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Intrinsic Strong Shape of Global Attractors
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Abstract. We present a proof of the strong shape theorem for global attractors in compact metric spaces

using the intrinsic approach to strong shape from [18] which combines continuity over a covering and the
corresponding homotopies of second order.

1. Introduction

Although shape and strong shape classification of metric compacta is the same i.e. two compacta have

the same strong shape if and only if they have the same shape , for two compacta X and Y, in general, there
are more strong shape morphisms than shape morphisms.

Example 1.1. Let S be a solenoid of Vietoris-van Dantzig. Any two maps pt — S define the same shape
morphism, while there are uncountable different strong shape morphisms defined by the maps pt — S.

One of the well known unsolved problems from open problems [11] is: Is every shape equivalence a
strong shape equivalence?

The following main theorem of the paper, can be considered as a partial answer, since it is an improve-
ment of the already known result: If M is a global attractor of a semi-dynamical system defined on a
compact metric space X, then the inclusion i : M — X induces a shape equivalence.

Theorem 1.2. Suppose @ : X X R* — X is a semi-dynamical system on a compact metric space X with a global
attractor M. Then the inclusion i : M — X induces a strong shape equivalence.

We shall present a proof of this theorem which is the main result of the paper using the intrinsic approach
to strong shape from [18]. Our conclusion is that the intrinsic strong shape theory from [18] is a convenient
framework to study the global properties which the attractor inherits from the phase space.

2. Introduction to intrinsic shape for compact metric spaces

The main references for theory of shape [3] and [9], use external spaces (polyhedra, ANR’s) to describe
the shape of a space with complicated local properties. The first intrinsic approach to shape theory (an
approach without external spaces) for compact metric spaces is based on the concept of continuity over
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coverings (e-continuity) and is given in [4] and [16]. Both papers use nets of functions to describe a
shape morphism from X to Y. In [18] the author successfully defines the shape of metric compacta,
using sequences of functions instead. This enables to define strong shape of metric compacta using only
homotopies of second order. This is a significant simplification, since in the case of nets of functions one
must consider homotopies of all orders ([1, 10]).

Let us start with some of the basic definitions from [18]:

Let X and Y be compact metric spaces. For collections U and V of subsets of X, we denote U refines V
by U <V, i.e. each U € U is contained in some V € V. By covering we understand a covering consisting
of open sets.

Definition 2.1. Suppose V is a finite covering of Y . A function f : X — Y'is V-continuous at a point x € X
if there exists a neighborhood U, of x and V € V such that:

fU) V.

A function f : X — Y is V-continuous if it is V-continuous at every point x € X. In this case, the family of
all U, form a covering of X.

According to this, f : X — Y is V-continuous if there exists a finite covering U of X such that for any
x € X there exists a neighborhood U of x and V € V such that f(U) € V. We denote shortly: there exists U
such that f(U) < V.

If f: X = Yis V-continuous, then f : X — Y is ‘W-continuous for any W such that V < W.
Let V be a finite covering of Y and V € V. The open set st(V) (star of V) is the union of all W € V such
that WN V # 0. We form a new covering of Y, st(V) = {st(V)|V € V}.

Definition 2.2. The functions f,g : X — Y are V-homotopic if there exists a function F : X X I — Y such
that:

i) F: XX — Y is st(‘V)-continuous,
if) F: X X1 — Y is V-continuous at all points of X x JI,
i) F(x,0) = f(x), F(x,1) = g(x).

The relation of V-homotopy is an equivalence relation and is denoted by f L g.

In order to define intrinsic shape for compact metric spaces, we introduce the key notion of cofinal
sequence of finite coverings.

In a compact metric space there exists a sequence of finite coverings, V1 > V, > ... with the property
that for any covering V, there exists n € IN, such that V > V,,. We call such a sequence-cofinal sequence of
finite coverings.

This fact allows to work with proximate sequences instead of with proximate nets.

Definition 2.3. The sequence (f,,) of functions f, : X — Y is a proximate sequence from X to Y if there exists
a cofinal sequence of finite coverings of Y, V1 > V, > ... and for all indices, f, and f,+1 are V,-homotopic.
In this case we say that (f,) is a proximate sequence over (V).

If (f+) and (f,,) are proximate sequences from X to Y, then there exists a cofinal sequence of finite coverings
of Y, Vi > V, > ... such that (f,) and (f;;) are proximate sequences over (V).

Two proximate sequences (f,) and (f,) : X — Y are homotopic if for some cofinal sequence of finite
coverings Vi > V, > ... (f,) and (f;,) are proximate sequences over (V,,) and for all integers 7, f, and f,, are
V,-homotopic. We say that (f,) and (f;) are homotopic over (V).

If (f4) : X — Y is a proximate sequence over (V,) and (gx) : Y — Z is a proximate sequence over (W),
then for a covering ‘Wj of Z there exist a covering V,, of Y such that gi(V,,) < Wi. Now, the composition of
these two proximate sequences is the proximate sequence (fx) = (gxfy,) : X = Z. This proximate sequence
is unique up to homotopy.

Compact metric spaces and homotopy classes of proximate sequences [(f,)] form a category whose
isomorphisms induce classifications which coincide with the standard shape classification, i.e., isomorphic
spaces in this category have the same shape (for proof see [12]).
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3. Basic notions and some examples about dynamical systems

The study of dynamical systems involves many areas of mathematics, most notably analysis and topol-
ogy. The pioneering work of Poincare, later continued by Morse, Smale and Conley can be considered as
landmarks in the study of dynamical systems through their phase portraits. This approach gave rise to a
whole new branch, where tools like homotopy theory, later shape theory, and various types of homology,
played a prominent role in the investigations of dynamical systems. The use of shape theory in the study
of dynamical systems was initiated by Hastings in [7]. Other authors have shown how to apply shape
theory to obtain global properties of attractors in the papers [2, 5, 6, 8, 15]. Shape theory was related with
differential equations in [15] and it is the main tool used in [13, 14] to define a Conley index for discrete
dynamical systems. Before proceeding further we will recall some elementary concepts and fix notations.

Definition 3.1. Let (X, d) be a given metric space. A flow in X is a continuous map @ : XX R — X such that
satisfies the following two conditions:

D(x,0) = x, D(D(x,t),s) = D(x,t+s) forallx e Xand £,s € R.

The triplet (X, R, ®) forms a dynamical system (flow) with phase map @ and phase space X. If we replace
the set R with R* we get the corresponding notion of semi-dynamical system.

For every t € R we will consider the transition map ®; : X — X defined by ®(x) = ®(x,t). A dynamical
system (X, R, ) is also denoted by {®; : X — X | t € R*} or shortly {®;}.

Definition 3.2. We say that a given subset M C X is invariant under the flow ® if ®(M,t) C M, forall t € R.
If we replace the set R with R* or R™, we obtain the corresponding notions of positively and negatively
invariant set.

Definition 3.3. A compact invariant set M is stable if every neighborhood U of M contains a positively
invariant neighborhood V of M.

The trajectory of a point x is the set y(x) = {D(x, t)|t € R}. By replacing the set R with R* U {0} or R~ U {0}
we obtain the corresponding notions of positive and negative semi trajectory. We denote by y*(x) and y~(x)
correspondingly.

Many questions concerning flows involve their long term behavior. We introduce positive limit set of a
given subset M C X with the following:

w(M) = {x € X|3 sequence (x,) in M and a sequence t, — oo, such that O(x,,t,) — x}.
Analogous we define negative limit set a(M).

Definition 3.4. A set M C X attracts a set C C X if for every neighborhood U of M there exists T € IR such
that ®;(C) € U, forevery t > T.

Definition 3.5. Let (®;) be a semi-dynamical system on a metric space X. A compact invariant set M € X
is said to be a global attractor if it attracts all compact sets.

In a metric space a global attractor is stable.

We consider the most natural notion of attraction from the topological viewpoint i.e. the notion of
compact attraction, which is more general than the notion of attraction of bounded sets considered very
often in the literature of dynamical systems. This notion of bounded attraction is not only more restrictive,
it is also non-topological, i.e., it depends on the metric considered in the phase space and it is not preserved
by a change in the metric.

For example, if one considers the equation ' = —y in R, with the usual metric d , then the origin is a
global attractor in the sense of compact attraction but it is not a global attractor in the sense of bounded
attraction if we consider the equivalent metric d; = 4.

The paper of Vaughan [20], shows that the difference between both definitions of attraction could be
significant in the absence of local compactness of the phase space.
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Example 3.6. Let us consider the following subset Y = Une]N[zanﬂl 2%] C [0,1] of the unit interval I = [0, 1]
and let X = [0, 1] X [0, 1]. We define the set A = (dY x [0,1]) U (Y x {0}) U (([0,1]\ Y) X {1}) where dY denotes
the boundary of Y in [0, 1]. Let us also consider the function f : [0, 1] — R defined by:

f(x) = dist(x,dY), foreveryx € [0,1]
Now let us define a semi flow on X by:

_ [ G ey, if (o y) € YX[0,1],
((x,y), 1) = { (x,1— e /®H1 - y)), otherwise.

Let us note that A is a global attractor for {®;}, connected, however with two path connected components
A1 = {0} x[0,1] and Ay = A\ A;. Never the less according to our main theorem the strong shape of A is
trivial.

The following example shows that the main theorem does not hold for discrete dynamical systems:

Example 3.7. Let us consider the discrete semi-group {®,} on a convex set C C IR? containing the unit circle
and generated by the function f(x, y) = (cos10x, sin10x), for all (x, y) € C.

Let usset A = {(x,y) € R? | x2 + y? = 1}. Since f(R?) = A and f(A) = A, it is clear that A is the global
attractor for {®@,}. Since C is contractible its strong shape clearly differs from the circle A.

4. Intrinsic strong shape for compact metric spaces

In this section we define strong shape of a compact metric space and prove several results needed for
the proof of the main theorem.

Definition 4.1. The sequence of pairs (f,, fun+1) of functions f, : X = Y and f;,+1 : X X I — Y is a strong
proximate sequence from X to Y if there exists a cofinal sequence of finite coverings, V; > V, > ... of Y
such that for each natural number #, f, : X — Y is a V,,- continuous function and f, ,+1 : XXI — Yis a
homotopy connecting V,-continuous functions f,: X = Y and f,.1: X = Y.

We say that (f,, fuu+1) is a strong proximate sequence over (V).
If (fu, fan+1) and (fy, f, .,) are strong proximate sequences from X to Y, then there exists a cofinal
sequence of finite coverings (V,) such that (f,, fun+1) and (f;, f/ .,) are strong proximate sequences over

nn+1
(V).
Two strong proximate sequences (fu, fun+1): X = Y and (fy, f, .;): X — Y are homotopic if there exists

a strong proximate sequence (Fy, F;, n+1): X X I = Y over (V) such that:
i) F, : XxI — YisaV,-homotopy between V,-continuous maps f, and f;

it) Funr1: X XIX I — Yis a st’(V,)-continuous function at all points from X X dI? is st(V,,)-continuous
and

Fn,‘rl+l(xr t/ 0) = fn,n+1 (x/ t)/ Fn,n+1(x/ t/ 1) = f’/:/n+1(x/ t)
Homotopy classes of strong proximate sequences are morphisms of strong shape category.

Theorem 4.2. Suppose X is a compact metric space and A a subset of X. If there exists a strong proximate sequence
(rn, tupn+1) : X = A and a strong proximate sequence (H,, Hy n11) : X X I — X such that:

Hy(AxI)C A

Hynmi(AXIXI)CA

H,(x,0) = x, Hy(x,1) = r,(x) 1
Hypi1(x,t,0) =x, Hyue1(x,t,1) = 7 041(x, £) (2)

Then the inclusion i : A — X induces a strong shape equivalence.
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Proof. We consider the strong proximate sequence (i, iy,+1) : A = X induced by the inclusioni: A — X.

First note that i,7,(x) = r,(x) and by (1), H, connects i,r, and the identity map 1x. Second, if we put
(in/ in,n+1)(rn/ rn,n+1) = (hn/ hn,n+1)/ then

7, x,2t), ifo<t<l
hn,n+1 (X, i’) — n,n+1( ) 1 . 2
1 (%), if;<t<1
If we define
H L2 S), f0<t< s
24 1(X, ts) = 1 (X 55 s) 1 ) >
et Hn+1(X,S), if Ts <t<l1

the function is well defined and

H;,,,Hl(x/ 0,5) = Hu(x,s), H, (x,1,8) = Hys(x, 9).

nn+1

So, (Hu, Hj, 1) : X x I — Xis a strong proximate sequence. Since

H) 60 =x, H . (x851)=hypa(x,b)

n

the strong proximate sequence (H,, H’

' .+1) 18 @ homotopy connecting the strong proximate sequence
(hy, hype1) and the strong proximate sequence induced by the identity 1x.

On the other hand, #,,i,(x) = r,(x) and by (1), Hy|A connects r,i, : A — A and the identity map 14.
Second, if we put (T, rn,n+1)(inr in,n+1) = (hnr hn,n+1)/ then (h,,, hn,n+1) : A — Ais defined by

(), ifo<t<l
h x,t) = 2
n,n+1( ) {Vn,n+1(x/ 2t — 1), if % <t<1
IfwedefineH;’,n+1 TAXIXI— A
124 H‘rl(x/ S)/ lf 0 S t S 2
Hy (6 t,8) = H 2-s if s i
n,n+1(xr 2-s /S)/ 1 2 <t<

then the function is well defined and

H) .1(x,0,5) = Hu(x,5), H;/ 1(x,1,5) = Hpa(x,s).

nn

So, (Hu, H}/, 1) : AX I — Ais a strong proximate sequence. Since

HY (0 t0)=x, H (1) =hypa(x,b)

’

the strong proximate sequence (H,, H”'

7 +1) 15 @ homotopy connecting the strong proximate sequence
(hu, hype) and the strong proximate sequence induced by the identity 14. O
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5. The proof of the main theorem

In this section we shall prove the main Theorem 5.1. This theorem is well known for shape (see[2]). Of
course the proof given here for strong shape is also a proof for shape.

Theorem 5.1. Suppose @ : X X R* — X is a semi-dynamical system on a compact metric space X with a global
attractor M. Then the inclusion i : M — X induces a strong shape equivalence.

To prove the above theorem in Lemma 5.5 we construct a strong proximate sequence (7, fpn41) : X > M
and in Lemma 5.6 we prove that it is a strong shape equivalence and that its strong shape inverse is the
inclusioni: M — X.

To start we need several lemmas about continuity over coverings.

A covering V of M in X is called regular if it satisfies the following conditions:

HIUVeVthenVNM=#0
Q) fULVeVandUNV#D, thenUNV eV.

For a covering V of M we introduce the notation |'V| = Uy V.

For a finite regular covering V we define a function r : |'V| — M in the following way:

For points y € M we put ry(y) = .

For points y € |'V|\M, by induction we can choose the smallest member V € V such that y € V, then
choose a fixed point yy € VN M and put ry(y) = yv.

The function r« is V-continuous. If V > W, then rqy : |'W| - M and rq : |'W| — M (the restriction of
ry |V = M to |'W]) are V-near.

Lemma 5.2. IfV > W, then rqy : |'W| - Mand rv : |'W| — M are V-homotopic.

Proof. rqy: |'W| - Mand ry : |'W| — Mare V-near and so V-homotopic by a homotopy rqqy : [ W|XI - M
([19)). O

Lemma 5.3. iory : |V| = |V|and 1 : |'V| = |V| are V-homotopic by a homotopy Rey : |'V| X I — |'V| such that
Ry (x,t) = x, for x € M.

Proof. The functions r and 14, are V-near and so V-homotopic by a homotopy R« ([19]). From the
definition of R« in the proof, it is satisfied Ry (x,t) = x, forx e M. O

Lemma 5.4. If V > W, then Ry : |W| X1 — |W|and Ry : |W|X I — |'V| (the restriction of Ry : |V| X1 — |V]
to |'W| x I) are V-homotopic by a homotopy Ry : |W| X I X 1 — |'V| such that Ryqy(x,z,0) = x.

Proof. We define

X ifo<t<?
R x,z,t) =" -2
v ) {rq;(w(x, z), ifi<t<1
Then

x ifo<t<i
R x,0,6)={" -T2
vw(0.H) {r(yrw(x,O), ifl<t<1

| ifo<t<s

T (), if%stﬁl

= R(V(X, t)

Similarly,
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R‘V‘W(x/ 1/ t) = R(VV(X, t)
Also

RWW(XI Z, 1) = V(V(W(x, Z)/ R(V(W(x/ z, O) =X
[

Now we construct (#, run1) : X — M, the induced strong shape morphism by a semi-flow. The
construction is natural and shows that the intrinsic strong shape theory from [18] provides a natural tool to
treat semi-dynamical systems in compact metric spaces.

First we choose a cofinal sequence of regular coverings (V) of the compact M. Since M is a global
attractor there exists a sequence t, — +oco such that:

D(X X [ty, 00)) C [Vl

and we can choose t, < t,41.
For t € [t,, o), D(x, t) € |'V,| and the composition r«, (x, t) is defined.
The functions f(x) = rq, D(x, ty11) and g(x) = rq,,, P(x, t,41) are V,-homotopic by a homotopy given by
YV ((D(x, tn+l)r t) ie.
r'Vn(Vnﬂ ((D(x, t‘rl+l)/ 0) = T(V”(D(x, tn+1)r r(V,,(V,Hl (CD(X, tl’H—l)r 1) = r(Vn+1 (D(x/ t‘rl+l)‘

Lemma 5.5. If the functions r, : X — M are defined by r,(x) = rqy, P(x, t,), then there exists a strong proximate
sequence (ry, tnps1) : X = M.

Proof. We define 7,41 : X X I — M as the juxtaposition of homotopies:
Pt (¥, £) = 1y, @(x, (1 = Dty + ttpia) * 1y, (P, tria), )
Then
Tuns1 (¥, 0) = 1y, D, £) = 1(x)
and
Puns1(X, 1) = 1y, DX, tri1) = Traa (%)

Let us note that 7,41 : X X I — M is well defined since the homotopy rq, ®(x, (1 — ), + tt,41) for t =1
equals 7, D(x, t,41) and also o, ., (P(x, ty41),0) = 1, D(x, ty41). O

Lemma 5.6. The strong proximate sequence (ty, tnn+1) : X = M induces a strong shape equivalence.

Proof. We construct a strong proximate sequences (r,,,rn,,,ﬂ) : X > Mand a strong proximate sequence
(Hu, Hyne1) : X X I = X such that:

H,MxI)CM

HypmiMXIxI) S M
Hn(x/ O) = xl Hl’l(xl 1) = rn(x) (3)
Hn,n+1(x/ t/ 0) =X, Hn,n+1(xr t/ 1) = rn,n+1(x/ t) (4)

Then by Theorem 4.2 it will follow that (r,, ,,.+1) : X — M is a strong shape equivalence and i : M — X
is the strong shape inverse of (v, 74 +1) : X — M.
The construction of (H,, H,n+1) : X X1 = X

We define a strong proximate sequence (Hy, Hyn+1) : X X I — X by: H,(x,s) = Ry, (D(x, 5ty), 5).
Then
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H,(x,0) = Ry, (D(x,0),0) = O(x,0) = x
H,(x,1) = Ry, (P(x, ty), 1) = 19, D(x, t,) = 14(x)

and H,, is V,-continuous. Hence (3) holds.
Now we define H,, ,+1 : X X I X I — X by juxtaposition Hy, 41 = Ky 41 * Fyn1. The first half is defined by

Kn,n+1(xr tr S) = R(Vn (CD(.X', S((l - t)tn + ttn+1))/ S)
and the second half is defined by
Fn,n+1 (x/ t/ S) = R’V,{V”H ((D(xr Stn+1)/ t/ S)'

Since

Kn,n+1 (x, 1, S) = R'Vn (q)(xr Stn+1)/ S)
Fn,n+1 (X, 0, S) = R(V,, (Q)(x, Stn+1)/ S)

the juxtaposition is well defined. Moreover

Hyn41(x,0,8) = Ky ne1(x,0,8) = Ry, (P(x, sty), 5) = Hu(x, 5)
Hn,n+1(x/ 1/ S) = Fn,n+1 (xr 1/ S) = R(Vn+l (q)(x/ StrH-l)/ S) = Hn+1 (xr S)'

Since

Ky ns1(x,£,0) = Ry, (P(x,0),0) = Ry, (x,0) = x

Fun+1(x,t,0) = Ry, ,(D(x,0),t,0) = D(x,0) = x
it follows

Hypa1(x,,0) = Ky naa (%, £,0) * Fypa (%, £,0) = x.
Since

Kn,n+1(xr t/ 1) = R(Vn (q)(xr (1 - t)tn + ttn+1)/ ]-)
= I’(an)(x, (1 - f)tn + ti’n+1)
Fn,n+1(x/ t/ 1) = R’V,,'Vnu ((D(x/ tn+l)/ £, 1) =TV, Ve (q)(xr tn+1 )/ t)

from the definition of #,, 41 in the proof of lemma 5.5 it follows

Hn,n+1(x/ t/ 1) = Kn,n+1(x/ t/ 1) * Fn,n+1 (x/ t/ ]-)
=19, O(x, (1 = Oty + tys1) * 1,9, (P, the1), 1)
= rn,n+1(x/ t)

i.e. the required conditions from (4) H, n+1(x,t,0) =x, Hyue1(x,t,1) = 1, 041(x, t) are satisfied. O

References

[1] B. Andonovikj, N. Shekutkovski, Strong shape for paracompacta, Glasnik Mat. 52(72) (2017) 331-350.

[2] B.A.Bogatyi, V.I. Gutsu, On the structure of attracting compacta, Differ. Urav. 25 (1989) 907-909.

[3] K. Borsuk, Theory of Shape, Monografie Matematyczne, vol.59, Polish Scientific Publishers, Warsaw, 1975.

[4] ]. Felt, e-continuity and shape, Proc. Amer. Math. Soc. 46 (1974) 426—430.

[5] J.B.Gunther, ]. Segal, Every attractor of a flow on a manifold has the shape of a finite polyhedron, Proc. Amer. Math. Soc. 119
(1993) 321-329.

[6] A. Giraldo, ].M.R. Sanjurjo, On the global structure of invariant regions of flows with asymptotically stable attractors, Math. Z.
232 (1999) 739-746.

[7] H.M. Hastings, A higher dimensional Poincare-Bendixon theorem, Glasnik Mat. 34 (1979) 263-268.

[8] L.Kapitanski, I. Rodnianski, Shape and Morse theory of attractors, Commun. Pure Appl. Math. 53 (2000) 218-242.



[9]
[10]
[11]
[12]
[13]

[14]
[15]

[16]
[17]
[18]
[19]
[20]

N. Shekutkovski, M. Shoptrajanov / Filomat 36:20 (2022), 6821-6829 6829

S. Mardesi¢, ].Segal, Shape theory, North-Holland, Amsterdam, 1982.

S. Mardesi¢, Strong Shape and Homology, Springer, 2000.

J. van Mill, G.M. Reed, Editors, Open Problems In Topology, North Holland, 1990.

Z. Misajleski, N. Shekutkovski, Equivalence of intrinsic shape and shape, God. Zb. Inst. Mat. 42 (2013) 69-82.

M. Mrozek, Shape index and other indices of Conley type for local maps on locally compact Hausdorff spaces, Fund. Math. 145
(1994) 15-37.

J.W. Robbin, D. Salamon, Dynamical systems, shape theory and the Conley index, Ergodic Th. Dynamical Syst. 8 (1988) 375-393.
J.T. Roggers, The shape of a cross-section of the solution funnel of an ordinary differential equation, Illinois J. Math. 21 (1977)
420-426.

J.M.R. Sanjurjo, A non continuous description of the shape category of compacta, Quart. J]. Math. Oxford 40 (1989) 351-359.
J.M.R. Sanjurjo, On the structure of uniform attractors, J. Math. Anal. Appl 192 (1995) 519-528.

N. Shekutkovski, Intrinsic definition of strong shape for compact metric spaces, Topology Proc. 39 (2012) 27-39.

N. Shekutkovski, M.Shoptrajanov, Intrinsic shape of the chain recurrent set, Topology Apli. 202 (2016) 117-126.

H. Vaughan, On locally compact metrizable spaces, Bull. Amer. Math. Soc. 43 (1937) 532-535.



