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Abstract. For every pair of inverse systems X, Y in a category A, where Y is cofinite,
there exists a complete ultrametric structure on the set pro*-A(X,Y’). The corresponding
hom-bifunctor is the internal and invariant Hom of a subcategory, containing tow*-A, in
the category of complete metric spaces. Several applications to the shapes (ordinary, coarse
and weak) are considered.
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1. Introduction

In seeking a natural structure of the shape morphism sets ([3, 4, 13—-17, 20, 21]
and some others) it has become clear that, in general, there is no unique topological
structure on those sets. The original idea was to consider the shape morphisms as
certain classes of Cauchy sequences, i.e., to obtain the shape as a Cantor completion
process. However, their starting point was not (except [20, 21]) a (pseudo)metric on a
pro-morphism set. Although not unique, the obtained (ultra)metric and topological
structures on the shape morphism sets yield some interesting and useful results.
For instance, they permit relations between rather distant theories and the shape
theory. Further, they admit constructions of some new shape invariants, in addition
to simpler expressions of the old ones by means of the new technique.

In this paper (similarly to the previous two, [20, 21]) we obtain, by metric tools, a
better view into coarse and weak shape type classifications, especially for metrizable
compacta. Our starting point is a naturally existing countable decreasing family of
equivalence relations on a set inv*-A(X,Y), where A is an arbitrary category. It
induces a pseudoultrametric whenever the codomain inverse system Y is cofinite,
[22]. By passing to the quotient set pro*-A(X,Y’) we obtain the ultrametric space
(pro*-A(X,Y),d*), denoted by (YX*, d*), which is complete (Theorem 1). More-
over, this metric structure is an extension of the known one on pro-A(X,Y), [20],
such that the canonical injection of pro-A(X,Y) into pro*-A(X,Y) is an isometric
closed embedding of (Y, d) into (Y**,d*) (Theorem 2).

Further, we consider the hom-bifunctor

hom : (pro*-A)? x (pro*-A) — Set,
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and establish the sufficient condition for hom to be an internal Hom, i.e., to be
continuous with respect to the category M, of complete metric spaces (Lemma 4
and Theorem 4). Especially, hom is (uniformly) continuous for inverse sequences
(Corollary 2), i.e., there exists

Hom : (tow-A)P x (tow-A) — M,.

Furthermore, we have found the sufficient condition for hom to be invariant (The-
orem 5). Especially, hom, i.e., Hom is invariant (and uniformly continuous) for all
inverse sequences (Theorem 6).

At the end, in Section 5, there follows several applications of the new results
and technique to get a better view into classifications by shapes, especially, by the
coarse shape. We define the coarse equivalence and uniform coarse equivalence
(as the analogues and improvements of the Borsuk quasi-equivalence, [1, 2, 19]) -
both of which are coarser than the coarse shape type. At the very end we have
constructed a new complete ultrametric structure on a set proy-A(X,Y’) which is
naturally comparable to that on pro*-A(X,Y). It is obtained by slightly changing
the known one of [21]. Namely, the old one was incomparable to that on pro-A(X,Y)
as well as to that constructed hereby on pro*-A(X,Y). In the new setting the
injections of pro-sets induce the isometric closed embeddings of the spaces (YX ,d)
and (YX*,d*) into (YX,d,) (Theorem 11). Since pro-A(X,Y) is a realizing set
for the weak shape morphisms, we may conclude that in some categories, especially
for compact metrizable spaces, there exist canonical complete ultrametric structures
on the shape, coarse shape and weak shape morphism sets, Sh(X,Y), Sh*(X,Y)
and Sh.(X,Y) respectively, such that the natural (functorial) injections

Sh(X,Y) = Sh*(X,Y) — Sh.(X,Y)

are isometric closed embeddings (Corollary 8).

2. Ultrametric on a pro*-morphism set

First of all, recall the complete ultrametric structure on a set pro-A(X,Y), [20].
Let A be a category (our category terminology is based on [6]) and let inv-A be the
corresponding inv-category of A, [11], i.e., the objects of inv-A are all the inverse
systems X = (X, pan, A) in A, and inv-A(X,Y) is the set of all morphisms

(faf,u) X =Y = (Yan;L,u/vM)a
defined by the following condition

(VM < :u/)(zl)‘ > f(:u)) f(:u/)fupf(u))\ = un’fu/pf(p/))v

The composition is defined by (g, 9,)(f, fu) = (f9, 9. fg9()), and the identity on an
X is (1A71X>\)-

Two morphisms (f, f.), (f', f),) : X = Y of inv-A are said to be equivalent (ho-
motopic), denoted by (f, f.) =~ (f’, f,), provided every pu € M admits a A\ € A,

A > f(w), f'(p), such that
Fupsox = Fupp -
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This relation is an equivalence relation that is compatible with composition in inv-A.
Therefore, there exists the corresponding quotient category (pro-category) inv-A/(~
) = pro-A. A morphism [(f, f,)] of pro-A is denoted by f.

Given two morphisms (f, f.), (f', f,) : X — Y of inv-A, and p € M, (f, f.)
is said to be p-homotopic to (f, f},), denoted by (f, f.) ==, (f', f,), provided there
exists a A € A, A > f(u), f'(u), such that

Fupsaon = Tupsrux-

Then the relation ~, is an equivalence relation on each set inv-A(X,Y), ~, implies
~, whenever p < p/, and ~, for all p € M is equivalent to ~ (Lemma 2.2 of
[20). Further, if (£, f,) =, (', f), then (£, £,)(hha) =, (f', £4)(h,hy), while
(fs fu) 2= (F, f;/L) implies (g, 9,)(f; fu) =~ (9,9.)(f', f:t) whenever g(v) < p.

Given a A € A, let |A| denote the cardinal of the set of all the predecessors X’
of Xin A, X < A (e, N < Xand ) # A). In the case of a cofinite inverse system
(indexing set), for every A € A, |A| is finite, i.e., |A] = m — 1 for some m € N.

Let (f, fu), (f'; f,) + X = Y be morphisms of inv-A, and let x be a cardinal.
Then (f, f.) is said to be k-homotopic to (f’, f,), denoted by (f, f.) =~ (f', f}.);
provided for every p € M, such that |u| < &, (f, fu) =, (f'; f,) holds. Clearly, in
the case of a cofinite Y, those cardinals (representatives - numbers) « range over the
set of non-negative integers. Furthermore, if Y is an inverse sequence, the relations
~,, and ~,, coincide (1 = |p| +1 =m).

According to Lemma 2.4 of [20], the relation ~, is an equivalence relation on
each set inv-A(X,Y), ~, implies ~, whenever x < «/, and, if Y is cofinite, ~ is
equivalent to ~,, for all m € N. Further,

(1) (f, fu) =x (' ) and (f, f) = (f7, £)) imply (f, fu) >0 (f7, f}i), where

k" = min{k, k'};

({1) (f fu) = (9:90), (f', fi)) = (9", 9) and (£, fa) 2= (f', f) 1mply (9, u) =y

(

(g 79;;); where 77/ = min{ﬁv "5/777}§

(i) (f, fu) = (f; f1,) inaplies (f, fu)(hs ha) 2= (fs f7) (Rs BA); -
(

(iv) (f; fu) = (f', f) implies (g9,9.)(f, fu) ~x (9,90)(f", f,,), provided for every
v e N |v|< k' implies | g(v) |< k.

Given a pair of inverse systems X, Y, where Y is cofinite, the function p : inv-A(X,Y ) x
inv-A(X,Y) — R,

(fs fu) =m (f'; f1), m € N}

1, otherwise

)

o ). (' F1)) = {mf{mﬂ |

defines a pseudoultrametric on the set inv-A(X,Y).p) (Lemma 2.5 of [20]).
Finally, since p is invariant with respect to the relation ~, the function d :
pro-A(X,Y) x pro-A(X,Y) — R,

d(f, ") = p((f, fu), (F, 1)
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where (f, f.) € f, (f', f) € f' is any pair of representatives, is well defined. Let us
denote Y* = pro-A(X,Y). Then, for every X and every cofinite Y, the ordered
pair (Y, d) is a complete ultrametric space (Theorem 2.6 of [20]).

Consider now a set pro*™-A(X,Y). We firstly recall the definition of a pro*-
category (see [8]). In the first step we define the category inv*-A. The object
class Ob(inv*-A) = Ob(inv-A), i.e., it consists of all inverse systems in A, while
the morphisms are all so called *-morphisms. Given a pair of inverse systems in A,
X = (Xo,pan,A), Y = (Y, quu, M), a x-morphism (originally an S*-morphism)
of inverse systems, (f, f}) : X — Y, consists of a function f : M — A (the index
function) and, for each p € M, of a sequence of A-morphisms f} : Xy(,) — Y},
n € N, such that, for every related pair p < g’ in M, there exists a A € A, A >
f(w), f (1), and there exists an n € N so that, for every n’ > n,

Fi PrGox = Qe [l D)

If (f, [j) : X Y and (g,97): Y — Z = (Z,,r,,,, N) are s-morphisms, then we
compose them by the rule

(9,90) (f, f) = (h,h}),

where h = fg: N — A and A} = gﬁfg(y), n € N, v € N. One readily verifies that
(h,h?) : X — Z is a *+-morphism and that the composition is associative.
Given an inverse system X = (X, pax, A) in A, let (1A, 1}k) consist of the identity
function 15 and of the identity morphisms 1%, = lx, of A, for every n € N and
every A € A. Then (15,1% ) : X — X is the identity *-morphism on X. In this
way, given any category A, the corresponding inv*-category inv*-A is obtained.

Now we define (see [8], Definitions 3.8 and 3.19) that a *-morphism (f, f}}) : X —
Y is equivalent to a *-morphism (f’, f;7) : X — Y, denoted by (f, f1) ~ (', f;"),
provided every u € M admits a A € A, A > f(u), f'(n), and an n € N, such that,
for every n’ > n,

T2 prgwx = 1 D

The relation ~ is an equivalence relation on each set inv*-C(X,Y). The equivalence
class [(f, f}})] of a *-morphism (f, f}!) : X — Y is briefly denoted by f*. This
equivalence relation is compatible with the composition in inv*-A, i.e., if

L)~ A X =Y and (g9,97)) ~(d',9)"): Y = Z,

then
(990 ) ~ (g g ) - X — Z.

Therefore, one may compose the equivalence classes of *-morphisms by putting
g*f* =h"= [(h7h:})]7

where

(hyhyy) = (9,9 (f; 110) = (9, 90 Fgw)-
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Finally, the desired pro*-category pro*-A is the corresponding quotient category,
ie.,
pro*-A = (inv*-A) /().
Let us add a few words about the corresponding functors, [8]. First, for every
category A, there exists a (faithful) functor

J:pro-A — pro*-A

defined by J (X) = X and, for an f = [(f, fu)], L(f) = f* = [(f, f}})], where, for
every n € N, fi! = f,,, for all p € M. (Such an (f, f} = f,) is called an induced or
commutative x-morphism.) Especially, for a pro-reflective subcategory D C C there
exists a faithful functor J : pro-D — pro*-D described above. It induces a faithful
functor
J: Sh(c,p) — Sh?&D)

(relating the shape and coarse shape category), which keeps the objects fixed. Fur-
ther, if one puts S*(X) = X, X € ObC, and S*(f) = F* = (f*), f € MorC, where
fF=J(f) and f is induced by f, then

S*:C — Shic p)

becomes a functor, called the (abstract) coarse shape functor. Its relationship with
the (abstract) shape functor S : C — Shc,py ([11], I. 2) is given by the following
commutative diagram:

C

S/ NS
Sh(c’fp) 7> Sh}(kc’p)

where the functor J is faithful keeping the objects fixed ([8], Section 4).
In order to endow a set pro*-A(X,Y) with a metric structure, we follow the
pattern for pro-A(X,Y).

Definition 1. Let (f, f}),(f', ') :+ X — Y be morphisms of inv*-A, and let
pw€ M. Then (f, f}) is said to be u-homotopic to (f', f"), denoted by (f, f}}) ~y
(f's '), provided there exist a X € A, X > f(u), f'(1), and an n € N, such that for
every n' > n, ) /

Fi prgox = £ P

Lemma 1. (i) The relation ~, is an equivalence relation on each set inv*-A(X,Y).
(i) If (f, f) ~ow (S S30) and e < ! then (f, f) ~u (F5 1)
(i) If (fs i) ~u (F5 £30)s then (F, £ (Ro )~ (F 5 fi0) (hy ).

(w) If (f, £) ~u (F15 100D, then (g, 90)(f, £) ~v (9, 92) (', fiI), whenever g(v) <
.

(v) (f 1) ~ (F' 1) if and only if (f, f1) ~u (f', fi') for every p € M.
Proof. All the claims obviously follow by the definition. O
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Definition 2. Let (f, f),(f', f') : X = Y be morphisms of inv*-A, and let

be a cardinal. Then (f,f}) is said to be k-homotopic to (f’,f,'), denoted by

(fs 1) ~n (f'5 £11), provided (f, f}) ~u (f's fi") holds for every p € M such that
lul <k,

Clearly, if Y is cofinite, then those cardinals (representatives - numbers) k range
over the set of non-negative integers. Moreover, in the case of an inverse sequence
Y, the relations ~,, and ~, coincide (¢ = |u| +1 = m € N). It is obvious that
Definitions 1 and 2 and Lemma 1 imply the following facts.

Lemma 2. (i) The relation ~, is an equivalence relation on each set inv*-A(X,Y).
(it) If (f, i)~ (L £]0) and & < w!, then (f, f1) ~e (f, 1)
(ZZ’L) If (fv fﬁ) ~k (flvflltn) and (f/afl/Ln) ~r! (f//af;i/n); then (fa f;}) ~r! (f/lvf:n);
where K = min{k, £'}.
(“)) If (fvfl} ~k (9793)7 (flvf/;n) ~r! (g/’g:l,n) and (fafﬁ) ~n (flvfl/tn)a then
(9,97) ~n (g'9,"), where n" = min{x, &', n}.
() If (f, fi0) ~n (P F0)s then (f, fi) (R hY) ~ (fF F10) (hs BY).
(01) If (F, £) ~n (1 S07), then (g, G0)(F S) ~r (9, 93)(f £11), provided, for

everyv € N, | v |< & implies | g(v) |< k.

(vii) If Y is cofinite, then (f, f1) ~ (f', f') if and only if (f, fu) ~m (f', f}) for

every m € N.

Given a pair of inverse systems X,Y in A, where Y is cofinite, let us define the
function

pfrin* - A(X,Y) x inv*-A(X,Y) - R
by putting

inf {2y | (F, £ ~om (F S7), m €N}

1, otherwise

o g =
Lemma 3. For every X and every cofinite Y, the ordered pair (inv*-A(X,Y), p*)
s a pseudoultrametric space.

Proof. (See also Theorem 2 of [22].) Clearly, p*((f, f}1), (f', f;")) = 0, p*((f, 1),

(f, 1) = 0and p*((f, f), (f's 1)) = p*((f's £"), (f. £2))- It remains to prove
that

oA (7 1) < ™ (G 10, (7 1) (5 £ (7 £
holds true. If p*((f, f1), (£, 7)) = L ov p* (', "), (", £i")) = 1, the statement

is obviously true. Further, the inequality holds in the case of p*((f, f}}), (f', f/")) =0
or p*((f', £;1), (f", f;")) = 0 as well. Namely, in that case

p (50, 7 1) = o (U 10, (7 1)
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or
P (£ LD, (£ £0)) = " (U5 1) (FL 1)
hold, respectively. Let

p (5 100 (F 1) = and  p"((f, i), (f", i) =

m+1 m' +1

for a pair m, m’ € N. It means that
(F 1) ~m (£ RN ) Fomn (P 00
(F' 1) ~ome (P BTN L) Ao (F75 1)

Then, by Lemma 2 (iii), (f, f;) ~m~ (f”, f;,"), where m" = min{m,m’}. Thus,

p (£ 1D, (1) <

—_

m// +
and the conclusion follows. O

Let us briefly denote pro*-A(X,Y) = YX*. Observe that, by Lemma 2,
(iii) and (vii), if (f, f}) ~ (g,95) and (f', ;") ~ (¢',g,") (all of X to Y'), then
p (£ 170, (5 1) = p*((9,9;1)5 (9", ;")) Thus, for every cofinite Y, the function
d* : YX* x YX* = R is well defined by putting

d*(f* f7) =" ((F 1), (F 1),
where (f, f;1) € f*, (', f') € f"* is any pair of representatives.

Theorem 1. For every X and every cofinite Y, the ordered pair (YX*7d*) s a
complete ultrametric space. Consequently, the space (YX *,d*) is totally disconnected
and the (covering) dimension

dim(Y** d*) = 0.

Proof. (See also Theorem 2 and Remark 2 of [22].) By Lemma 3, it suffices to prove
that d*(f*, f*) = 0 implies f* = f*, and the completeness. Let d*(f*, f™*) = 0.
Then,

P ((f, 1), (f's f2") =0
for any pair of the representatives. By the definition of p* and Lemma 2 (vii), it is
equivalent to (f, ') ~ (f', f/"), i.e., f* = f".
Let (f%), fr = ((fx, f}})) be a Cauchy sequence in (YX* d*). Then, for every
m € N, there exists a k,,, € N such that, for every pair k, k' € N, k, k' > k,p,

1

d*(£* *Y <
(fk:afk:)_m+17

ie.,

(fk?af:)k;) ~m (fk)’a f;ﬁk’)a
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whenever k, k' > k,,.

Without loss of generality, one may assume that the sequence (k) is increasing and
unbounded. Since Y is cofinite, given a u € M, denote |u|+1 = m(u) € N. Observe
that there exists a unique function

for M — A, fo(p) = fr,q,, (1)

Now, for every p € M and every n € N, we put

Fi0 = Bk Xpow) = X, ) = Yo
(An equivalent choice can be f, = f:f:zi:()u)? for n = 1,... ky), and fg =

ﬁykm(u)’ for n > kp,(u.) In this way we have obtained the ordered pair (fo,

(f/f70),L€M7neN), briefly (fo, fﬁo), where all the f}! o : X,(,) — Y., are A-morphisms.
We are to show that (fo, f)}) is a *-morphism of X to Y. Given a pair p < ' in
M, we have to prove that there exist a A > fo(u), fo(1') and an n € N, such that,

for every n’ > n,
’
n

f[tl,Opfo(H)A = Qup [l 0P fo ()
Denote, as before, |u| +1 = m(p) = m and |p/| +1 = m(p') = m’. Then, m < m/
and k,, < k.. Therefore,

1

d*(£* * <
(.flcmmfkm,) = m+17

i‘e‘7 (f’fm’f;?,km) ~m (fk?m/afg,km/)'
This means that there exist a Ay > fr, (1), fx, (1) and an n; € N, such that for
every n’ > ny,

(D) fl kPl 03 = Tl Pl A
Since (fkm,,fﬁyk’ ,) is a *-morphism, there exist a Ao > fi , (1), fr,, (1) and an
no € N, such that for every n’ > na,

(2) Bk P xe = Qu Tl ke, PFe (0)he
Since A is directed, there exists a A > A1, A2, and thus, A > fo(u) = fi,, (n) and
A> fo(p') = fr, (1) Put n = max{ni,ny}, and let n’ > n. Then, by means of (1)
and (2), one straightforwardly obtains that

’
n n

FitoPsomx = Filbon Pt X = = = G i, P, ()3 = Qi S0P fo (w1
Hence, (fo,f/lo) : X — Y is a morphism of inv*-A. Let fo = [(fo,f/lo)] be
the corresponding morphism of pro*-A(X,Y’). Notice that for every m and every

k2 km,
(fkvfu,k) ~m (f07fu,0)’ Le., d (fk?fo) < m+1

holds. Namely, by our construction, for every u € M and every n € N,
fo(w) = fr, (n) and  flo = fily, , m=|p[+1.

Thus, lim(f}) = £}, i.e., the Cauchy sequence (f}) converges to £ in (Y ** d*).
The last statement follows by the main result of [5] or by [22] (Theorem 4 and
Remark 2). |
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Recall that there is the canonical injection of pro-A(X,Y) into pro*-A(X,Y),

=1 fl = i(f) = £ = [(f fir = fu)l-

Theorem 2. The canonical injection of pro-A(X,Y) into pro*-A(X,Y) is an
isometric closed embedding, i : (Y, d) — (YX* d*).

Proof. It is obvious by the appropriate definitions that
p*((fv ;,L = flt)7 (f/7 f/ll,n = f/:)) = p((.fa f/t)a (f/a f/lj.))

Thus, if £* = i(f) and f* = i(f'), then d*(f*, f*) = d(f, f'). Consequently, i
maps the space (Y, d) isometrically onto (i[Y*],d*). Since (Y*,d) is complete
(Theorem 2.6 of [20]), the conclusion follows. O

Consider the subspace (YWX*7 d*) C (YX* d*) consisting of all the morphisms
J* having a commutative representative (f, /), i.e., for each ng € N (fixed),
(f, f[[“) : X — Y is a morphism of inv-A. Clearly, according to Theorem 2 and
the proof of Theorem 1, the canonical injection (restricted to the smaller codomain)
i (YX,d) - (YX*,d*) (C (Y**,d*)) is an isometric closed embedding as well.
However, the subspace (Yf*,d*) - (YX*,d*) is not closed. Namely, the proof of
Theorem 1 shows that (Yf*,d*) is not complete. Indeed, given an ng € N and a
pair pig < pig, the term f)0, of (fo, fiy) belongs to (fkm(um’fﬁ,km(,‘,o)) € f;:mwg)’
while the term f:é],o of (fo, f} o) belongs to (f Tk ) e fi

which, in
general, do not mutually commute unless ng is large enough. Further, (Yf . d¥)
is not open in (YX *,d*) since, in general, a commutative morphism admits an ar-
bitrarily close noncommutative one. Finally, in general, Yi( * is not dense in YX*
(consider, for instance, polyhedral inverse sequences X and Y associated via its
limits with a pair of solenoids).

mpg)’ m(uf) m(uh)’

Remark 1. If Y = (Y, = Y,quw = 1y, M) € Ob(pro-A) is cofinite, then one
readily sees that for every X € Ob(pro-A) the space (YX*,d*) is discrete. However,
by Example 2.8 of [20] and our Theorem 2, there exist spaces (Y X*,d*) which are
not discrete. Fspecially, there exist inverse sequences X such that (XX*7 d*) are not

discrete. Clearly, according to Theorem 2, if (YX, d) is a nondiscrete space then so
is (YX*,d*), while if (YX*,d*) is discrete, then such is (Y, d).

The next theorem diminishes technical difficulties in manipulating with Cauchy
sequences (compare Theorem 2.10 of [20]).

Theorem 3. For every X and every cofinite Y , every Cauchy sequence in (YX*, d*)
admits a representing sequence having a unique increasing indez function.

Proof. First, every sequence (f;) in (Y** d*) admits a representing sequence
((fk, fﬁ)k)) such that all the index functions are increasing and f; < -+ < fi, < ---.
(This can be achieved by a straightforward inductive construction.) Let (f}) be a
Cauchy sequence. Recall the proof of Theorem 1, i.e., the construction of the limit
Fo = lim(f%). The constructed representative (fo, fi'o) € fo has been defined by
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means of a subsequence ((fx,., f/' 5, )), where ky <--- <k, <--- is unbounded such
that fo(u) = fi,. () and f}o = f;  m = |u[+1. This implies that fo : M — A is
an increasing function. Let p € M, || = 0. Since f; < --+ < fi,, one can, for every
k=1,...,k and every n, replace fi(n) with fi(u) = fo(p) = fk, (n) and f}}, with
fil% = kP fo(w)- In the next step, since f1 < -+ < fi, < fi41 <0 < fio,
given a 1 € M, |u| = 1, one can, for every k = 1,...,nq, replace fi(n) with
fe(w) = fo(p) = fi,(0) and f7, with 7% = f7,Ds(u)fo(n)- Moreover, for ev-
ery ' € M, |¢/| =0, and every k = ki + 1,..., ko, one can replace fr(u') with
fi(W') = fo(') = fr, (W) and f}}, o with f7 = fl0 kD se(ur) fo(ur)-

The construction proceeds in an obvious way by induction on |u|+1=m € N
through the sequence (k,,). Thus, in the inductive step m — m + 1, one also must
correctly move the values of every fi, k = km+1,...,kmt1, for all p € M, |u| < m.
Observe that for every k € N, (fg, fi") ~ (fk, fx). Clearly, by construction,
the new representing sequence ((f},, /Tk)) has the unique increasing index function,
namely, fo = f; for all k. O

3. The hom-bifunctor

Given a category K, let us consider the hom-bifunctor (see [6])
hom : KL x I — Set

defined by hom(X,Y) = K(X,Y) and hom(u,v)(f) = vfu. More precisely, for
each pair (of pairs) of objects (X,Y), (X',Y’) € Ob(K°? x K) = ObK? x ObK =
ObK x ObK,
homy'y, : (K x K)((X,Y), (X', Y"))
(=KP(X, X)) x LY, Y) =KX, X)x K(Y,Y")) = Set(K(X,Y),K(X',Y")),
(u,v) > (homf(’,?zy,(u,v) K(X,Y) = K(X',Y"))
is defined by the composition, i.e., homi((’,?fy/(u, v)(f) =vfu.
If the sets £(X,Y) are endowed with a structure, and if the hom-bifunctor preserves
the structure, then notation hom is usually changed into Hom (the “internal” Hom-
bifunctor), having an appropriate codomain category (instead of Set).

Let us now consider the case K = pro*-A for an arbitrary category A, i.e.,
hom : (pro*-A)° x (pro*-A) — Set,

hom(X,Y) = pro*-A(X,Y) = Y**
and homi;};,, XX Yy Set(YX*7Y’X/*), where the function

homﬁix;,(u*, v*) Y X o Y'X'* is defined by

hom Y (', v7) () = o Fu,

ie.,
X . b'¢
« , hom(u*,v™) x pk %
F e vt e
Y - Y’

<
*
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We assume in the sequel that all inverse systems are cofinite. As in the case of
(Y*.d) in [20], the natural question is: Does the hom-bifunctor preserve the added
complete ultrametric structure of the sets YX*? In other words: Is the function
hom(u*,v*) : (YX* d*) — (Y’X,*,d*) continuous for all (some) u* : X' — X and
v Y =5 Y'?

Since the restriction hom(u,v) : (YX,d) — (Y'X',d) (of hom(u*,v*)) is, in
general, not continuous (see Example 3.2, Lemma 3.3 and Theorem 3.4 of [20] as
well as Example 2 in Section 5 below), the answer is negative. Nevertheless, there is a
certain subcategory, containing tow*-A, such that the corresponding hom-bifunctor
is (uniformly) continuous (compare Lemma 3.5 and Theorem 3.6 of [20]). Similarly
to the pro-case, the continuity depends only on a specific “uniformity” property of
the morphism v* (relating the codomain systems Y and Y”).

Lemma 4. Let u* : X' = X and v* :' Y — Y’ be morphisms of pro*-A. If
(YX* d*) is discrete or v* satisfies the following “uniformity” condition:

(U) B,vy) € v*)(Ym e N)(3sp, e N)(Vi' € M') || <m = |o(i')| < s,
then the function
hom(u*,v*) : (YX*, d*) — (Y'** d¥)
s uniformly continuous.

Proof. Clearly, it is enough to prove the statement when (YX *,d*) is not discrete.
First, to prove the continuity it suffices to show that the function hom(u*, v*) pre-
serves convergent sequences. Let lim(f}) = f§ in (Y X*,d*). We are to prove that
the sequence (hom(u*,v*)(f7)) = (v*fru*) in (Y’X/*,d*) converges to hom(u*,
v*)(fo) = v fou”. Let (fi, f1i)) € fr k€N, (fo, filo) € fo and (u,u}) € u” be
chosen arbitrarily, and let (v,vﬁ,) € v* be a representative according to condition
(U). By Lemma 2, (v) and (vi), if (fi, f}; ) ~m (fo, [} o), then

(fka f;},k)(uvu;\l) ~m (va fﬁ,o)(uvug)v and (vaZ’kav fﬁ,k) ~m/ ('U, Uﬁ/)(foa f;},O)

provided |p/| < m’ implies |v(p')| < m. Since im(f}) = fo,
d*(fx, £0) = p*((Fs filn), (fo, filo)

becomes arbitrarily small when k increases, i.e., for every m € N, there exists a
km € N such that, for every k > k,,,

1
m+1

P ((frs fien)s (fos filo)) <

Hence? (fk7f£7k) ~m (anf;iO% k > km; and thusa
(U7UZ’)(fk7fg,k)(u7uK) ~m/ (0702’)(f07fﬁ,0)(u7u2)7 k >k,

provided, for every u/ € M’', |p/| < m’ implies |v(p')] < m. Since, by condition
(U), for every m there exists an s,, such that for every u’ € M’ |u/| < m implies
[v(p')| < Sm, we infer tha, for every m and every k > k

)

Sm

(0, 0) (s Fw) (s uX) ~m (0, 00) (fo, Fi0) (w, ux)
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holds. Thus,

1

d*(v" fru’, v" fou”) = p" ((v, v5) (fe, fi ) (ws u), (0, 030) (fo, fi o) (w, ux)) < mrl

for every k > ks,,. This means that lim(v* fru*) = v* fiu*, which proves the conti-

nuity of hom(wu*, v*). In addition, notice that a § > 0 (for continuity of hom(u*, v*))
. . * X * . _ 1

does not depend on any particular point f* € Y ". Namely, given any ¢ = == > 0,

. 1+1 > 0. Therefore, hom(u*, v*) is uniformly continuous. O

one may put § =

Problem 1. Does the converse of Lemma 4 hold when (YX*, d*) is not discrete and
v* is a “nontrivial” morphism? (The same question concerning Lemma 3.5 of [20],
because the corresponding part of its proof is not correct! Consequently, the proof of
the “only if” part of Theorem 4.1 of [20] is not correct!)

Remark 2. Let X be a system over an infinite A, and let' Y be a system over an
M such that there are infinitely many p € M with |u| = m, for some m € {0} UN.
Then every morphism f* : X —'Y admits a representative (f', f/*) which does not
have the property of condition(U) (by shifting the index function). Nevertheless, this
fact does not contradict the definition of the metric d*. Further, notice that every
representative of every morphism of inverse sequences has the property of condition

(U).

Observe that the property of condition (U) of some morphisms of pro*-A is
preserved by composition. Since each identity morphism 1% obviously satisfies con-
dition (U), there exists a certain subcategory pro{-A C pro*-A, which shares the
same object class, while Mor(prof;-A) is a proper subclass of (pro*-A). Clearly, by
Remark 2, tow*-A C prof;-A. Let us briefly denote prof-A(X,Y) = YI* C YX*.
By assuming the restriction to all cofinite inverse systems, the following theorem
holds (compare Theorem 3.6 of [20]).

Theorem 4. The hom-bifunctor for the subcategory proy;-A is a structure preserving
(continuous) one, i.e., it is

Hom : (proj-A)°F x (proj-A) — M.,
where M. is the category of complete metric spaces.

Proof. According to Theorem 1 and Lemma 4, it suffices to prove that (Yx*, d*) C
(YX* d*) is a closed subspace. If Y{x* = @, then there is nothing to prove. Thus, let
Y " # @. Suppose that a sequence (f}) in Y{r* converges to an ff in (Y X*, d*).
We have to prove that f € Y§ *. Recall the construction of the limit morphism
fo in the proof of Theorem 1. Given any representing sequence ((fx, f!;)) of (f),
the representing *-morphism (fo, fﬁ’o) of f§ has been defined by means of

;}70 = f:”knl(“) : Xfﬂ(.“’) = kam(p‘)(/i) - Yl“"

where m(u) = |p| + 1 and (k,,) assure the relation ~,,. In this case, however, we
can choose a representing sequence ( fg, f;‘) ) So that

(Vk € N)(¥m € N)(3sk, € N)(Vu € M) |l < m = |fulu)] < k.
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Then the obtained unique limit morphism fj = [(fo, f}/ )] satisfies condition (U).
Indeed, given an m € N, put s, = s¥» (depending on m only!), and then |u| < m
implies that

[foli)] = [ fr ()] < 837 = S0
O

An inverse system X is said to have property (F) provided, for every m € N, the
subset
Apr={AeA|[N=m—-1}CA

is finite. For instance, every inverse sequence X = (X;, piiv, N) has property (F) since
in this case |A;,—1| = m. Let prog-A C pro*-A be the full subcategory containing
all the cofinite objects which have property (F).

Corollary 1. The hom-bifunctor for the subcategory proj-A C pro*-A is structure
preserving (continuous), i.e. it is

Hom : (prop-A)? x (prop-A) — M.

Proof. Observe that proj-A C proj-A is a full subcategory, because every mor-
phism of prof.-A satisfies condition (U) (s, is maximal among finitely many values).
Hence, the conclusion follows by Theorem 4. O

Corollary 2. The hom-bifunctor for the tower*-category tow*-A is structure pre-
serving (continuous), i.e., it is

Hom : (tow*-A)? x (tow*-A) — M,.

Proof. Every inverse sequence has property (F), i.e., tow*- A C proji-A is a full
subcategory (see also Remark 2). Thus, the conclusion follows by Corollary 1. O

Let
(YX* « ZY*,d/) _ (YX*,d*) % (ZY*,d*)

be the product space endowed with an appropriate metric d’ (for instance, dz, dy or
ds with respect to the metrics on the factors). Then the function

w: (YX* X ZY*,d’) — (ZX*7d’),

defined by the composition, (f*,g*) — g*f*, naturally arises. According to preced-
ing results, w cannot be continuous in general. However, the following fact holds as
a consequence of Theorem 4.

Corollary 3. The function (restriction)

w: (YX* % Zl[j*7 d/) N (ZX*,d*),w(f*,g*) :g*f*7
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s uniformly continuous. Especially, for all inverse sequences X, Y and Z in A, the
function w : (YX* x Z¥* d') — (ZX*,d*) is uniformly continuous. Moreover, for
every section v* :' Y — Y, the hom-bifunctor commutes with w, i.e., the diagram

hom(u*,v*)xhom(v"* ,w* ’ ’
YX* % ZY* ( )_> ( ) Y/X * Z/Y*

w o’

JAS hom(i;w*) 7/ X%

is commutative. More precisely,
W' o (hom(u*,v*) x hom(v"*,w*)) = hom(u*, w*) o w,
where v™* 1 Y' =Y s a left inverse of v*, v*v* = 15,.

Proof. It suffices to prove that lim(f;) = f in (Y**,d*) and lim(g}) = g§ in
(27, ) imply (g} £}) = g5 £ = lin(g}) lim(f7) in (Z%*,d°). Since lim(g}) =
g4, Lemma 2 (v) implies that, for each k € N,

lim(gi fi) = 95 F-

Thus, d*(g; fr. g5 fr) and d* (g% fr. g5 fr.) are arbitrarily small, for k, k" € N large
enough. Since g € Zy*, the function hom(1%, g) is (uniformly) continuous. Thus,

lim(gg f) = lim(hom(1%, g5)(f3)) = hom(1%, g5)(lim(f}))
= hom(1%,g5)(f0)) = 90fo-

Finally, since d* is a(n) (ultra)meric, the conclusion follows. (Observe that we
have only needed gg € Zg*!) The commutativity of the diagram goes as follows:

(W' o (hom(u*,v*) x hom(v"™, w*)))(f*,g")
= ' (hom(u”, v*)(f*), hom(v"™, w*)(g"))
_ w’(v*f*u*,w*g*v’*) _ (w*g*v'*)(v*f*u*)
— 'w*g*(v’*v*)f*u* — ’w*(g*_f*)u*
g™ f7)
= hom(u", w*)(w(f*, g"))
= (hom(u*, w*) ow)(f*,g").

= hom(u*, w™)(

4. Invariance of the hom-bifunctor

Consider now the invariance problem for the hom-bifunctor, i.e., under what con-
ditions, X =2 X' and Y 2 Y’ in pro*-A imply that the spaces (YX*,d*) and
(Y/X /*, d*) are homeomorphic. Clearly, every pair of isomorphisms u* : X' — X,
v*:Y — Y yields a set bijection YX* — Y'X'* £* s v* £*u*, having the inverse
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isomorphisms, the function hom(u*, v*) : YX* — Y' X" is a bijection with the in-
verse hom(u*,v*)~! = hom((u*)~!, (v*)~!). According to Lemma 4, the following
theorem holds.

function Y'X* — YX*, £ s (v*)"Lf"™ (u*)~. Therefore, for every such a pair of
1

Theorem 5. Let u* : X' — X and v* :' Y — Y’ be isomorphisms of pro*-A.
If (Y**,d*) and (Y'X/*, d*) are discrete spaces or v* and (v*)~1 satisfy condition
(U), then hom(u*,v*) : (Y** d*) — (Y’X/*,d*) is a uniform homeomorphism (of
complete ultrametric spaces).

Proof. In the special case of discrete spaces the statement is trivial. In the gen-
eral case, by Lemma 4, hom(u*,v*) and hom(u*,v*)~! = hom((u*)~1, (v*)~!) are
(uniformly) continuous whenever v* and (v*)~! satisfy condition (U), respectively.
The conclusion follows. O

Theorem 6. For every category A, the hom-bifunctor for pro*-A is invariant (and
continuous into Met.) with respect to the object isomorphisms in the following sub-
categories: tow*-A, projp-A and proy-A.

Proof. Apply Theorem 5 together with Corollary 2, Corollary 1 and Theorem 4
respectively. O

Remark 3. (a) By Theorem 5, for every (cofinite) Y and every pair X = X'
in pro*-A, (YX* d*) ~ (YX/*,d*) in M, holds via the hom-bifunctor. Moreover,
it is readily seen that for every isomorphism u* : X' — X the homeomorphism
hom(u*,13) is an isometry. On the other hand (by Ezample 3.2 and Theorem
3.4 of [20] and our Theorem 2), there exist an inverse sequence Y and a (count-
able and cofinite) inverse system Y' isomorphic to Y, Y =Y’ in pro-A (and,
thus, in pro*-A), such that, for every isomorphism v* :' Y — Y, the bijection
hom(1%,v*) : (Y¥*,d*) — (Y'¥*,d*) is not continuous. Moreover, there is such
a pair of complete ultrametric spaces which are not homeomorphic (see Example 1
below). An important implication of this fact is that, in general, there is no unique
canonical complete ultrametrization of the coarse shape (shape as well) morphism
sets. Nevertheless, in some special cases (for instance, compact metrizable spaces,
by using only sequential HcAN R- or HcPol-expansions) a unique canonical com-
plete ultrametrization of the coarse shape (shape as well) morphism sets is possible
(see Section 5 below).

(b) As we have mentioned in Introduction, in the last decade several papers dealing
with (ultra)metric and topological structures on the shape morphism sets were writ-
ten: [3, 4, 14 — 17, 20, 21, ...]. Looking for the basic idea, one readily sees that it is
the notion of being p-homotopic. However, the germ of this idea goes back to 1976
when K. Borsuk [2] introduced the notion of quasi-equivalence of metric compacta.
This becomes quite clear after seeing the characterization (reinterpretation) of the
quasi-equivalence in terms of sequences of morphisms of inverse sequences, [19].

Example 1. Let Y = (Y}, q;5:,N) be an inverse sequence in a category A, and let

Y = (Yy5s gy, M) be associated with Y by the “Mardesic trick” (see also Ezample
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3.2 of [20]), i.e.,

M ={u CN| @ #pu is finite},
p<p e p
Yli:Yj,j:maX(p),

and gy, =gy Y, =Yy =Y, =Y, u <y

Then, Y 2 Y in pro-A (via isomorphisms yielded by the bonding morphisms and
identities on the terms), and thus, Y =Y in pro*-A as well. We shall show that
the space (Y'Y *,d*) is discrete (see the proof below). Therefore, by choosing a Y
of tow-A (for instance, A = HcANR) such that (Y¥*,d*) is not discrete (see
Remark 1), one provides an example with Y =Y’ such that the spaces (Y'Y *,d*)
and (Y'Y*,d*) are not homeomorphic.

Let us prove that the space (Y’Y*, d*) of Example 1 is discrete. Moreover, we

will show that ,

If d*(f*, f*) = 1 for every pair f*, f* € Y¥*, f* # f*, the conclusion follows.
Thus, since diam(Y'Y*,d*) < 1, let us assume that there is a pair f*, f* ¢ Y'¥*
such that d*(f*, f"*) < 1, or equivalently, d*(f*, f"*) < 3 (because d* takes its
values in {1 | n € N} U{0}). We are to prove that d*(f*, f*) = 0, i.e., that

Fr=f" Let (f,f}}) € f*and (f', f") € f* be any pair of representatives. Then

p (1D, (P 10) <

N =

which implies (f, f) =1 (f', 1), i, (f, f2) =y (' f17) for every j € M, || = 0.
By construction of Y, |u| = 0 means

—f C M=
p=1j} €My M ngMk—l

(M1 ={p € M | |u| = k — 1}, see the proof of Lemma 3.3 of [20]) and Y, =Y},
7 € N. Thus,

(Vi € N)3i; > f({7}), £'({3})On(h) € N)(Vn' > n(4))(Vi > ij)
Finascane = fiyas i
Since My = @, consider any p = {j,j'} € My C M, j < j'. Then {j},{j'} < i,
Y, =Yy, QT{j}u = ¢;;» and QT{j'}u = ly,,. Since q%j’}u = ly,,, the above relation and
properties of morphisms (f, f;) and (f’, f,*) of inv*-A, with respect to {j}, {j'} < u,

imply that there exist an 4, > 4,4/, f(1), f' (i) and an n(p) > n(j),n(j’) such that
for every n’ > n(u) and every i > i,

fi asqoi = 1 ap o
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holds. This shows that (f, f!) =, (f', f/) for every p € M, |u| <2, ie., (f, f}}) ~3
(f', f/™), and thus,

w

=

P (£ 1D (1 £) <
Now, by induction on m € N, assuming that
P ((F 10): (' i) <
one can prove in the same way as above that
1
* n ! m <
OIS €

holds for some ky,, € N. Therefore, d*(f*, f) = p*((f, f11), (f', fi')) = 0, ie.,
f* = f", which completes the proof.

1
m+1

b

5. Applications

5.1. The coarse equivalence

We want to show how the introduced ultrametric structure on the sets Y ** yields
a new equivalence relation on the cofinite object subclass of pro-A - strictly coarser
than isomorphiness on pro};-A, especially, on tow}-A. First, a sequence (f7) in
Y X* is said to be a U-sequence, if it admits a representing sequence ((fx =1, fﬁ7k)),
with a unique index function fj = f for all k, having the property of condition (U),
ie.,
(Vm e N)(3sm e N)(Vu e M) |ul <m = |f(1)| < Sm.-

Notice that if X is cofinite and Y is an inverse sequence, then every sequence (f7)
in Y** having a representative ((f;, = f, I &), is a U-sequence (compare Example
2 below). Thus, in the case of inverse sequences, i.e., in tow*-A, a unique index
function is all one needs.

Definition 3. Let A be a category, and let X and Y be cofinite systems in A.
Then X is said to be coarse equivalent to'Y , denoted by X ~*Y, if there exist
U-sequences (£3) in YX* and (g}) in X¥* such that lim(g} f5) = 1 in (XX, d¥)
and im(frgt) = 15 in (YY", d*).
Lemma 5. The coarse equivalence ~
object subclass of Ob(pro-A).

*

is an equivalence relation on the cofinite

*

Proof. Since the relation ~* is obviously reflexive and symmetric, it remains to
prove that ~* is transitive. Let X ~* Y be realized via an (f}) and a (g;), and
let Y ~* Z be realized via an (f}’) and a (g}*) - each of them admitting a required
representing sequence. Then, for every s € N there exists a ks € N such that for
every k > ks,

d*(gpfr 1x) < P d*(frgr 1y) < PRnEE
1 1

d* 1% pl*x 1* < d* WL 1* <
(gk k> Y)—8+1a (-fkgk7 Z)_S+1
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By Lemma 2 (v), for every k > ks,

1

1
d* * ok [k VA < d d* Ix pl* * * <
(fr9%9% > 9% )_78 an (gr i fn, fr) < s+ 1

+1

hold as well. Now, given any m € N, choose s,,, s,, € N according to condition (U)
for the sequences (g}), (f1), respectively. Then, for every k > ks, ks

* * * * pk * pxk 1 * * pk % * * *
d(gkg;cf;cfkagkfk)gm and d"( ;cfkgkg;c’ ;cg;c)g

m+1’
respectively. Since d* is an ultrametric, it must hold

1

d* x Ik plx px 1* <
(9%9% Fi Frs X)_7m+1,

1
k>ks d d* Ix px % 1*71* < ,k>k5/.
m ol (Fr Fr9r95 Z)_m+1 = Rsr,

Put, for every k € N,
up,=ffr: X—Z and vi=g9%:Z— X.

Since condition (U) is preserved by the coordinatewise composition of sequences
with unique index functions, the conclusion follows. O

*

Remark 4. The relation ~* is a “uniform” analogue and a generalization of Bor-
suk’s quasi-equivalence (of inverse sequences of compact ANR’s, [2, 2, 19]). How-
ever, the quasi-equivalence is not an equivalence relation (see [7]). The reason why
is “too much freedom for the index functions” - because its uniformization (by con-
trolling the index-functions), called the G-equivalence (see [8, 19]), is an equivalence
relation. So we have to use the sequences of morphisms having unique index func-
tions. If not, the counterexample of [7] would work herein as well.

Corollary 4. The G-equivalence strictly implies the coarse equivalence (for inverse

sequences), i.e., if X LY intow-A then X ~* Y, but not conversely. In particular,
X 2Y intow) -A implies X ~*Y, but not conversely.

Proof. Both relations are defined via sequences of the appropriate morphisms hav-
ing unique index functions. Hence, every f, = [(f, f;.x)], k € N, of tow-A yields the

corresponding fr = [(f, [l = fi.x)], and similarly for g, and g;. Thus, < implies
~* (see also subsection 5.2 of [20]). The converse does not hold because of the same
counterexample (due to J. Keesling and S. Mardesié, [9]) used in Corollary 5.7 of
[23] and Corollary 5.2 of [8]. O

Notice that X =Y in pro{;-A (D tow*-A) implies X ~* Y (via an appropriate
pair of constant sequences consisting of isomorphisms satisfying condition (U)). The
restriction to prof;-A is essential because it does not hold in general - as the next
example shows.

Example 2. Let Y = (Yj,qjj/,N) be an inverse sequence in A, and let Y' =
(Ylﬁ,q;m,,M) be the inverse system associated with Y by the Mardesié trick (see

Example 1). Then, Y = Y' in pro-A and, consequently, Y = Y' in pro*-A as
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well. However (see Example 3.2 and Lemma 3.3 of [20]), if Y is not semi-stable,
then there is no section of Y to Y’ satisfying condition (U). Therefore, Y is not
isomorphic to'Y' in proj~A. Moreover, such a'Y is not coarse equivalent to Y’
(see the proof below).

First, recall the notion of semi-stability (the complementary part of strong mov-
ability; [19], Definition 3 and Lemma 4) of an inverse sequence X = (X, pyiv, N):

(Eiio S N) (VZ Z io)(Vi/ Z z)(Eir : Xi — Xi/)(Eiil Z Z'/)(VZ'N Z i1) TDiirr = Dttt .

It is readily seen that an X of tow-A C pro-A is semi-stable if and only if every
morphism f: X =Y of pro-A admits an ig € N such that f = [(¢;,, fu)]-

Assume to the contrary, i.e., that Y ~* Y’. Then there exists a pair of U-
sequences (f7) and a (gj) such that lim(g; f) = 13 and lim(fg;) = 13. Let
((f's £;7})) be any appropriate representing sequence of (f}), and let (sn) be a
corresponding integer sequence existing by condition (U). Since Y is an inverse
sequence, there exists a representing sequence ((f, f,)) of (f) such that f(u) =
f(p') whenever |u| = |p|. (The construction is by induction on |u| = m —1 €
{0} UN; put f(p) = sy and 1y = f7%45 (s, -)- Let ((9,9})) be any appropriate
representing sequence of (g;). We may assume, without loss of generality, that g is
increasing. Since lim(f;g;) = 13, there exists a strictly increasing sequence (k)

in N such that )

d* * *’1*/ <77
(frax Y)*m—i—l

By the definition of d*, it means that for every p € M with |u| < m and every
k> kn

2 k-

(f> fg,k)(gag;tk) ~u (1M’ 1;%:)

holds. Choose {1} € M. Then f({1}) = s1 = f({j}), for all j € N, because
|| = 0 (e, |p] < 1) if and only if p = {j} for some 5 € N. Put py = g(s1)
and jo = max(uo). Then Y] = Yj,. Let j' > j > jo. Put p. = po U {j} and
p' = pe U{j'}. Then p,p' € M, {j'} < W/, po < pu < ', max(ps) = j and
max(y') = j'. Thus, Y, =Y; and Y], = Yjr. Since Y is cofinite, there is an m’
such that |u/| < m', and we may apply (k = kn,/)

(f, fﬁ,km,)(g,gﬁkm,) ~u (Lo, 715/)

This means that there exist a pu; > u/,gf(¢') and an ny € N such that for every
w” > pp and every m > ng

fﬁ’ﬁkm'g}l(#’)ykmfq;f(u’)u” = Gy (1)
On the other hand, by the s-morphism property of
(f ok, Nag7n )Y =Y,

for {j'} < p' there exist a pus > gf({¢'}) (= 9f({j’'}) = wo) and an ne € N such
that for every u” > ps and every n > no

n n / ! n n /
f{j’},km/gShkm/ Qg(s1)p” = q{j’}u’fuﬂkm/gf(u’%km/ Qof (' (2)
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Choose a u3 > p1, o, and put ng = max{ny,na}. Then (1) and (2) hold for every

u” > ps and every n > n3. Put j; = max(us) and let 57 > j;. Then j” = max(u”)
for some p”/ > psz. By construction of Y, (1) implies (j, = max(gf(y’))) that

T Sy g = Qg Yo = Yo, 0> g, 3)

while (2) implies (¢{;/,,, = ly,,) that

Fnv k9o, Goi” = T, 9k, Gugr * Yir = Yjr, n > mg. (4)
Therefore,

f{g "k, gsl, o Bi0i 455" = f{] "k ,glec o Qjog = Qjrgrs T = N3
Choose n = n3 and put
r= f{] ok, ,951 k,, 9iog Y = Y.
In this way we have proven that Y = (Y}, ¢;;,N) has the following property:
(Fdo) (Vi = jo) (V5" = ) (Fr : Y; = Yy )Fjr 2 5) (V5" = j1)  rajjr = gy,

which means that Y is semi-stable - a contradiction.

Theorem 7. Let X = X' and Y 2 Y’ in proj-A, and let X ~* Y. Then
X' ~*Y'.

Proof. Let u* : X — X' and v* : Y — Y’ be isomorphisms satisfying condition
(U). Let (f;) in Y** and (g}) in X¥ *be a pair of U-sequences realizing X ~* Y.
For every k € N put

fi=vfi(u) ™ X' =Y and gy =u'gi(v*)':Y = X

Since lim(g; f7) = 1%, Lemma 2 (v) assures that lim((g} f3)(u*)™!) = (u*)~!. In
the same way, lim((frg;)(v*)~!) = (v*)~ L.

Further, since u* and v* satisfy condition (U), Corollary 3 (see also its proof) assures
that

lim(gy f}) = lim(u*(gi f3) (") ™) = lim(u”) lim((gi f3) (u*) ™) = u'(u") ™! =1%,
lim(f} gi") = lim(v* (Frgi) (v*) ™) = lim(v*) im((frg5) (v*) ™) = v* (v") 7! =15
Therefore, X' ~* Y. O

Corollary 5. (i) If X, Y € Ob(tow-A) such that X 2Y in tow*-A, then X ~*
Y.

(ii) Let X, X' Y,Y' € Ob(tow-A) such that X = X' and Y Y’ in tow*-A.
Then X ~*Y if and only if X' ~* Y.
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Concerning the (coarse) shape theory ([8, 11]), by Theorem 7 and Corollary 5
(ii), we can well define the coarse equivalence for compact metrizable spaces: Two
compacta X and Y are coarse equivalent, denoted by X ~* Y, if X ~* Y, where
X, Y is any pair of their sequential HcPol-expansions.

Since there are plenty of non-discrete spaces (YX*, d*), we expect that the coarse
equivalence ~* is strictly coarser than the isomorphiness in tow*-A, i.e., that the
answer to the next question is affirmative (see also Theorem 8 below).

Problem 2. Does there exist a pair of inverse sequences X, Y in A such that
X and Y are coarse equivalent, X ~* Y, and they are not isomorphic objects of
tow*-A. (We have a pair X, Y such that X ~*Y and X Y in tow’-HcPol;
however, in this particular case, X =Y in tow*-HcPol holds; see also Corollary

4)-
The next theorem might be a motivation to ask for the affirmative solution.

Theorem 8. Let X andY be inverse sequences in a category A. Then the following
claims are equivalent:

(i) X andY are isomorphic objects, X =Y, of tow*-A.

(ii) X and Y are coarse equivalent, X ~* Y, and there is a pair of realizing
sequences such that one (equivalently, both) of them is a Cauchy sequence.

Proof. Since the analogue of Lemma 5.10 of [20] holds in the same way for the
ultrametric d*, the proof follows the pattern of the proof of Theorem 5.9 of [20]. [

Corollary 6. Let X and Y be compact metrizable spaces. Then the following are
equivalent:

(i) X andY have the same coarse shape type, Sh*(X) = Sh*(Y ).

(i1) X andY are coarse equivalent, X ~* Y and there is a pair of realizing sequences,
for X ~*Y, such that one (equivalently, both) of them is a Cauchy sequence.

Our intention now is to show that the coarse equivalence admits a full category
characterization. Let ¢ = (f}) be a sequence of morphisms f; € Y** and let
¥ = (g}) be a sequence of morphisms g € ZY* k € N. Then the coordinatewise
composition well defines the sequence x = (g5 f) in Z X*_Clearly, this composition
is associative. Therefore, there exists a category on the object class of Ob(pro*-A) =
Ob(pro-A) having morphisms ¢ : X — Y all the morphism sequences (f}) in Yy X*.

Let X and Y be cofinite systems, and let a pair of new morphisms ¢ = (f}) :
X - Y and ¢ = (f}) : X = Y be given. Then, ¢ is said to be equivalent to ¢',
denoted by ¢ ~ ¢', if the corresponding (real) distance sequence converges to zero,
i.e., im(d* (£, £%)) = 0. One can easily verify that the relation ~ is an equivalence
relation on the set of new morphisms of an X to a Y. The equivalence class [¢] of
¢ is denoted by ¢

Lemma 6. Let ¢ = (f5) ~ (fi) =¢' : X = Y, and let W and Z be cofinite
systems. Then,

(i) (Vx = (hy): W = X) ¢x ~ ¢'x.



40 N. UGLESIC

(i) (Y = (g}): Y — Z satisfying condition (U)) ¢ ~ ¢'.

Proof. Statement (i) follows by Lemma 2 (v), because

* * * * * g% * g % 1
(Vk € N) d*(fy, ;c)gm+1:>d(fkhka ;ﬂhk)gm—&-l'
On the other hand, condition (U) for ¢ = (g} ) assures that
(k€ N) & (Ff7) € g = 4" (GiFL 900D < .
and statement (ii) follows. O

Since condition (U) is preserved by the composition in pro*-A, the coordinate-
wise composition of two U-sequences is a U-sequence. Further, the constant identity
sequence (1% , = 1%) is obviously a U-sequence. Thus, the restriction to all the
U-sequences assures the compatibility of relation ~ with the coordinatewise compo-
sition. Consequently, there exists the corresponding quotient category - denoted by
@E—A as well as its full subcategory tow*-A. Furthermore, in the case of a pro-
reflective category pair (C,D = A), one can establish the corresponding “shapej;”
category “Sha(c,p)” (vielding a kind of the “coarse” coarse shape theory - modeled
on [11] and [8]). For instance, in the case of C = HcM (the homotopy category of
compact metrizable spaces) and D = HcPol (the homotopy category of compact
polyhedra), we have got the category “(Sh*){;(grear), mepor)” denoted by (Sh*)*(cM).

Theorem 9. Let X and Y be cofinite inverse systems in a category A. Then X
and'Y are coarse equivalent, X ~* Y, if and only if they are isomorphic objects of
]ﬁ’;]-fl, X=2Y in ]ﬂ’;]-fl.

Proof. Let X ~* Y, i.e., let there exist sequences (f5) in Y** and (gf) in X¥*
satisfying condition (U), such that lim(gf f;) = 1% in (XX* d*) and lim(f}g}) =
1% in (YY*,d*). Put ¢ = (f;) and ¢ = (g%). Then ¢ € proj-A(X,Y) and

P e zﬂ’&—A(Y, X). We are to prove that ¢¢ = 1x and ¢ = 1y, i.e., that

o~ (1x) and ¢y ~ (1y),

i.e., that im(d* (g5 f%,1%)) = 0 and lim(d*(f,g},1y)) = 0 hold. However, that is
an immediate consequence of lim(g; f1) = 1% and lim(f}g;) = 13-. Conversely, let
X 2Y inprog-A, ie., let there exist a ¢ € proj -A(X,Y) and a ) € proj-A(Y, X)
such that ¢ = 1x and ¢p = 1y. Let ¢ = (f},) € ¢ and ¢ = (g}) € ¢ be a pair of
representatives. Then, B N

(9ifr) =vo~ (%) and (frgr) = v ~ (1y),

which means that lim(d*(g;f7,1%)) = 0 and lim(d*(f;g;,1y)) = 0 hold. This
obviously implies that lim(gif;) = 1% in (XX* d*) and lim(fig;) = 1% in
(YY*,d*). Since (f}) and (g}) satisfy condition (U), the conclusion follows. O
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Corollary 7. Let X and Y be compact metrizable spaces. Then the following are
equivalent:

(i) X andY are coarse equivalent, X ~* Y.
(ii) X andY have the same (Sh*)*-type.

5.2. The uniform coarse equivalence

In order to obtain another comparison of X 2 Y in tow*-A to X ~* Y, we need
a special kind of morphism sequences. A sequence ((ur = u, qu)) of x-morphisms
(u,uﬁyk) : X = Y of inverse systems, k € N, is said to be uniform if, for every
related pair p <y, there exist a A > u(u), u(p') and an n, such that the appropriate

condition for a x-morphism holds for every k, i.e.,

(Vn' > n)(Vk € N) uﬁ:kpu(u)A = qwfuﬁj’kpu(#/))\.

Clearly, the condition from above holds for every A’ > X as well. We say that X and
Y are uniformly coarse equivalent if they are coarse equivalent by means of a pair
of uniform representing sequences. (Since we deal with inverse sequences, condition
(U) is satisfied in general!).

In light of Corollaries 4 and 5, the following characterization seems to be very
interesting.

Theorem 10. Let X,Y € Ob(tow-A). Then, X 2Y in tow*-A if and only if X
and 'Y are uniformly coarse equivalent.

Proof. Since every morphism of tow*-A satisfies condition (U), and since every
stationary morphism sequence in YX* and XY* is uniform, the necessity holds
straightforwardly. Conversely, let X and Y be inverse sequences in A such that
X ~*Y uniformly. First, let us show that every uniform sequence ((ux = u,uj, ;))
of *-morphisms (u,uf,) : X' — Y’ (of systems, generally), k € N, induces a -
morphism (u, u;) : X' — Y'. (This has no analogue in the case of ordinary, i.e.,
commutative morphisms!). Let us apply the “diagonal procedure”, i.e., put, for
every n € N and every u € M,
uy, =y, = Xy = Yoo

Let 11 < 4. Since the sequence ((u,uj; ;)) is uniform, there exist a A > u(u), u(y')
and an n, ,/, such that for every k every X > A and every n > n,, ,,

Upy 1k Pu(u)N = Qup Uyt kPu(u )N -
By putting k£ = n, it turns into
Uy nPu()N = Qg Wt pPu(uiyxs 1€ UpDu(u)n = Qpupr Uy Pl )

which shows that (u,u) is a +-morphism of X' to Y'. Let (f;) in Y** and (gj)

in X* ™ be a pair of appropriate sequences realizing the uniform coarse equivalence
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X ~*Y. Let ((f, f1'x)), ((9, 9i'x)) be any pair of appropriate representing sequences.
Let (f, f]') : X =Y and (g,9;') : Y — X be their induced *-morphisms, respec-
tively, and let f* = [(f, fT')] and g* = [(g,9]")]. We are to prove that g*f* = 1%
and f*g* = 13. It suffices to verify that for every m € N

(f9:9i" foiy) ~m (I, 1%,)  and(gf, f7'97 ;) ~m (In,13,)

hold. Indeed, since lim(g} f}) = 1%, for every m € N, there exists a k,, such that
for every k > k,,

1

P*((fg,gﬁkf;(i),k), (1n, 1?(1)) =d"(gr.fr 1%) < mrl

It means that for every i < m there exist an ¢’ > i, fg(i) and an n; such that for
every n > n;
9ieS gy 1P ratiyir = Diiry k 2 k.

Thus, for every m every ¢ < m and every k = n > max{k,,, n;},

g?f;(i)pfg(i)i/ = ggkf;(i),kpfg(i)i/ = Dii’»

which means that
(f9,97 foiy) ~m (In, 1%,)

holds. In the same way, starting with lim(f,g;) = 13, one obtains, for every m,
the needed relation

(9f fjng?(j)) ~m (1n, 1?3)
O

Remark 5. The uniformity condition added to the coarse equivalence to become the
uniform coarse equivalence is the same one added to G-equivalence to become the q*-
equivalence in the case of a sequence of commutative morphisms (see [19], Remark
8(b) and [8], Section 5).

5.3. The weak shape

The weak shape theory is another generalization of shape theory which generalizes
the coarse shape theory as well (see, [23]). The commutative functorial diagram (for
an appropriate category pair (C, D)) is as follows:

C

85T SN
Sh(c’p) 7) Sh?&D) E/) Sh*(C’D)

where the functors J and WJ are faithful keeping the objects fixed. The realiz-
ing category of the weak shape category Sh,(c p) is the “s-reduced pro-category”
proy-D = (inv)-D)/ ~. Generally, for every category A the morphism set

proy-AX,Y) =YY = (in]-A(X,Y))/ =~
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is not empty if and only if M = A (preordered, directed, cofinite, infinite, hav-
ing no maximal element). Every morphism f, is the equivalence class [(f,)] of a
hyperladder (f,) : X — Y (morphism of inv}’-A).

In [21], it is showed that every set Y X admits a complete ultrametric structure
having a lot of useful properties. However, that metric structure is not naturally
comparable to (Y, d) of [20] neither to (YX* d*) of this paper. We will show
hereby how to change slightly the previous ultrametric on Y*X to obtain a complete
ultrametric space (Y'X,d,) such that, at least for inverse sequences, (Y, d) and
(YX*, d*) are its closed subspaces.

Definition 4. Let (fu.),(f,) : X — Y be morphisms (hyperladders) of inv -A,
M = A, and let m € N. Then (fy) is said to be m-equivalent to(f,,), denoted by
(fu) ~m (f}.), if the following condition is fulfilled:

(Vur € M) (Vi > pus || < m) @A > ) (V2 > N fu = £, rel(ph, M),
where p = [y, o).
(Herein “rel (7, Ax)” means that for every p € [p1, p1l, fuProor. = Fulrgoa.- )

The next properties are immediate consequences of the definition.

(i) For every m € N, the relation ~,, is an equivalence relation on each set
invy-A(X,Y);

(i) if (fu) ~m (fL) and m <m0, then (fu) ~m (fo);

(iil) (fu) = (f,,) if and only if for every m € N, (f.) ~m (f,,);

(iv) If (fu) ~m (fL) and (fL) ~me (fl), then (fu) ~m (fy), where m =
min{m’, m"};

(v) for every m and every (hy) € invy-A(W, X), if (fu) ~m (f,,), then (fu.)(Ax) ~m
(f1)(hx);

(vi) Let m,m’ € N, let (fu) ~m (f),) and let (g,) € inv;-A(Y, Z) fulfills the
following condition:
(Vo1 € N = M)(¥o} 2 1)@t = o) (s > 1)
i <m’ = [g(v1)] <m,
where g is the index function of the ladder g, € (g,) assigned to v = [y, 19].

Then (gu)(fu) ~m/ (gu)(f,ll)

The relation ~,, on the hyperladders admits to define a certain pseudoultrametric
(see also [22])
ds 1 invT-A(X,Y) x inv)-A(X,Y) = R

by putting
@&mmm»:{mﬂmuuhwwmnmeNy

1, otherwise
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By definition, d.((fu),(f,)) = 0 if and only if (fu) =~ (f,,). Further, if (f},) ~
(fu), then 0.((fu), (f)) = 0x((fu), (f})), for every (fu). Thus, there exists an
ultrametric d, : YX x YX — R defined by

where (fu) € f., (f],) € £ is any pair of representatives. To see that the ultrametric
space (Y'X,d,) is complete, let us consider a Cauchy sequence (fk) in (YX. d,).

*

Then there exists a strictly increasing sequence (k) in N such that

' 1

It means that for any representing sequence ((f5:)) of ( )

(Vp) (Vi > o, i < m) G > ) (Fpz = ) o £ rel(ui, A, oK > ks

holds, where f}j € ( fﬁ) and fﬁ’ e ( f,’j/) are the corresponding ladders assigned to
= [u1, p2] € A. Now, by choosing, for every p = [p1, u2] € A, the ladder

fng,’jm X =Y, m=u|+1,
we obtain the family (fg)7 pn € A. Then, one can easily verify that (fg) is a
hyperladder of X to Y, and that, for every m € N,

1

po((fi)s (f)) < g

k> k.

Finally, by putting
fi=1: X =y,

it immediately follows that lim(f*) = f2 in (Y, d,).

Similarly to Theorem 3 (see also Lemma 6 of [23]), if lim(f¥) = f°, then there
exist representing hyperladders ( fl’j), k € N, and (f]) having a unique common
increasing index function fy > 14.

Recall now the canonical injection of pro-A(X,Y) into pro*-A(X,Y), f =
(f, fu)] = i(f) = F = [(f, [ = fu)] (Theorem 2). Further, by Lemma 7 of [23]
(see also its proof ), there exists a canonical (functorial) function of pro*-A(X,Y)
to proy-A(X,Y), f* = [(f, f)] = §(f) = f. = [(fu)], which is injective for
inverse sequences. (Given a p = [, 2] € A, the ladder f,, is defined to be the
maximal commutative restriction of (f, f;}) to p for n = |uz|+1; in general, j is not
an injection!)

Lemma 7. The function j : (YX* d*) — (Y'X,d,) is continuous.

Proof. Let lim(f;) = £ in (YX*,d*). We have to prove that lim(j(£;)) = 7(fs)
in (Yf ,dy). Therefore, it suffices to verify that, for every m € N,

1

* * *<
d(f,g)_mJrl
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implies
1

d*(](f*)7](g*)) < mal

Let (f, f}') and (g, g}') be representatives of f* and g*, respectively, and let (f;) and
(g5) be the corresponding induced hyperladders. (The same letter j for the function
and an index should not cause ambiguity!) Since

1
m+1’

P ((f, 17):(9,97)) <
i.e., for each jo = [jo| + 1 < m,

(f 17) ~io (9,97,

the construction of (f;) and (g;) assures that for every j; and every j; > ji such
that |ji| = j1 — 1 < m, there exists an i. > j1, f(41), g(41) so that for every jo > i,

fJ = gJ Tel(jiai*)v .7 = [jl?jQ]'
It means that (f;) ~m (g5), i.e.,

1
m+1

p«((f5): (95)) <

b

and the conclusion follows. O
Problem 3. Is j[Y**] closed in (YX,d,)?
The answer is affirmative in the sequential case.

Theorem 11. Let X andY be inverse sequences in a category A. Then the canon-
ical injections ji : Y X — Y‘:( and j : YX* = Yf( are isometric closed embeddings
of spaces (Y, d) and (YX*,d*) into (YX,d.), respectively.

Proof. According to Lemma 7 of [23] and our Lemma 7 and Theorems 1 and 2, it
suffices to verify that in the case of inverse sequences

d.(j(f7),i(g")) = d* (£, 9")

holds. Let (f, f/') and (g, g}) be representatives of f* and g*, respectively, and let
(f;) and (g;) be the corresponding induced hyperladders. (The same letter j for the
function and an index should not cause ambiguity!) If d.(5(f*),5(g*)) = 0, then
the definition of j and Lemma 7 of [23] immediately imply that d*(f*,g*) = 0. Let
d.(j(f7),4(g")) = 1. Since p.((f;),(95)) = 1, i.e.; (f5) #1 (g5), we infer that (for
ji=n=1)
(Vl* > 17f(1)7g(1))(3,72 > 7/*) fj 7’% gj 7“61(]_72'*)7
where j = [1, jo]. It implies that there are cofinally many n = j, € N such that for
every i > f(1),9(1),
T1'Pryi # 91 Pg(1)i-
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Thus,
(faf]n) 71 (979?)’ Le., d*(.f*’g*):p*((f7ff)7(gvg?)):1'

Let, finally, .
d(3(£7),3(97) = p((F3): (9)) = =7

for some m € N. This means that

(f5) ~m (g5) N (f5) #mt1 (95)

hold. Since every j = |j|+1 € N, and since for every n € N there is j = |j| +1 =n,
the first relation and the definition of function j imply that

(£ f7) ~m (9,97), dee, d°(F7,g%) = p"((f, f}), (9, 97)) <

On the other hand, the second relation implies (similarly to the previous case) that
there are cofinally many n = jo € N such that for every ¢ > f(m + 1),g(m + 1),

1
m+1

St 1Pf(m+1)i 7 Imi1Pg(m+1)i-

Hence,
(fafg)?ém-f—l (g7gj)? Le., d(.f g ):p ((fvfj)v(g7gj))>m
Therefore,
1
d* * * —
(fh9) =7
which completes the proof. O

Similarly to the facts concerning the old structure (Theorems 4 and Corollary 2
of [21]), the analogue facts hold for the new complete ultrametric structure on YX.
Especially, the corresponding hom-bifunctor is continuous and invariant at least
for inverse sequences. Therefore, for HcM - the homotopy category of compact
metrizable spaces and HcPol - the homotopy category of compact polyhedra (or
HcANR - the homotopy category of compact ANR’s for metric spaces) the following
corollary holds.

Corollary 8. For every ordered pair (X,Y) of compact metrizable spaces, there
exist complete ultrametric structures on the corresponding shape, coarse shape and
weak shape morphism sets, Sh(X,Y), Sh*(X,Y) and Sh.(X,Y), respectively, such
that the canonical (functorial) injections

(Sh(X,Y),d) —» (Sh*(X,Y),d*) = (Sh.(X,Y),d.)
are isometric closed embeddings.

Proof. Since D = HcPol (or HcANR) is a sequentially pro-reflective (i.e., tow-
reflective) subcategory of HcM = C (Corollaries I. 5. 4 and I. 5. 6. of [11]),
the appropriate realizing categories for the shape, coarse shape and weak shape are
tow-D, tow*-D and tow,-D, respectively. By applying Corollary 3.9 and Theorem
4.2 of [20], our Corollary 2, Theorem 6, the above observation concerning Y X and
Theorem 11, the conclusion follows. O
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