
dimension of the cell, or the cell has dimension at most 2.
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Corollary 4.5 (Cycles vs retraction). Let (X, A) be a compact pair, where X and A are
ANRs and dim(X) =n > 1. For a reqular n-cell C C X \ A, the following statements are
equivalent:

o C does not belong to a relative cycle,
o There exists a retraction r: X \ op(C) — bd(C) which is constant on A.
The equivalence holds if n =1 or 2, without any dimension assumption about X .

Proof. We assume that C' does not belong to a relative cycle and build a retraction (the
other implication is Theorem 4.2). Let ¥ = X/A. The existence of a retraction which
is constant on A is equivalent to the existence of a retraction r : Y — bd(C). Let f :
bd(C) — bd(C) be the identity and i : bd(C') — Y \ op(C) be the inclusion map. Note
that bd(C) = S, 1 and let f,i. be the induced homomorphisms on reduced homology
groups H,_1(:;T). We want to find a retraction, i.e. an extension of f. As dim(X) = n,
we can apply Hopf’s extension theorem (Theorem C.1): f has an extension if and only
if keri, C ker fi. As fi is injective, f has an extension if and only if i, is injective.
In the exact sequence (with the coefficient group T)

Hy(Y) = Ho(Y,Y \ 0p(C)) = Hy—1(Y \ 0p(C)) ()

the first homomorphism is trivial by assumption (note that H,(X/A) = H,(X,A) as n >
1), so the second homomorphism is injective. The latter is i, up to isomorphism, because
one has natural isomorphisms

H,(Y,Y \ op(C)) = H,(C,bd(C)) = Hy,_1(bd(C)).

As aresult, iy is injective. It implies that f has an extension, which is the sought retraction.
The particular case n = 1 or 2 corresponds to the particular case in Hopf’s extension
theorem. O

It also implies that Theorem 4.3 extends from graphs to simplicial complexes of dimen-
sion at most 3 that are not necessarily pure.

Corollary 4.6. Let (X, A) be an almost Euclidean compact pair, where X and A are ANRs
and dim(X) < 3. The following statements are equivalent:

e The pair C(X, A) has the surjection property,
e FEvery regular cell C C X \ A belongs to a relative cycle.

Proof. For every regular n-cell C, one has n = dim(X) or n =1 or n = 2 so we can apply
Corollary 4.5. If C' does not belong to a relative cycle, then there exists a retraction r :
X \op(C) — bd(C), so the quotient map q¢ : (X, A) — (Sy, s) is null-homotopic (Theorem
4.2). O
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We will see in Section 5 that the dimension assumption in Corollaries 4.4, 4.5 and 4.6
cannot be dropped.
We also obtain a relationship between cycles and the e-surjection property for ANRs.

Theorem 4.4 (Cycles vs e-surjection property). Let (X, A) be an almost Euclidean com-
pact pair, where X is an ANR. If every regular cell C C X \ A belongs to a relative cycle,
then (X, A) has the e-surjection property for some € > 0.

Proof. As X is a compact ANR, if € is sufficiently small, then every function f: X — X
satisfying f|4 = id4 and d(f,idx) < € is homotopic to idx, via a homotopy h; : X —
X such that hy4 = idg. We claim that (X, A) has the e-surjection property. Assume
otherwise, let f : X — X be non-surjective continuous, satisfy f|4 =id4 and d(f,idx) <.
f is homotopic to idx : (X, A) — (X, A).

Let C' C X\ A be a regular n-cell which is disjoint from im f, i : (X \op(C), A) — (X, A)
the inclusion map and let f: (X, A) — (X \ op(C), A) be such that f =io f.

As f = iof is homotopic to id x, ixo fi is an isomorphism on homology groups of (X, A),
50 ix 1 Hy(X \ op(C), A) — H,(X, A) is surjective (coefficients are implicitly in T). In the
exact sequence

H, (X \ op(C), A) = Hy(X, A) — Hy(X, X \ 0p(C))

the second homomorphism is therefore trivial, contradicting the assumption that C belongs
to a relative cycle. Therefore, there is no such function f, so (X, A) has the e-surjection
property. [

The converse implication in Theorem 4.4 does not hold, even under dimension assump-
tions., as the next example shows.

Example 4.3 (Bing’s house). Let X be Bing’s house, or the house with two rooms, which
is a pure 2-dimensional simplicial complex, and A = (). It was proved in [I] that it has
the e-surjection property, by using the fact that the star of each vertex in X is the cone of
a graph which consists of a union of cycles. However, X is contractible, so no 2-cell belongs
to a cycle.

5 Counter-examples

We consider a family of spaces which enables us to find counter-examples, and show that
certain assumptions in the previous results cannot be dropped.

5.1 A family of spaces

Let m,n be two natural numbers and let f : S,,, — S,, be continuous. One can attach B,,11
to Bj41 along their boundaries using f. We obtain the space Xy = B,, 11 Uy By, 1, which
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is the quotient of B,,+; LB, +; obtained by identifying z € S;;,11 = OB;4+1 to f(z) €S, =
0B,,. It is illustrated in Figure 4.

Bm+1

]BnJrl

Figure 4: The space Xy. The ball B, is visualized as the cone C(S,), the center of the
ball is the tip of the cone.

We will see that the properties of X we are interested in only depend on the homotopy
class of f. Therefore, by the Simplicial Approximation Theorem (Theorem 2C.1 in [(]),
we can always assume that f is a simplicial map, implying that X, is a finite simplicial
complex.

We will need to consider the suspension construct. We recall that the suspension of a
space X is SX = X *§p. One has SS,, = S,,11. To amap f: X — Y is associated its
suspension Sf : SX — SY, which is naturally defined from f. Note that for f : S,, — S,,
one has Sf : Sp41 — Spt1.

5.2 Cycles vs the surjection property

We show that the equivalences stated in Corollaries 4.4 and 4.5 are no more valid when
the assumptions about the dimension of the space and the dimension of the regular cells
are dropped. For clarity, let us summarize what we have so far.

For any compact pair (X, A), if C C X\ A is a regular n-cell, then we have the following
implications 1. = 2. = 3.:

1. There is a retraction 7 : X \ op(C) — bd(C) which is constant on A,
2. The quotient map q¢ : (X, A) — (Sy, s) is null-homotopic,
3. C does not belong to a relative cycle.

When (X, A) is a finite simplicial pair and dim(X) = n, all these conditions are equiv-
alent by Corollaries 4.4 and 4.5. However we show that if dim(X) > n, then both impli-
cations 2. = 1. and 3. = 2. fail in general (still assuming that (X, A) is a finite simplicial
pair).

Note that B, 11 is a regular (n+ 1)-cell in X;. We relate the conditions 1., 2. and 3. for
the space Xy and the regular (n + 1)-cell C' = B, in terms of the properties of f.
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Theorem 5.1. Let m,n € N and f : S, — S, be continuous. The space Xy = B, 11 Uy
B..+1 enjoys the following properties:

(a) There exists a retraction r : S, Uy Byyp1 — Sy, iff f is null-homotopic,
(b) The quotient map q : X¢ — Sp41 is null-homotopic iff Sf is null-homotopic,
(¢) If m # n, then By11 does not belong to a cycle in Xy.

Moreover, (C(Xy), Xf) has the surjection property iff Sf is not null-homotopic.

Proof. (a) Note that S,, Uy B,,, 41 is the quotient of B,, 41 by the equivalence relation x ~ y
iff £ =y, orz,y €S, and f(x) = f(y). Therefore, there is a one-to-one correspondence
between the continuous functions r : S, Us B, 11 — S, and the continuous functions F :
B,,11 — S, that respect ~. A function r : S, Uy B,41 — S, is a retraction iff the
corresponding function F : B,,+1 — S,, is an extension of f, i.e. is a null-homotopy of f.

(b) As B,,41 is contractible, the quotient map p : Xy — X5 /B, 11 = S,,41 is a homotopy
equivalence. We show that the homotopy class of ¢ : Xy — S;,11 is sent to the homotopy
class of Sf : S;41 — Sp41 under the equivalence, which implies that ¢ is null-homotopic if
and only if Sf is. More precisely, we show that ¢ ~ Sf o p (these two maps are illustrated
on Figures 5a and 5b).

IB3’m—i—1 IBm-‘,—l
L a p Sf
By 11 Brtq
(a) The map q: X5 — Sp41 (b) The map Sfop: Xy — Snt1
C(f)

—
Bm+1 IB%n%»l
A
Bt . W

id
—_—

(¢) The map k: Xy — Spt1

Figure 5: Illustration of the proof of (b) in Theorem 5.1

The sphere S;,+1 is a union of two balls B, 11, called the lower and upper hemispheres,
joined at the equator. Let j : By UBypyr1 — Spp1 send Byi1 homeomorphically to the
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lower hemisphere of S,1, and send B,,1; to the upper hemisphere of S,,;1 by applying
the map C(f) : C(S;) = C(Sp), i.e. C(f) : Bip1 — Bpg1. The space Xy is a quotient
of B,,+1 UB,+1 and the map j respects that quotient: if z,y € S, = OB,,4+1 and z € §,, =
OB, 41 are such that f(x) = f(y) = z, then j(x) = j(y) = j(z) is z, seen as a point of the
equator of S;41.

Therefore, j induces a continuous function k : X — S, 41, illustrated on Figure 5c. The
functions ¢ and S fop can be factored using k as follows. Let U and L be the upper and lower
halves of S,,+1. The quotient of S,,+1 by U or L is again S,1. Let qu,qr : Spt1 — Spt1
be the corresponding quotient maps. One has ¢ = gy ok and Sf o p = g o k. One easily
sees that quy ~ qr, so ¢ ~ Sfop.

(c) As B, is contractible, X is homotopy equivalent to X¢/B,11, which is homeo-
morphic to S;,11. Therefore, Hy,11(X; G) = Hyy1(Sim41; G) which is trivial as m # n. As
a result, any homomorphism defined on H,,11(X¢; G) is trivial.

We prove the last assertion. For a regular (m + 1)-cell C C Xy, the corresponding
quotient map gc : Xy — Sp,41 is never null-homotopic, because it is a homotopy equiv-
alence. Therefore, (C(Xy), Xy) enjoys the surjection property if and only if Sf is not
null-homotopic. O

The first application is that in Corollary 4.4, one cannot drop the assumption that all
the cells have the same dimension as the space.

Example 5.1. Let h: S3 — Sy be the Hopf map. It is known that A and Sh are not null-
homotopic (Corollary 4J.4 in [6]). Therefore, in X}, the quotient map is not null-homotopic
and (C(Xp), Xp) enjoys the surjection property although no regular cell belongs to a cycle,
so the implication 3. = 2. fails for Xj.

A second application is that the dimension assumption in Corollary 4.5 is needed.

Example 5.2. Let again h : S3 — So be the Hopf map. The function 2h (which is the
concatenation of h with itself using the homotopy group operation) is not null-homotopic,
however its suspension S2h is (again by Corollary 4J.4 in [0]). Therefore, in Xy, the
quotient is null-homotopic and (C(Xsp), Xap) does not satisfy the surjection property, but
there is no retraction, so the implication 2. = 1. fails for Xs,.

5.3 Product

We have shown with Proposition 2.2 that for finite simplicial pairs, if (X, A) x (Y, B) has
the e-surjection property for some € > 0, then both (X, A) and (Y, B) satisfy the d-surjection
property for some § > 0.

We prove that the converse implication does not hold.

Theorem 5.2. There exists a finite simplicial pair (X, A) that has the surjection property,
but the product (X, A) x (B1,Sp) does not have the e-surjection property for any € > 0.
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There exists a finite simplicial complex'Y that has the e-surjection property for some € >
0, but the product Y x S1 does not have the §-surjection property for any 6 > 0.

Proof. We choose m,n € N and f :S,, = S, so that Sf is not-null-homotopic but S%f is
(we will give detailed references in Section 5.3.1 below on the existence of such functions).
We then let (X, A) = (C(Xy),Xs) and Y = SX5.

Lemma 5.1. SX is homeomorphic to Xsy.

Proof. Both spaces are the quotients of (B,,+1 UB,,4+1) x [0,1] by the equivalence relation
generated by:

(1) ~ (f(y),1) for y € Sp, (6)
(2,0) ~ (2/,0) and (z,1) ~ (2/,1) for z,2" € Bp41, (7)
(,0) ~ (¥/,0) and (y,1) ~ (¢, 1) for y,y" € Brn 1. (8)

Taking the quotient by (6) first yields Xy x [0,1], and then the quotient by (7), (8)
yields SX ;. Taking the quotient by (7), (8) first yields SB,,11USB;,+1 and then the quotient
by (6) yields Xs;. O

Therefore,

Il

(C(Xy), Xr) x (C(So),So) = (C(X *So), Xy *So)
(C(SXy),5Xy)

(C(Xsf), Xsp).

I

I

If Sf is not null-homotopic but S?f is, then (C(Xy), Xf) enjoys the surjection property
but (C(Xss), Xs¢) does not. For cone pairs, the surjection property is equivalent to the e-
surjection property for any € > 0 by Proposition 2.3.

The space Y = SXy is finitely conical with two open cones OC(Xy), so Y has the e-
surjection property for some € > 0. The product ¥ x §1 = SX; x SSy is finitely conical
with four open cones OC(Xsy), so Y x S; does not satisfy the e-surjection property for
any € > 0. In both case we use Theorem 3.1. ]

5.3.1 Iteration of the suspension

The existence of the function f in the proof of Theorem 5.2 can be extracted from the
literature on homotopy groups of spheres and the suspension homomorphism, as we explain
now.

Theorem 5.3. For (m,n) = (7,3) or (8,4), there exists f : Sy, — Sy, such that Sf is not
null-homotopic but S f is.
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The results in the literature are usually expressed in terms of the reduced suspension X
rather than the suspension S (we use the notation ¥ as in [0], while the other references
use the notation E). We recall that ¥X is defined as the quotient of SX = X xSy by
the segment {xg} * Sy for some xy € X. However, for a CW-complex X, ¥ X and SX are
homotopy equivalent (Example 0.10 in [6]) and if X, Y are CW-complexes and f: X — Y
is continuous, then X f is null-homotopic if and only if SX is. More precisely, the quotient
map ¢x : SX — XX is a homotopy equivalence and one has X f o px = ¢y o Sf.

We use the following homotopy groups of spheres, that can be found in Hatcher [0]
(84.1, p. 339):

77(S3) = Zy  me(Sy) = Z2 mo(Ss) = Zy mo(Se) =0

Whitehead product. The Whitehead product is a way of combining an element f €
7p(Sy) with an element g € 7,(S,,) into their product [f, g] € mp1q—1(Sy). The suspension of
a Whitehead product is always null-homotopic (see Whitehead [3], Theorem 3.11, p. 470).

Theorem 5.4 (Suspension of Whitehead product). If f € m,(S,) and g € m4(Sy), then
one has X[f, g] = 0.

The next result was proved by Toda [9] (85.ii, p. 79).
Lemma 5.2. There exists f : S; — S3 such that X f is not null-homotopic but X2 f is.

Proof. Let iy : S4 — Sy be the identity. Let ho : S3 — Sy be the Hopf map and vy = X2hy :
S5 — Sy4. It is proved in [9], §5.ii that there exists f : Sy — Sg such that Xf = [vy,i4] # 0,
implying that ¥2f = 0. (It is defined as f = a3 o v for some particular a3 : S¢ — S3.) O

Suspension homomorphism. We will use the fact that the suspension homomor-
phism ¥ : 7g(S4) — m9(S5) is surjective, which follows from the famous Freudenthal
suspension theorem (see Whitehead [3] p. 468 for the statement).

Theorem 5.5 (Freudenthal [10]). The suspension homomorphism

2 Tnk(Sn) = Tkt (Spt1)
is an isomorphism if k < n — 1, and is surjective if k =n —1 or k = n is even.
Lemma 5.3. There exists f : Sg — Sy such that X f is not null-homotopic but X2 f is.

Proof. As m9(Ss) = Zo is non-trivial, let g € m9(S5) be non-zero. As ¥ : 7g(Sy) — m9(Ss)
is surjective, let f € 73(S4) be such that X f = g. As m10(Sg) is trivial, ¥2f = 0.
Alternatively, Whitehead [11] (§9, p. 234) shows that there exists v € mg(S4) such
that Xy = +[is, i5] # 0, where i5 : S5 — Ss is the identity, therefore ¥2y = 0. (It is defined
as v = J(v3) for some 73 in [11]). O
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6 Applications to computable type

Computability theory provides notions of computability for subsets of N:

e A set A C N is computable if there exists a program, or a Turing machine, that on
input n € N decides in finite time whether n € A,

e A set A C N is computably enumerable (c.e.) if there exists a program or a
Turing machine, that on input n € N, halts if and only if n € A.

The halting set H C N, which is the set of indices of Turing machines that halt, is a famous
example of a c.e. set that is not computable, discovered by Turing in his seminal article
12].

These notions immediately extend to subsets of countable sets which admit a com-
putable bijection with N, such as the set of rational numbers, or the set N* of finite
sequences of natural unmbers.

Such notions can then be used to define computability notions for other mathematical
objects. We recall the notions of computable and semicomputable compact subsets of the
Hilbert cube.

We say that an element of the Hilbert cube @ = [0, 1]N is finitary if it is a sequence
of rational numbers which is eventually 0. By standard arguments, there is a computable
enumeration (B;);en of the metric balls centered at finitary elements, with positive rational
radii.

Definition 6.1. A compact set K C () is semicomputable if the set
{(il,...,in) e N* ZKgBilU...UBin}
is computably enumerable.

Definition 6.2. A compact set K C () is computable if it is semicomputable and the
set
{ieN:KﬂBﬁé@}

is computably enumerable.

There exist computable sets that are not computable, by a simple encoding of the
halting set H. The simplest example is the interval [0,7] (embedded in @ as [0,7] X @),
where r = 1 -3 .y 271 This example is an interval, but similar constructions can
be made with disks, and more generally n-dimensional balls. It is a striking result that
no such construction is possible with spheres. This result is due to Miller [2], and later
motivated the introduction of the notion of computable type by Iljazovié.

Say that a pair (Y, B) is homeomorphic to, or is a copy of the pair (X, A) if there exists
a homeomorphism f : X — Y such that f(A) = B.

26



Definition 6.3. A compact metrizable space X has computable type if for every
copy Y C Q of X, if Y is semicomputable then Y is computable.

A compact pair (X, A) has computable type if for every copy (Y, B) of (X, A) in the
Hilbert cube @, if Y and B are semicomputable, then Y is computable.

The first examples of spaces and pairs having computable type were given by Miller
[2], who proved that spheres S,, and balls with their bounding spheres (B,1,S,,) have
computable type. Iljazovié [3] proved more generally that closed manifolds M and compact
manifolds with boundary (M,0M) have computable type. Many more examples were
studied in [13, 14, 15, 16, 17, 18, 19, 4]. For instance, the Warsaw circle and the Warsaw
disk with its bounding Warsaw circle have computable type [13, 16].

In [1], we have studied the case of finite simplicial complexes and proved that a finite
simplicial pair (X, A) has computable type if and only if it has the e-surjection property
for some € > 0. This result implies for instance that Bing’s house has computable type,
while the dunce hat does not. The proof of the result more generally works on compact
ANRs that are covered by finitely many regular cells.

The results obtained in the present article have immediate applications to the com-
putable type property.

Proposition 6.1. For finite simplicial pairs (X, A) such that X is pure or has dimension
at most 4, whether (X, A) has computable type is decidable.

Proof. Such a pair (X, A) is finitely conical and has computable type if and only if each
cone pair C(L;, NV;) has the surjection property. If X is pure or has dimension at most 4,
the each L; is pure or has dimension at most 3, so the surjection property for C(L;, N;) is
equivalent to the fact that each maximal simplex of L; belongs to a relative cycle in (L;, N;)
by Corollaries 4.4 and 4.6. As homology groups of finite simplicial complexes can be
computed, this property is therefore decidable. ]

6.1 Cones of manifolds

Let (M,0M) be a compact n-manifold with (possible empty) boundary. It is almost n-
Euclidean, because every point of M \ M is n-Euclidean.

One has H,(M,0M;Z/27Z) = 7Z/27Z and the fundamental homology class intuitively
contains every point of M \ M. More formally, every regular n-cell C C M \ OM belongs
to a relative cycle with coefficients in Z/2Z (therefore in T), in the sense of Definition 4.1.
Indeed, M \ OM is Z/27Z-orientable so the homomorphism

Hy(M,0M;7,/27) — H,(M, M\ op(C); Z/27,) = 7./27.

is an isomorphism, sending the fundamental class to the generator of Z/2Z (see [0] for
instance).
Therefore, we can apply Corollary 4.3, giving the next result.
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Corollary 6.1. If (M,0M) is a compact manifold with possibly empty boundary, then the
pair C(M,0M) has the surjection property hence has computable type.

Strictly speaking, the results in [1] are stated for finite simplicial complexes. However,
the arguments work for any space which is covered by finitely many regular cells, including
cones of compact manifolds.

6.2 The odd subcomplex

If K is a finite simplicial complex, then there is a natural subcomplex A of K such that
the pair (K, A) has the e-surjection property for some € > 0. This subcomplex is the odd
subcomplex of K.

Definition 6.4. Let K be a finite simplicial complex of dimension m. For 0 < n < m, the
odd n-subcomplex 07,,(K) of K is the collection of all n-simplices of K that are con-
tained in an odd number of maximal (n+1)-simplices in K. The odd subcomplex 9,qq(K)
of K is the union (Jy<,, <, Otgq(K)-

Clearly, for every finite simplicial complex K, 0,qq(K) has empty interior because it
contains no maximal simplex of K. The next result is announced in [!], without proof.

Theorem 6.1. For every finite simplicial complex K, the pair (K, 0oqd(K)) has the e-
surjection property for some € > 0, hence has computable type.

Proof. Any finite simplicial complex is an ANR, so the pair (K, 9,qq(K)) has the assump-
tion of Theorem 4.4, therefore it is sufficient to show that every maximal simplex in K
belongs to a relative cycle. We use the formulation of this latter property provided by
Proposition 4.3.

Let S be a maximal n-simplex of K. Let ¢ be the formal sum of the maximal n-
simplices of K, seen as an n-chain with coefficients in Z/2Z. The boundary of ¢ is the
sum of the (n — 1)-simplices that are contained in an odd number of maximal n-simplices.
Therefore, dc is a chain of Jyqq(K) so ¢ is a relative cycle in (K, Jyqq(K)). As S is itself a
maximal n-simplex, its coefficient in ¢ is 1, so S belongs to a relative cycle and the proof
is complete. ]

6.3 Computable type and the product

Whether the computable type property is preserved by taking products was an open ques-
tion, raised by Celar and Iljazovi¢ in [1]. Theorem 5.2 enables us to give a negative answer
to this question. Note that (B, Sp) and S; both have computable type.

Corollary 6.2. There exists a finite simplicial pair (X, A) that has computable type, but
such that the product (X, A) x (B1,Sy) does not.

There exists a finite simplicial complex Y that has computable type, but such that the
product Y X S1 does not.
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Proof. For simplicial spaces and pairs, computable type is equivalent to the e-surjection
property for some ¢, so we can simply apply Theorem 5.2. ]

Note however that the converse direction holds: it was proved in [20] that if (X, A) x
(Y, B) has computable type, then both (X, A) and (Y, B) have computable type (assuming
that they both have a semicomputable copy, which is the case for finite simplicial pairs).
This implication is consistent with Proposition 2.2, which shows that the e-surjection prop-
erty behaves similarly.

7 Conclusion

The surjection property and the e-surjection property were introduced in [1] as topologi-
cal characterizations of a computability-theoretic property of certain compact metrizable
spaces, called computable type. In this article, we have developed several techniques to
establish or refute these properties, applicable to classes of spaces including finite simplicial
complexes and compact manifolds.

We have established precise relationships between the (e-)surjection property and the
homotopy of certain quotient maps to spheres, which enables us to take advantage of results
from homology and homotopy theory. We have given applications of these techniques. The
first one is that the cone of a compact manifold has computable type. The second one is
that any finite simplicial complex together with its odd boundary has computable type.
The third and most important application is an answer to a question raised in [1], showing
that the computable type property is not preserved by taking products.
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We use the appendix to include statements and proofs of results that are either classical
but phrased differently in most references, or that are folklore results for which we found
no reference.

A Homotopies

A.1 Pair vs quotient

In many cases, a pair (X, A) can be equivalently replaced by the quotient space X/A. The
following proposition is an instance of this fact, and is a combination of Proposition 4A.2
and Example 4A.3 in [0].

Let (X, A) be a pair. There is a one-to-one correspondence between the continuous
functions f : X — S, that are constant on A and the continuous functions g : X/A — S,,.
If f: X — S, is constant on A then we denote by f: X/A — S, the function satisfying f =
f oq, where ¢ : X — X/A is the quotient map.

Proposition A.1. Let n > 1 and let s be a distinguished point of S,. A function of
pairs f : (X, A) = (Sp, s) is null-homotopic if and only if f : X/A — S,, is null-homotopic.

Proof. Let p be the equivalence class of A in X/A. Note that f can also be seen as a
function of pairs fa : (X/A,p) — (Sy, s), which we denote differently to avoid confusions.
The null-homotopy of f is easily equivalent to the null-homotopy of ]?2, inducing a null-
homotopy of f We need to show that a null-homotopy of f (a function between sets)
implies a null-homotopy of fg (a function between pairs).

Let hy : X/A — S,, be a homotopy from hy = fto a constant function h;. We use a
different argument for n = 1 and for n # 1.

Assume that n = 1. The circle S; can be seen as the additive group R/Z with s as
the 0 element. Let g; : (X/A,p) — (S1,s) be defined by g¢(x) = hi(z) — hi(p) + ho(p). One
easily checks that gg = ho = f, gt(p) = ho(p) = s for all t and g1 (z) = s for all z, so g; is
a null-homotopy of fo.

Assume that n # 1. Let Y = [0,1] x (X/A) and B = ({0,1} x X/A)U([0,1] x {p}) C Y.
The null-homotopy h; is a function h: Y — S,,. Let g : B — S;, be the continuous function

defined by
flx) ift=0,
gt = ) |
S otherwise.

A null-homotopy of ]?2 is a continuous extension G : Y — S, of g. In order to show
that such an extension exists, it is sufficient to show that g is homotopic to the restriction
of h to B, by applying Borsuk’s homotopy extension theorem (Theorem 1.4.2, p. 38 in [21])
and the fact that S,, is an ANR.

So let us define a homotopy k; : B — S,, from kg = g to k1 = h|g. We decompose B
as By U By, where By ={0,1} x X/A and B; = [0,1] x {p}. On By, g and h coincide, and
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we define k¢(z) = g(z) = h(z) for all ¢ and all z € By. On By, g has constant value s and
the restriction of h to Bj is a loop from s to itself. As S,, is simply connected, that loop
is contractible, i.e. there exists a homotopy from ¢|p, to h|p,, and we define k¢|p, as this
homotopy.

The homotopy k: : B — S, is well-defined because it is consistent on By N By =
{0,1} x {p}, where k:(0,p) = ki(1,p) = s. Therefore, k; is continuous and is a homotopy
from g to h|p. It can be extended to a homotopy from some extension of g to h, because S,
is an ANR. The extension of g is a null-homotopy of fo. O

A.2 Homotopy extension property
Let us recall an important property of pairs.

Definition A.1. A pair (X, A) has the homotopy extension property if for every
topological space Y, for every continuous function f : X — Y and every homotopy h; :
A — Y such that hy = f|a, there exists a homotopy H; : X — Y such that Hy = f
and Ht|A = ht.

It is well-known that a pair (X, A) has the homotopy extension property if and only
if X x [0, 1] retracts to (X x {0}) U (A x [0,1]) (see Hatcher [6], Proposition A.18, p. 533).
If (X,A) is a CW pair, then it has the homotopy extension property (see Hatcher [(],
Proposition 0.16, p. 15).

Definition A.2. Let X be a topological space and (Y,d) a metric space. For ¢ > 0,
an e-homotopy is a homotopy function h; : X — Y such that d(hi(x),ho(z)) < € for
all x,t.

The homotopy extension property actually implies a controlled version.

Lemma A.1. Let (X, A) be a pair satisfying the homotopy extension property. If (Y,d) is
a metric space, f : X — Y is continuous, hy : A —'Y is an e-homotopy such that hg = f|a,
then there exists an e-homotopy Hy : X —'Y such that Hy = f and Hi|a = hy.

A similar result with a similar proof holds for arbitrary compact pairs (X, A) when Y
is an ANR (Theorem 4.1.3, p. 265 in [21]).

Proof. As (X, A) has the homotopy extension property, there exists a retraction r : X x
[0,1] = (X x {0}) U (A x [0,1]) and a homotopy H; : X — Y extending Hy and h;. We
define a retraction 7’ : X x [0,1] — (X x {0}) U (A x [0,1]) so that H{(z) = H o7'(x,t) is
an e-homotopy.

Let U ={z € X :Vt € [0,1],d(H¢(z), Hy(x)) < €}. As [0,1] is compact, U is an open
set. Moreover, U contains A. Let 6 : X — [0, 1] be a continuous function such that §(z) = 1
for x € A and §(z) =0 for z € X \ U. We define " as follows:

r'(x,t) = r(z, td(x)).
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First, ' is a retraction: r/(z,0) = r(z,0) = (2,0) and for x € A, r'(z,t) = r(x,t) =
(x,t). Therefore, H is a homotopy extending Hy and h;. We claim that H' is an e-
homotopy, which means that d(H{(z), Ho(x)) < €. If & ¢ U, then Hor/(z,t) = Hor(x,0) =
H(z,0) = Ho(z). If z € U, then H o7/ (x,t) = H or(x,td(x)) is e-close to Hy(z). O

A.3 Absolute neighborhood retracts (ANRs)

Absolute Neighborhood Retracts (ANRs) were introduced by Borsuk [22] and play an
eminent role in algebraic topology. They have many interesting properties that we will use
in our proofs, we recall them here.

Definition A.3. Let (X, A) be a pair. A retraction r: X — A is a continuous function
such that r|4 = id4. If a retraction exists, then we say that A is a retract of X.

Definition A.4. A compact Hausdorff space X is an absolute neighborhood retract
(ANR) if every copy Xy of X in @ is a retract of an open set containing Xj.

The next theorem is a direct consequence of the main result in [23].

Theorem A.1. If X and A C X are compact ANRs, then (X, A) has the homotopy
extension property and X/A is an ANR.

The next lemma is an application of Borsuk’s homotopy extension theorem that can
be found as Theorem V.3.1 in [5] or as Exercice 4.1.5 in [21].

Lemma A.2. Let Y be a compact metric ANR. For every € > 0 there exists § > 0 such
that for all pairs (X, A) and all continuous functions f,g: A — Y with da(f,g) <0, if f
has a continuous extension F' : X — Y then g has a continuous extension G : X — 'Y such
that dx(F, G) < €.

The following result is Theorem 4.1.1 in [21].

Lemma A.3. Let Y be a compact metric ANR. For every € > 0 there exists § > 0 such
that for all spaces X, all continuous functions f,g: X — Y satisfying dx(f,g) < 0 are e-
homotopic.

B Cone and join

The cone of a space and the join of two spaces are classical constructs in topology. We
present their counterparts for pairs.
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B.1 Cone

Definition B.1 (Cone). Let X be a topological space. The cone of X is the quotient
of X x [0,1] under the equivalence relation (x,0) ~ (2/,0). The open cone of X is the
space OC(X) = C(X) \ X, where X is embedded in C(X) as X x {1}.

The equivalence class of X x {0} is called the tip of the cone. If X is embedded in @,
then a realization of C(X) in @ = [0, 1] x @ is given by

C(X) = {(t,tx) : t € [0,1],z € X}.

Definition B.2 (Cone pair). Let (X, A) be a pair. Its cone pair is the pair C(X, A) =
(C(X),X UC(A)). Its open cone pair is the pair OC(X, A) = (OC(X),0C(A)).

In particular,
C(L,0) = )
OC(L,0) = (OC(L), D).
Special symbol. We introduce a symbol ®, which will be treated as a space but is purely
formal. It enables to consider a singleton as a cone and is a unit for the join (see Section
B.2). It can be thought as the boundary of the singleton, as in the definition of reduced

homology. It is analogous to the empty simplicial complex {0}, which behaves differently
from the void complex (). We define

C(®) = 0C(0) = {0}, (9)

where the point 0 is thought as the tip of a degenerate cone. We take the convention
that S_;1 = ©.

Example B.1. Let n € N. One has

C(Sy,0) = (Bry1,Sn),
C(Bn,Sp—1) = (Bn+1,Sn),

with the tip at the center of B, 41 and in S, respectively. Note that the particular case n = 0
is consistent with the convention S_; = ©.

B.2 Join

Definition B.3. If XY are topological spaces, then their join X x Y is the quotient
of X xY x[0,1] under the equivalence relation (z,y,0) ~ (z,y’,0) and (z,y,1) ~ (2/,y,1).
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Remark B.1 (Special symbol). In the literature, a convention is to let () be a unit for the
join, i.e. to define X * () as X. Definition B.3 rather makes () an absorbing element, the
unit element will be ®:

X*x0=0xX =0,
X+xo0=0*xX=X.

If X and Y are embedded in @, then X %Y can be realized as
X«Y =2{(t,(1—-t)x,ty): t 0,1,z € X,y e Y}.

We also realize X « © = {(0,2,0) :z € X} and ©xY = {(1,0,y) :y € Y}

The cone and join constructs are intimately related: C(X) = X = {0}. It is proved in
Brown [24] (Corollary 5.7.4, §5.7, p. 196) that a product of cones is a cone. More precisely,
let X,Y be compact metrizable spaces. There is a homeomorphism

C(X*xY)— C(X) x C(Y)
which restricts to a homeomorphism
X*xY = (C(X)xY)U (X x C(Y)).
We will use the following consequences:

Proposition B.1 (The product of cones). Let X,Y be compact metrizable spaces, or ©.
One has

CX)xCY)=C(XxY)
OC(X) x OC(Y) = OC(X xY).
Proof. The first equality is Corollary 5.7.4 in [21] for the general case. We need to check the
particular cases when Y is ) or ®. One has C(X)x C(0)) = ) = C(X *0) and C(X) x C(®) =

C(X) x {0} = C(X *®), and the symmetric cases are similar. The second equality can be
proved as follows for X,Y # ©,

and when Y = ®, OC(X) x OC(®) 2 OC(X) = OC(X * ®). O
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B.2.1 Join of pairs

The previous result extends to cone pairs. Note that in all the pairs (X, A) and (Y, B) that
we consider, X and Y are never () or ©.

Definition B.4. The join of two pairs (X, A) and (Y, B) is
(X, A)«(Y,B)=(X+xY,X*BUAxY).

The cone pair is a particular case of the join of pairs:

(X, 4) * ({0}, ©) = (C(X), X UC(A))
=C(X,A),

(X,0) = ({0}, ©) = (C(X), X)
= C(X,0)

Proposition B.2 (Product of cone pairs). A product of (open) cone pairs is a (open) cone
pair:

C(X, A) x C(Y, B) = C((X, A) % (Y, B))
0C(X, A) x OC(Y, B) = OC((X, A) * (Y, B)).

Proof. The first component of C(X, A) x C(Y, B) is C(X) x C(Y) = C(X xY") by Proposition
B.1. Its second component is

(C(X) x (Y UC(B))) U((XUC(A)) x C(Y))

(C(X)xY)U(X x C(Y))U(C(X) x C(B))U(C(A) x C(Y))
2 (X*xY)UCX*«B)UC(AxY)
=(X*xY)UC(X«BUAxY).

The first component of OC(X, A)xOC(Y, B) is OC(X)xOC(Y) = OC(L) by Proposition
B.1. Its second component is

(OC(X) x OC(B)) U (OC(A) x OC(Y)) = OC(X % B) UOC(A+Y)
— OC(X * BUAxY).

C Hopf’s extension and classification theorems

We recall two classical results: Hopf’s extension and classification theorem. They are
usually expressed in terms of cohomology. The following statements using homology can
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be found in Hurewicz-Wallman [7]. They are stated in terms of Cech homology for compact
spaces in [7]. We state them for compact ANRs using singular homology, which is equivalent
to Cech homology for these spaces.

Hopf’s extension theorem is Theorem VIII.1” in [7] (§VIIL.6, p. 147).

Theorem C.1 (Hopf’s extension theorem). Let n € N. Let (X,A) be a compact pair,
where X and A are ANRs and dim(X) < n + 1. For a continuous function f : A — S,,
the following statements are equivalent:

e f has a continuous extension F : X — S,
e keri, C ker f,,
where i : A — X is the inclusion map and

ix : Hy(A;T) — Hy(X;T)
fe : Hy(A;T) — Hy(Sy; T)

are the homomorphisms induced by ¢ and f.
The equivalence holds for n = 0 or 1, without any dimension assumption about X .

For n = 0, Theorem C.1 also holds when considering homomorphisms between reduced
homology groups Ho(+; T).

We present the argument for the particular case n = 0 or 1, which is not stated in [7]
but follows from the proof.

Proof. Assume that n < 1. We only need to prove the result for CW-pairs (X, A), because a
pair of compact ANRs is homotopy equivalent to a CW-pair. We assume that ker i, C ker f,
and prove that f has an extension. From Hopf’s extension theorem for spaces of dimension
at most n+ 1, f has an extension to the n + 1-skeleton of X. For k > n+ 1, every function
from Sy, to S,, is null-homotopic (because n =0 or 1), so f can be inductively extended to
every cell of X. O

Theorem C.2 (Hopf’s classification theorem). Let n € N. Let (X, A) be a compact pair,
where X and A are ANRs and dim(X) < n. For a continuous function f : (X, A) — (Sy, s),
the following statements are equivalent:

e f is null-homotopic (as a function of pairs),
o fu: Hy(X,A;T) — Hy(Sp,s;T) is trivial.
The equivalence holds for n < 1, without any dimension assumption about X .

When n = 0 and A = (), and only in that case, one indeed needs to consider the
homomorphism between reduced homology groups.
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Proof. This result is usually stated in terms of cohomology, and for single spaces rather
than pairs (for instance, Theorem VIIL.2, §VIIL6, p. 149 in [7]). It can be derived from
Theorem C.1 as follows. Let g : XUC(A) — S,, be defined as g = fon X and g = s on C(A).
A null-homotopy of f is a function G : C(X) — S,, extending g. The pair (C(X), X UC(A))
satisfies all the conditions of Hopf’s extension theorem, so g has extension if and only
if ker i, C ker g.. As C(X) is contractible, its reduced homology groups are trivial so ker i,
is the whole group H,,(XUC(A); T); therefore, g has an extension iff g, : H,(XUC(A); T) —
fIn(Sn; T) is trivial. Up to natural isomorphisms, f is gx. O

D Coefficients

In Definition 4.1 we used the coefficient group T to detect relative cycles. One could equiv-
alently use the groups Zy = Z/kZ (with k > 2). The group Z can also give information.
Although the next result is probably folklore, we did not find a suitable reference and
include a proof for completeness.

Proposition D.1. Let (X, A) be a compact pair and x € X \ A be n-Euclidean. The
following statements are equivalent:

o The homomorphism H, (X, A;T) — H,(X, X \ {z};T) is non-trivial,

e The homomorphism Hy, (X, A;Zi) — H, (X, X \ {x}; Zy) is non-trivial for some k >
2,

and they hold if the homomorphism H,(X,A) — H,(X, X \ {x}) is non-trivial.

Proof. We use the universal coefficient theorem for homology, and the fact that it is func-
torial in the space and in the coefficient group. For any abelian group G, one has the
following commuting diagram:

0 —— Hy(X,A) G -2 H,(X,A;G) £ Tor(H,_(X,A),G) — 0

| | s (10)

0 —— Hp(Sn,s) ®G — Hy(Sp,s:G) —2 Tor(Hp_1(Sn, ), G) — 0
G G 0

We will write fF for G = Z;, and f{ for G = T, and similarly for the other homomorphisms.

We first assume that f : H,(X,A) — H,(Sy,s) = Z is non-trivial and show that f§
is non-trivial for some k > 2. Let ¢ € H,(S,, s) be a non-zero element of the image of f.
Let k > 2 be an integer that does not divide ¢, and take G = Zj in (10), so that (g,1) is
not zero in Hy,(Sy,s) ® G. As (g,1) belongs to the image of fF, fF is non-trivial. As h¥ is
injective, h’f ) f{“ = fé“ o gf is non-trivial, so fé“ must be non-trivial.
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We now assume that f§ is non-trivial for some k > 2 and show that f} is non-trivial.
The inclusion Z; — T sending [p] to [p/k] induces homomorphisms from H, (Y, B;Zj)
to H,(Y, B; T) which make the following diagram commute:

Ho(X, A Zy,) —2— Ho(X, A;T)

b s m

H,(Sn, 8:Z1) —2— H,(Sp,s;T)

Note that js : Zy — T is the inclusion so it is injective. Therefore, the non-triviality of f¥
implies the non-triviality of f}.

Finally, we assume that f} is non-trivial and show that féf is non-trivial for some k >
2. Again, the inclusion Z; — T sending [m] to [m/k] induces the following commuting
diagram:

k k
0 —— Ho(X,A) ® Zy, —25 Ho(X, A;Zy) —2 Tor(Hn—1(X, A), Zy) — 0

lil l@ Ji3 (12)

0 —— Ho(X,A)@T —2 H,(X,A;T) —2— Tor(H,_1(X,A),T) —— 0

Claim D.1. For every ¢ € H,(X,A;T), there exist k > 2, d € Hy(X,A) ® T and e €
H, (X, A;Zy) such that ¢ = ¢} (d) + ia(e).

Proof. Note that Tor(H,_1(X,A),T) is the torsion subgroup of H,_;(X,A). There-
fore, g4(c) is a torsion element of H,,_1(X, A), so there exists k > 2 such that g5(c) € im(i3).
As g} is surjective, gh(c) = i3 o g5(e) for some e € H, (X, A;Z;). One has g ois(e) =
i3 0 gh(e) = gh(c), so ¢ — iz(e) € ker(gh) = im(g}), therefore there exists d € H, (X, A) ® T
such that ¢ — iz(e) = ¢4 (d). O

Now assume that f} is non-trivial, and let ¢ € H, (X, A;T) have a non-zero image
under f5. One has ¢ = ¢{(d) + i2(e) as in Claim D.1, so f} o ¢j(d) # 0 or f} ois(e) # 0.
If f50gi(d) # 0, then f] is non-trivial by (10) so f is non-trivial and we can apply the first
argument of the proof, implying that f is non-trivial for some r > 2. If f} oia(e) # 0,
then f¥ is non-trivial by (11). O

It can happen that the homomorphism is trivial with the coefficient group Z but not
with some Zj. It happens for instance if X is an n-manifold that is not orientable, with k& =
2.
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