COVERING MAPS OVER SOLENOIDS WHICH ARE NOT
COVERING HOMOMORPHISMS

KATSUYA EDA AND VLASTA MATLJEVIC

ABSTRACT. Let Y be a connected group and let f : X — Y be a covering map
with the connected total space X. We consider the following question: Is it
possible to define a topological group structure on X in such a way that f be-
comes a homomorphism of topological groups. The answer is positive in some
particular cases: if Y is a pathwise connected and locally pathwise connected
group or if f is a finite-sheeted covering map over a compact connected group
Y. However, using shape-theoretic techniques and Fox’s notion of an overlay
map, we answer the question in the negative. We consider infinite-sheeted
covering maps over solenoids, i.e. compact connected 1-dimensional abelian
groups. First we show that an infinite-sheeted covering map f : X — ¥ with
a connected total space over a solenoid X, does not admit a topological group
structure on X such that f becomes a homomorphism. Then, for an arbitrary
solenoid X, we construct a connected space X and an infinite-sheeted covering
map f: X — X, which provides the negative answer to the question.

1. INTRODUCTION

In studying covering maps over topological groups a natural question arises: Is
it always possible to define a topological group structure on a total space X in
such a way that a covering map f : X — Y over a topological group Y becomes
a homomorphism of topological groups? The answer to the question is positive
in some important cases. In particular, the answer is positive if Y is a pathwise
connected, locally pathwise connected group and X is a pathwise connected space
([13, Theorem 79]) or if f is a finite-sheeted covering map over a compact connected
group Y and X is connected ([5, Theorem 1], [6, Theorem 1], [1, Lemma 2.9]).
Moreover, the topological group structure on X is unique up to isomorphism of
topological groups and in both cases covering homomorphisms f : X — Y and
f' X' = Y are equivalent as covering maps (via a homeomorphism) if and only
if they are equivalent as covering homomorphisms (via a topological isomorphism)
([1, Corollary 2.6, Theorem 2.13]).

In 1972, R.H.Fox, in attempt to extend the classical classification theorem of the
covering space theory to arbitrary connected metric spaces, introduced a notion
of an overlay map ([2], [3]). Every overlay map is a covering map. The converse
implication holds in some particular cases : if Y is a connected locally connected
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paracompact space ([11, Lemma 4]) or if Y is a connected paracompact space and
the number of sheets is finite ([12, Theorem 1]) (see also [3] Theorem 3 for metric
case). Fox has given an example of a covering map over a metric continuum (so-
called the razor clam shell), which is not an overlay map ([3], p. 86). Apparently,
in his example the number of sheets ought to be infinite.

It turns out that the answer to the question is related to the notion of an overlay
map. In the present paper we prove that a covering map f : X — Y over a
compact connected group Y with a connected total space X admits a topological
group structure on X such that f becomes a homomorphism if and only if f is
an overly map (Theorem 2.3, Theorem 2.4 and Corollary 2.5). Using this result
we answer the question in the negative. We investigate infinite-sheeted covering
maps over solenoids, i.e. compact connected 1-dimensional abelian groups. First
we show that an infinite-sheeted covering map f : X — ¥ with a connected total
space over a solenoid Y, does not admit a topological group structure on X such
that f becomes a homomorphism (Corollary 2.6). Then, for each solenoid ¥ we
construct a connected space X and an infinite-sheeted covering map f : X — 3,
which provides the negative answer to the question (Theorem 3.1 and Corollary
3.2).

2. OVERLAYS VS. COVERING HOMOMORPHISMS

We start with the definition of an overlay map.

Let Y be a connected topological space, let f : X — Y be a continuous map and
let S be a set of cardinality s = card S. Let B = {B} be an open covering of Y and
let A={A% : B e B,o €S} be an open covering of X. We will say that (A, B) is
an s-sheeted covering pair for f : X — Y provided the following three conditions
are fulfilled:

(€1 f71(B)= U A%, B B;
es

(C2) AZNAL =0, for o,7€ S, 0#T7; BeB;

(C3) flag, : AL — B is a homeomorphism for each A% € A.

Recall that a mapping f : X — Y is an s-sheeted covering mapping provided it
admits an s-sheeted covering pair (A4, B).

An s-sheeted covering pair (A, B) for f : X — Y is said to be an s-sheeted overlay

pair for f provided B is a normal covering and the following additional condition
is fulfilled:

(C4) If B, B’ € Band BN B’ # (), then every o € S admits a unique ¢’ € S such
that A% N A%, # 0.
A mapping f : X — Y between topological spaces is said to be an s-sheeted
overlay mapping provided it admits an s-sheeted overlay pair.

Definition 2.1. Let X and Y be topological groups and let f : X — Y be a
map. We say that f is a covering homomorphism if f is a covering map and a
homomorphism of topological groups as well.

Note that in the definition of a covering map we assume the base space Y being
connected in order to achieve all fibers of f be of the same cardinality s. However,
if f: X — Y is a homomorphism of topological groups, all fibers of f are of the
same cardinality s = card(ker f). So, in the definition of a covering homomorphism
we omit the assumption Y being connected.
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Theorem 2.2. Let X and Y be topological groups and let f : X — Y be a continu-
ous epimorphism. If there exist an open neighborhood A C X of the identityex € X
and an open neighborhood B CY of the identity ey € Y such that fla : A — B is
a homeomorphism, then f is an s-sheeted overlay map, where s = card(ker f). In
particular, every covering homomorphism f: X — Y is an overlay map.

Proof. Let U be an open symmetric neighborhood of ex such that UU C A, and
let V.= f(U) C B. Note that V is an open set in Y. We claim that {Ue : e € ker f}
evenly covers V.

First we show that f~1(V) = |J Ue. Let z € f~1(V). Then f(z) € V. Since
ecker f

flU :U — V is a homeomorphism, there exists a unique 2’ € U such that f(z') =
f(x). Then (z')~'z € ker f and consequently x € |J Ue.If z € |J Ue, then

ecker f ecker f
f(x) e f(U)=V,ie. z € f~HV).

Next we show that subsets Ue, e € ker f, are pairwise disjoint. To see this, assume
xz € UenUeé, e, e € ker f. Then there exist u,u’ € U such that z = ue = v'e’.
Since f(u) = f(ue) = f(u'e’) = f(v'), it follows u = u'. Hence, e = ¢’

Since f|U :U — V is homeomorphism, f|y. : Ue — V,e € ker f, is a home-
omorphism, too. Put B = {Vy:yeY}and A = {Uz:z€ f(y),yeY}. B
is an open covering of Y and A is an open covering of X. Since f is surjective,
each fiber f~1(y) is non-empty set and f~'(y) = (ker f)x, where z € f~1(y)
is an arbitrary point. We claim that (A, B) is an overlay pair for f. Obviously,
{Ux rx € f’l(y)} evenly covers Vy for each y € Y. It remains to prove that,
whenever Vy N Vy' # 0, each zU, x € f~1({y}), intersects exactly one Uz’, 2’ €
I Y{y'}). Assume Uz, x € f~1({y}), intersects Uz’ and Ux", 2/, 2" € f~1(y).
Then there are uq,us,us,us € U such that u;z = usz’ and uzr = wuyz”. Since
uyur,ugtug € A and fluytur) = f(a'z™t) = f(a"zY) = f(ug tus), it follows
uy 'uy = uy tus and consequently 'z~ = x”z~'. Hence, 2’ = 2" and Uz intersects
exactly one Uz'. O

In the sequel we consider covering maps f : X — Y over compact connected
groups Y. If the total space X is also connected, we are able to prove the converse
of Theorem 2.2. Recall that Fox has noticed that for overlay maps, connectedness
of the total space X has to be replaced by the indecomposability of the overlay map
f, a property which he calls vertical connectedness of f.

We say that an overlay pair (A, B) foramap f : X — Y is decomposable provided
there exist non-empty disjoint open sets X!, X2, whose union is X, and there exist
non-empty disjoint subsets S', 52, whose union is S. Moreover, the collections
Al = (A%, B € B,o’ € S7), i = 1,2, together with B form overlay pairs (A, B) for
the mappings f' = f|x: : X* = Y,i=1,2. We say that an overlay map f: X — Y
is decomposable provided it admits a decomposable overlay pair (A, B).

Clearly, connectedness of the total space X always implies indecomposability of
the overlay map f : X — Y, but Fox exhibited an example of an indecomposable
overlay map between metric spaces, where the total space is not connected ([2]).
Again the number of sheets was infinite.

In the sequel we need the notion of an ANR-pull-back-expansion of an s-sheeted
overlay map f : X — Y, denoted by E. It consists of an ANR-resolution q =
(Y =Y\, A€ AN):Y =Y = (Ya,¢on,A) (see [11, Section 5]), of a map
p=({pr: X —->X\,AeA): X - X =(X),par,A) and of amap f = (fr: X\ —
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Yy, A€ A): X — Y such that fp = gf and the following diagrams Dy, A € A, and
Dy, A < N, are pull-back diagrams.

X, 2 X X, X,

il Lf Il IV

Y)\ — Y Y)\ — Y)\/
ax axx’/

Furthermore, we require that the maps f) : X, — Y, A € A, be s-sheeted covering
maps. If all maps in Dy and D))/ are pointed maps, we speak of a pointed ANR-
pull-back-expansion E, of f.

We say that an s-sheeted overlay map f : X — Y is an inverse limit of an
ANR-pull-back-expansion E if X =limX, Y =limY and f = limf.

Theorem 2.3. Let Y be a compact connected group with the identity e and let
[ (X,zo) — (Y,e) be a pointed covering map. Then the following claims are
equivalent.

(1) f is a pointed s-sheeted indecomposable overlay map.

(17) Let (Y,e) be an inverse limit of a pointed inverse system ((Yx,ex), @, ),
where each Yy is a compact connected ANR. Then f is an inverse limit of a pointed
ANR-pull-back expansion E, consisting of pointed s-sheeted covering maps fx :
(Xa,zx) — (Yo, en), A > Ao, with the connected total space.

(#i1) There exists a multiplication - on X such that (X, -) is a topological group with
the identity o and f is an s-sheeted covering homomorphism. Furthermore, X is
connected.

Proof. (i) = (ii). Let (Y, e) be an inverse limit of a pointed inverse system
((Yx,ex),qxn,A), where each Y is a compact connected ANR. According to [10,
Ch. 1, §6.1, Theorem 1] q = (QA Y - Y\, A€ A) : (K 6) — ((Y)\,GA),Q)\)\/,A)
is a pointed ANR-resolution of (Y,e). Take an s-sheeted indecomposable overlay
pair (A, B) for f and apply Lemma 23 and Remark 8 of [11]. We get a pointed
(enriched) pull-back expansion of f, where each fy : (Xx,zx) — (Y, er), A > Ao, is
a pointed s-sheeted covering map with the connected total space Xj.

p /
(Xngs Tag) 2 (X, 2n) 22 (Xy,zn) - (X, 10)
o b Il vl Il
? dxp X qxa’
(Yagsex,) <= (Yaen) <= (Yw,en) «—--- (Ye)

Since Y = @(YA,’QAA’v/\ > Xo), by [11, Lemma 11] it follows X = limX and
f=limf, which proves (ii).
(#4) = (vi1). Since Y is a compact connected group, (Y, e) can be presented as an
inverse limit of a pointed inverse system Y. = ((Yx,ex),qxx, A), where each Y)
is a compact connected Lie group with the identity ey, each bonding map ¢y :
Y\ — Y, and each projection gy : Y — Y, is an epimorphism of topological groups
(see [1, Lemma 2.12]). Note that each Yy is an ANR and by (i7) f is an inverse
limit of an ANR-pull-back expansion consisting of pointed s-sheeted covering maps
i (X, zx) — (Ya,exn), A > Ao, with the connected total space. Moreover, each
Xy is an ANR, too ([11, Remark 7]). We claim that projections py : X — X,
are surjections. Take an arbitrary zy € X. Since the projection gy is surjective,
there is y € Y such that ¢\(y) = fa(z). Dy is a pull-back diagram and, according
to [11, Lemma 6], px |f~1(y) : f~*(y) — f5 ' (aa(y)) is a bijection. Hence, there
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is z € f7!(y) C X such that py(z) = z), which proves p, is surjective. By [13,
Theorem 79|, each (X, ), A > Ao, admits a (unique) topological group structure
with the identity ) and each fy : (Xx,zx) — (Ya,ex), A > Ao, becomes a covering
homomorphism. Furthermore, each bonding map pyy : (Xx,zx) — (Xa,zx), N >
A > Ao, becomes a homomorphism of topological groups ([1, Lemma 2.3]), which
induces a topological group structure with the identity zy on the inverse limit space
(X, x0) = @((XA,I)\),p,\N,/\ > Ao) and f = limf becomes a homomorphism of
topological groups. The groups X, A > Ag, and the group X are locally compact.
It remains to prove that X is connected. According to [7, Corollary 7.9], it is
o0
sufficient to prove that X = |J U", for each open neighborhood U of the identity
n=1
xo of X. Let U be an arbitrary open neighborhood of z(. Since X is the inverse
limit of (Xx,pax; A > Ag) there is an index A > )¢ and an open set Uy C X,
such that zo € p) ' (Ux) C U. Note that Uy is an open neighborhood of the identity

(oo}
xx € X of the connected locally compact group X, which implies X = |J (Ux)".
n=1
Let x € X be an arbitrary point. Then py(z) = uy - - - u,, for some uy,...,u, € Uy.
The projection py is surjective, which implies Uy = px(py'(Ux)). Then there are
Vi,...,Up € pxl(UA) such that py(v;) = w; for each i = 1,...,n. Hence py(x) =
Uy Uy = pa(vrevn), 2(vr-v,) Tt € kerpy C p;I(UA) and we conclude x €
Py (Un)vr v, € py H(UN) (py H(UN)" € UL
(i4i) = (). By Theorem 2.2 f is an overlay map. Since X is connected, f is
indecomposable. O

According to Theorem 2.3 a covering map f : X — Y over a compact connected
group Y is an indecomposable overlay map if and only if the total space X is
connected. So, taking a covering map f : X — Y from a connected space X, we
get the following version of Theorem 2.3.

Theorem 2.4. Let Y be a compact connected group with the identity e, X a con-
nected space and let f : (X,xz9) — (Y,e) be a pointed covering map. Then the
following claims are equivalent.

(1) f is a pointed s-sheeted overlay map.

(i) Let (Y,e) be an inverse limit of a pointed inverse system ((Yx,ex),qxn,A),
where each Yy is a compact connected ANR. Then f is an inverse limit of a pointed
ANR-pull-back expansion E, consisting of pointed s-sheeted covering maps fx :
(Xa,zx) — (Y, en), A > Ao, with the connected total space.

(#i1) There exists a multiplication - on X such that (X, -) is a topological group with
the identity xo and f is an s-sheeted covering homomorphism.

Corollary 2.5. Let Y be a compact connected group, X a connected space and
let f: X — Y be a covering map. X admits a topological group structure such
that f is a covering homomorphism if and only if f is an overlay map.

By a solenoid we mean a compact connected 1-dimensional abelian group. It
is known that any solenoid is the inverse limit of finite coverings of circles whose
covering numbers are primes. Precisely, for a solenoid ¥ there exists a sequence
P = (pg,p1,---) of primes such that ¥ = }iLn(Sn,gn,n < w), where S,, = S! is the
unit circle and g,, : St — S, g, (2) = 2P» for each n > 0. We say that the sequence
P is related to ¥ (or that X is generated by the sequence P) and denote ¥ by Xp.
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Two sequences P = (pg,p1,---) and Q = {qo,q1,---) of primes are said to be
equivalent, written P ~ @, provided it is possible to delete a finite number of
terms from each so that every prime occurs the same number of times in each of
the deleted sequences. It is a well-known result that solenoids ¥ p and g are
homeomorphic if and only if P ~ @ (see [8, §2] or [9, Theorem 17]). We see that,
for any solenoid X, the related sequence P is unique up to the equivalence ~ of
sequences of primes.

Assume that X is a connected space and f : X — X is an infinite-sheeted covering
map over a solenoid Y. Applying Theorem 2.3 we get the following corollary.

Corollary 2.6. Let X be a connected space and let f : X — X be an infinite-
sheeted covering map over a solenoid ¥. Then X does not admit a topological
group structure such that f is a covering homomorphism.

Proof. Assume the contrary. Let P = (pg,p1,---) be the sequence of primes which
is related to ¥ and let - be a multiplication on X such that X is a topologi-
cal group with the identity xg and f : (X,z9) — (Xp,e) is an infinite-sheeted
covering homomorphism. By Theorem 2.3 (ii) f is an inverse limit of a pointed
ANR-pull-back expansion E, consisting of pointed infinite-sheeted covering maps
fnt (Xn,2n) — (S1,1),n > ng, with the connected total space. Then H, =
(fn)a(m1(Xn,z,)) = {0},n > ng, a quotient set m1(S*,1),/H, equals Z and a
function 7y, n41 2 (S, 1),/ Hyp1 — m1 (S, 1),/ H, induced by (gnn+1)x is given
by rn.nt1(2) = pn - 2. Since all Dy, 11,1 > ng, are pull-back diagrams, Lemma 10
of [11] implies that each r,, 11 is a bijection. Hence, p,, has to be 1 for each n > ng
and we get a contradiction. O

Note that Corollary 2.6 implies that the solenoid ¥ does not admit an infinite-
sheeted overlay map with the connected total space.

The next lemma asserts that we may confine the sequences of primes related
to the construction of solenoids to those with some additional divisibility property
of their terms. This lemma will be used in the proof of Theorem 3.1 in the next
section.

Lemma 2.7. For any solenoid ¥ there exists a sequence P = (pg, p1, - - - ) of primes
such that X p is homeomorphic to ¥ and p,, is prime to Z?:_Olpi +1 for every n > 1.

Proof. Let Q = (qo,q1,---) be the sequence of primes which is related to X. We
divide our proof into two cases.
Case 1: Infinitely many different primes appear in the sequence Q.

By induction on n > 0, we will define a permutation 7 : NU {0} — NU {0} such that
each ¢r(n),n > 1, is prime to Zz;qu(k) + 1. Then, the sequence P = (po,p1,---),
where each p,, = ¢,(»), has both required properties. Let 7(0) = 0. Suppose that we
have defined 7(n) so that the condition is satisfied. Let ¢ be the least positive integer
such that i does not belong to the image of 7. If ¢; does not divide ¥7'_yq,(;) + 1,
then let 7(n + 1) = i. Otherwise, we have ¢; such that j does not belong to the
image of 7 and ¢; > X}_(q;(x) + 1. We let 7(n + 1) = j. Note that in both cases
Gr(nt1) is prime to Xp_oq-) + 1 and the inductive step is done. We claim that
7 is a bijection. By construction 7 is injective. Assume that 7 is not surjective.
Then we have the least positive integer m which does not belong to the image of
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7. Choose n so that {0,--- ,m — 1} C {7(i) : i < n}. Since m # 7(n), ¢, divides
E?:_()qu(i) + 1, but gr(,) does not. Hence, g, does not divide 3i’ q,(;) + 1 and
7(n + 1) should be m, which is a contradiction.
Case 2: Only finitely many different primes appear in the sequence Q.

First we delete in @ all those primes which appear in the sequence only finitely
many times. We get a deleted sequence Q" and the solenoid Y g’ is homeomorphic
to 3. Note that each prime in the sequence Q' appears infinitely many times. Then,
we define a permutation 7 related to Q" in the similar way as above. Let 7(0) = 0.
Suppose that we have defined 7(n) so that the condition is satisfied. Let ¢ be the
least positive integer such that ¢ does not belong to the image of 7. If ¢; does not
divide X7_oqr(x) + 1, then let 7(n + 1) = i. Otherwise, since g,(,) does not divide
Yy _09rk) +1 and ¢, () appears infinitely many times in Q', we can choose 7(n+1)
distinct from 7(0),---,7(n) such that ¢;(,41) = ¢r(n). Then we can show that
Pn = Gr(n) are the desired ones similarly as in the first case. O

Remark 2.8. Since solenoids are compact topological abelian groups, discrete abelian
groups correspond to them by the Pontryagin duality. Solenoids are one-dimensional
and connected, hence their Pontryagin duals are isomorphic to subgroups of the ra-
tional group Q. The subgroups of Q are classified by types [4, p.110] and the
classification is essentially the same as that given preceding to Lemma 2.7.

3. INFINITE-SHEETED COVERING MAPS OVER THE SOLENOIDS Xp
In this section we prove the next main theorem.

Theorem 3.1. For each solenoid X there exists an infinite-sheeted covering map
over % with the connected total space.

Together with Corollary 2.6 we get the following negative answer to the question
stated in the introduction.

Corollary 3.2. For any solenoid there exists a connected covering space which
does not admit a topological group structure so that the covering map becomes a
homomorphism between topological groups.

Before proving Theorem 3.1, we give another description of ¥ more suitable for
our purpose. Let P be a sequence of primes which is related to ¥. We define a
P-adic group Jp and a quotient space Jp x [0,27]/ ~ which is homeomorphic to
Y p. For a nonnegative integer n, i.e. n < w, let C,, = Z/(II"_yp;)Z and define
hy : Cryi1 — Cy, by: hn([u]ngolpi) = [u]rn_p, for u € Z. Then we have an inverse
sequence (Cp,h, : n < w) of discrete compact abelian groups. Let Jp be the
inverse limit @(C’n,hn :n < w). Recall that elements of Jp are all sequences
(up : n <w) € [] Cp such that hy,(upi1) = uy, for n < w. Then Jp is a compact,

n<w
totally disconnected topological abelian group, where the group operation is the

coordinatewise addition and the topology is induced from the product topology.
The canonical projection from Jp to C,, is denoted by py, i.e. pn((up:n < w)) =
Up. The notation Jp comes from the p-adic integer group J, for a prime p. When
our notation starts to be rather complicated, we recommend the reader to replace
prn by the constant prime p and the situation will be clearer.

Let Seq(P) be the set of finite sequence s = (s, -+, s,—1) such that 0 < s; < p;
for 0 < i < n —1 and let lh(s) be the length of s, i.e. n. We use * for the
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concatenation of finite sequences. In particular, we define 0,,l, € Seq(P) as
follows: [h(0,) = lh(l,) =n and 0,,; = 0 and l,,; = p; — 1 for 0 < i < n. Since
each element of C,, corresponds to a finite sequence s € Seq(P) with the length
n+1, we identify them. For instance s+1 and s—1 are elements of C,, and also the
corresponding finite sequences. Since hn([l]nyj& i) = [Unp_ p, for every n, we use
the symbol 1 for the elements in Jp and C,,. For s € Seq(P) with lh(s) =n + 1,
we define Us = {u € Jp : p,(u) = s}. Note that Uy are basic open sets of Jp.

Denote by X,, = C,, x [0,27]/ ~,, the quotient space obtained by identifications
(u,0) ~, (u—1,27) for u € C,,. Define h,, : X,,11 — X, by hy,((u,0)) = (hy(u), ),
for (u,0) € X, 1. Since (hp(u),0) ~, (hp(u) — 1,27) and h,(u) + 1 = hyp(u) +
hn(1) = hy(u+ 1), it follows that (h,(u),0) ~, (hy(u —1),27) and consequently
that h,, is well-defined. Since each X,, is homeomorphic to the unit circle S* and
h, is a Pn+1-sheeted covering map, }iLn(Xn,E :n < w) is homeomorphic to ¥ p.

Define (u,0) ~ (u —1,27) for w € Jp. Then (u,0) ~ (v — 1,27) if and only if
(pn(u),0) ~p (pn(u) —1,27) for every n. Hence the quotient space Jp x [0,27]/ ~
is homeomorphic to @(XH,H :n < w) and also to X p.

Proof of Theorem 3.1. We shall define a total space Xp obtained as a quotient
space by certain identifications on the countable disjoint union | |;°, Z*, where each
Z'is a copy of Jp x [0,27]. Then, we have a map & : Xp — Xp induced from a
natural map o : | |2, Z* — Jp x [0, 2], which is an infinite-sheeted covering map.
Then, we prove the connectivity of X p, where the property of a sequence of primes
in Lemma 2.7 actually concerns.

An element of Z* which corresponds to (u, ) € Jp x [0, 27] is denoted by (u, ).
We define an identification ~ on | |;2, Z* as follows.

To simplify index sets, let [ = 0 and [,, = E?:_Olpi for n > 1. If k is a positive integer
such that I,,+1 < k < I,,41,then 0 < I, 1—k < p,—1and l,*([,,11—k) € Seq(P).
In particular, lp * (I; — k) = (po — k) .

First, for each kK > 1 and n > 0 such that I,, + 1 < k < I, 11, we put (u,27r)k ~
(u+1,0)5 and (u,2m)**! ~ (u+1,0)* for u € Uy, w1, ,—1)- Next, in case neither
(u,2m)) =~ (u + 1,0)7* nor (u,27)’ =~ (u + 1,0)~! holds, we put (u,27)! =~

(u+1,0)7.
We remark the following. The identification rule on the first py copies Z1,. .., ZPo
depends on sequences of the length 1, on the next p; copies ZPotl .. . Zrotpri op

sequences of the length 2 and so on. Further, for each (u,0)? there exists a unique
k such that (u,0)? ~ (u—1,27)* and k=5 — 1,5 or j + 1.

Before proceeding, let us explain our construction geometrically. We take in-
finitely many copies of ¥p, say ¥%. We cut a part of the first copy ¥L and the
corresponding part of the second copy X% and switch the connections. Except the
first copy ¥b we cut two parts of each ¥%, and by switchings one is connected to
Zl;l and the other is connected to E?‘l. The rule of these cuttings is given in the
definition of ~. If I, + 2 < ¢ < I, 1, the sizes of the two parts are the same, but,
otherwise, i.e. if i = I, + 1, the sizes of the cutting parts are different. Since each
Z'is a copy of Jp x [0, 27], we have a natural map o : | |;~, Z* — Jp x [0, 27], which
is obviously an infinite sheeted cover over Jp x [0,27]. Let Xp = | |2, 2"/ ~ .
Then, via the quotients by ~ and ~ we get the induced map ¢ : Xp — Xp.

We claim that @ evenly covers X p. Since Jp X (0,27) = Jp x (0,27)/ ~, there
is no difficulty for this case. We need to examine Jp x ([0,7) U (, 27])/ ~.

To analyze ! (Jp x ([0,7) U (7, 27])/ ~), we consider o~ (Jp x ([0, 7) U (7, 27])).
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First let A; be the set
(Ugpo—1y % (m,27)> U (T \ Uppy—1y) x (m,27))' U (Jp x [0,m))".
For I, +2 <k < I,,41, let Ay be the set

(Uys(tnss—ky X (0, 20)" T U (Un sy — 1y X (m,20])F 1

U(Tp \ (Ut sty k) YU (1 —kt1))) X (0, 27])F
UJp x [0,7m))k.
Fork=1I1,+1(n>1),let Ay be
(U, «(pn—1) X (m, 2x])F L U (Ui, +(0) X (m,2x])* 1
(T \ Uttty Uty ai0) % (2]
U(Jp x [0,7)).

We remark that the restriction of & to Ai/ &~ is a homeomorphism onto Jp x
([0, 7) U (7, 27])/ ~. Since o~ 1(Jp x [0,7) U (m,27]) is the disjoint union of Ay’s,
@ evenly covers (Jp x [0,7) U (,27])/ ~ and we conclude that is 7 is an infinite
sheeted covering map.

Showing the connectivity of Xp is a delicate and long part of this proof. First
we define some connection between subsets (Us x {0})™ of | |2, Z".

Let m : s denote a subset (Us x {0})™. We call n : t a successor of m : s, if
t = s+ 1 and, for each u € Us, (u,2m)™ =~ (v + 1,0)". Note that m : s may not
have a successor, but there is at most one successor. However, if the length of s is
larger than m, m : s has its successor. Here we give some examples. The successor
of 1:(pp—1,0)is 2:(0,1), the successor of 2 : (pg — 1,0) is 1 : (0, 1), the successor
of po+1: (po — 1,p1 — 1,0) is pg + 2 : (0,0, 1), the successor of pgy : (py — 1,0, 1) is
po : (0,1,1). But, po + 1 : (po — 1) has no successor.

If there exist n; : ¢; (0 < i < k) such that m = ng and s = tg, n = ng and ¢t = ¢,
and each m;41 : t; 41 is a successor of n; : t;, we call n : t the k-th successor of m : s
and the related chain (n; : ¢; | 0 < i < k) a path. In this terminology a successor
of m : s is the first successor of m : s. The subset m : s is a starting 0-position and
n : tis a final k-position of the path (n; : t; | 0 < i < k). Since points in n; : t; are
connected by paths in Xp to points in n;4; : ¢;41, points in m : s are connected by
paths in Xp to points in n : t. Taking the successor of a position m : s we call a
step. Hence, starting from m : s, after k steps we reach the k-th successor of m : s.
An example of a path with the starting position pg+1 : (0,0) and the final position
1:(1,1) is the following: po+1:(0,0), po : (1,0) ,po—1:(2,0),...,2: (po — 1,0),
1:(0,1),1:(1,1).

It is possible to give a certain geometrical meaning to a successor and a step.
For this purpose we use points in Jp x [0,27] and | |, Z to express points in ©p
and Xp respectively. One round in Xp corresponds to +1 or —1 in Jp. We fix a
direction such that a clockwise round corresponds to +1. Now we consider points
(u,0) € £p and (u,0)™ € Xp. Since 7 is a covering map, a clockwise round from
(u,0) to (u+1,0) by a path is lifted to a path from (u,0)™ to (u+ 1,0)* for some
k. This k may be m—1, mor m+1. If v € Us and a clockwise round from (v, 0) to
(v+1,0) is lifted to the path from (v,0)™ to (v 4 1,0)* for every v € Us, k: s+ 1
is the successor of m : s. This is a step from m : s to k : s+ 1 and clockwise rounds
correspond to steps.
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Claim. Let P be a sequence of primes which satisfies the property
in Lemma 2.7. Then, for each n > 0 the followmg hold.

(*n) Eygolpi +2: 0,41 ds the (I op;) (X1 y pi + 1)-th successor
of E"‘O pl + 1 : 0,41 and k : x appears on that path for any
k<X 'pi+1 and any x € Seq(P) having lh(x) = n + 1.

We prove the claim by induction on n > 0. First we show (%). We have a path
1:(0), 1:(1),1:(2),...,1:(po— 1), 2:(0). Hence, 2 : (0) is the pyo-th successor
of 1:(0) and for each z, 0 <z < pg—1, 1: (x) appears on that path. We conclude
that (xo) is proven.

Now suppose that (#,) holds. The 0-th position is 3 ;p; + 1 : 0p,42. The
7' p; — 1-th successor is E” *opi +1: (1, % (0,0)) and its successor is X7 (p; :
(0, % (1,0)). For each X7~ Opz +2 < k<X p; +1 we count Hz:O pi-steps and
reach Z?:_Olpl +1:(0, * <O 1)) as the p,, - H?:_Olpi—th successor. Then, by induction
hypothesis, we have 7" 1p;+2 : 0,41 * ([2]p,.,.) as the p,IT7"", i T i (X pi+
1)-th successor.

Then, we count (p,, — )H” o Di-steps for each X7, pi+2<k<O " opi and we
have X (p; +1: (0, % (1,a — 1)) as the S-th successor, where

S = (pp — 1)(pn — VI )'ps + plll ) s + (Igpi) (S0 pi + 1)
—(pn - 1)1_[” oPi + (Hn Opz)(zn obi + 1)

and a = [X7_opi + 1]p,., .-

Hence we have X' p; + 1 : 0, * (0,a) as the (p, — 1)II}"-; pi-th successor of
P opi +1:0, % (1, 0) Hence X7_op; +1: 0, % (0, a) is the II?_ p;(X7_op; + 1)-th
successor of X7 p; +1: Opyo.

By our assumption on P we have 0 < a < p,4+1. We remark that n + 1-digit
varies, where the i-digit of (sq, - - , Sn41) i 8, before we reach 37" op;+1 : 0,%(1, a),
but the n 4+ 1-digit possibly effects successors on the path only when we are in
X opi +1: s for some s.

Then we contmue similarly and as the 2II? ,p;(XF_op; + 1)-th successor we
have X7 op; + 1 : 0, x (0,[2al,, ). Since 0 < a < ppy1, for 0 < k < pryq we
have [ka]pn+1 #0 and certainly have [p,y1alp,,, = 0. This means that as the
P17 opi(E7_gpi + 1) — 1-th successor we have X7 op; + 1 : 12 and as the
D117 opi (27 opi + 1)-th successor we have X7 p; + 2 : Oy 4.

Since the successor is determined by a position and the operation of taking the
successor is invertible and, in addition, we have counted H?jolpi(E?zopi + 1)-steps
and have the new position X} p; + 2 : 0,12, every k : & appears on this way for
k<3P opi+1and x € Seq(P) with [h(z) = n+ 2. We have shown (*,,) and have
proved the claim.

Finally we show the connectivity of Xp. Without loss of generality, we may
assume that P satisfies the property in Lemma 2.7. Assume that there is a non-
trivial clopen set W of Xp. Then we have a basic set (U, x {0})™ in W and
another basic set (Us, x {0})™ in its complement Xp\W. Take a sufficient large
n such that [h(sg),lh(s1) < n+1and ng,ny < Ezzolpi +1 and extend sy and sy to
sequences si and s} having the length [h(sf) = lh(s}) = n+ 1. Then (*,) implies
the existence of a path between ng : s§ and n; : s], which means that there is an
arc in Xp connecting a point in (Us, x {0})™ to a point in (U, x {0})™. Now we
have a contradiction and have proved Theorem 3.1.
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Remark 3.3. At the end, let us remark that every half line contained in a solenoid
Y. p is dense in ¥ p, but this does not hold for Xp. We show this using the proof
of (%,,). Let u € Jp be the element defined by p,(u) = E?Zlﬂj;%)pj. Define s,
to be the first position of the form 1 : s, starting from Zzzolpi +1:0,41. Then,
by (%;) for 0 <4 < n we have 8,41, =1 for i > 1 and s,,11,0 = 0 and consequently
have u € (" Us,.,. Considering the half line from (u,0) tracing back steps, we
see that this half line intersects with (U0n+1)2?:0pi) but does not intersect with
(U<1>)1. On the other hand every line in Xp is dense in Xp as in the case of a
solenoid ¥ p. To see this, since every line in Xp contains a point (u,0)%, we fix
such a point. Every open set of Xp contains a subset of the form (Us x (a, 3))7°.
By extending s we may assume iq, jo < Z?;Olpi—i—l for n+1 = lh(s). Applying (),
we can see that the line containing (u,0)% intersects with (Up, ,, x {0}) Zopitl
and consequently intersects with (Us x {0})7 and (Us x (a, 8))7.
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