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NONEXPONENTIAL LEAVES AT FINITE LEVEL
BY
JOHN CANTWELL' AND LAWRENCE CONLON?

ABSTRACT. Previous examples of leaves with nonexponential and nonpolynomial
growth (due to G. Hector) have occurred at infinite level. Here the same growth
types are produced at finite level in open, saturated sets of leaves without holon-
omy. Such sets consist of leaves with only one or two locally dense ends, and it is
shown that the exotic growth types only occur in the case of one locally dense end.
Finally, C!-foliations are produced with open, saturated sets as above in which the
leaves have strictly fractional growth.

Introduction. In [Hel] it was shown how to construct C ®-foliations in which a
continuum of distinct, nonexponential growth types occurs simultaneously. In these
constructions, the interesting growth types (nonpolynomial and nonexponential)
occur for leaves at infinite level, a notion to be made precise in §1. We will show
(§5) how to produce continuously many distinct nonpolynomial growth types at
finite level, although not simultaneously in one foliation.

The theory of levels and of totally proper leaves [C-C4], all presupposed in the
present work, is briefly reviewed in §§1 and 2 for the reader’s convenience. The
material in these two sections is independently known by G. Hector and G.
Duminy and much of the terminology employed here and some other aspects of
the presentation have been influenced by extensive conversations with them. These
conversations have also been very helpful in the development and presentation of
some of the other ideas in this paper.

A nonexponential, nonpolynomial leaf at finite level must belong to an open,
saturated set U of locally dense leaves without holonomy, the leaves in U being
mutually diffeomorphic and having a common growth type, (3.6) and (3.7). As
proven in [C-C3, Proposition 1], the leaves in such a set U either all have one
locally dense end or they all have two such ends. In §6, we will show that the
nonpolynomial growth types can only occur when the leaves have one locally dense
end. In the case of two locally dense ends, and also in both cases when the foliation
is transversely analytic, the leaves in U will have exactly polynomial growth of
degree determined by the /evel/ of U and by the group of periods (6.10). N. Tsuchiya
has also obtained the transversely analytic case [Ts2].

Finally, in §7, we will produce leaves at finite level having “fractional growth”.
Indeed, we will produce the growth type of y,(m) = m’ for each real number
s > 2. Here we only prove that these foliations are of class C!, but highly technical

Received by the editors July 27, 1979 and, in revised form, February 6, 1981.

1980 Mathematics Subject Classification. Primary 57R30; Secondary 58F18, 58H0S, 57R95.
! Partially supported by NSF Grant MCS-8001547.

2 Partially supported by NSF Grant MCS-8003248.

© 1982 American Mathematical Society
0002-9947/82/0000-0779/$07.25

637



638 JOHN CANTWELL AND LAWRENCE CONLON

considerations (discovered some time after the present paper was submitted) do
allow our constructions to be C*-smoothed [C-C5). Again the leaves in question
will appear in open, saturated sets without holonomy.

Conventions. All foliations will be transversely oriented of codimension one on
closed manifolds and, except in §7, of class at least C2.

The growth function g;: Z* — R™* of a leaf L will be defined, as in [P], via
chains of placques from a suitable regular cover {W,}%_,. The growth type
gr(L) = gr(g,) is defined as in [Hel] via the equivalence relation of mutual
dominance and is independent of all choices. By compactness of the ambient
manifold, all growth functions are dominated by the exponential function.

We say that gr(L) is polynomial if g, is dominated by a polynomial. It is
exactly polynomial of degree k if gr(g,) = gr(m*). It is quasipolynomial if
lim,, . (1/m)log(g,(m)) = 0 and nonexponential if lim inf, _, _ (1/m)log(g,(m))
= 0. Otherwise, gr(L) is exponential.

Let M be the closed n-manifold with foliation ¥ and fix a one-dimensional
foliation £ transverse to . Let U C M be an open, connected, ¥ -saturated set. As
in [D], let U denote the completion of U in any Riemannian metric inherited from
M, this being a manifold such that 3U has finitely many components. The natural
immersion i: U — M is one-one on U and on each component of 3U, carrying such
a component onto a leaf of U— U. Welet8U = i(d U ) (the set of border Ieaves to
U). Foliations % and P of U are induced by ¥ and £. By [D, Theorem 1], U is the
union of a compact nucleus K, a manifold with corners, and finitely many
complete, connected, noncompact “arms” L7, =B, x[-1, 1], B; C ac‘/, the factors
{x} X [-1, 1] being leaves of P.

It will be useful to require that the regular cover { W,}%_, of M, used in the
definition of the growth functions, be biregular. This means that each W;z D!
X [-1, 1] in such a way that each D"~' X {r} is a placque of % and each
{x} X [-1, 1] is a placque of £. One can “intersect” W, with Uin an obv10us way,
producing (possibly infinitely many) components of the form D"~! X [a, b], -1 <
a < b < 1. The interiors, relative to U, of these sets form a (generally infinite)
biregular cover of U, the growth of leaves of & being defined via the placques of
this cover.

1. The theory of levels. We summarize results from [C-C4] that provide the
setting of the present paper.

Suppose that the foliation % of M has smoothness class C% Let U C M be an
open, connected, % -saturated set.

(1.1) DEerINITION. Minimal sets of &|U are called local (or relative [D]) minimal
sets of &.

REMARK. If the foliation were smooth-leaved of class C°% %|U might admit no
minimal sets.

(1.2) THEOREM [C-C4]. For M, ¥, and U as above, and for L a leaf of F|U,
L N U contains a finite, nonzero number of minimal sets of F|U.
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A proper leaf of ¥ is always a local minimal set. Open, ¥-saturated, connected
sets U C M are local minimal sets if each leaf of %|U is dense in U (these are said
to be of locally dense type). All other local minimal sets meet the leaves of £ in sets
homeomorphic to open subsets of the Cantor set (and are said to be of exceptional
ype).

Evidently, minimal sets of & are also local minimal sets. One merely takes
U=M.

(1.3) DEFINITION. A minimal set of & (and each of its leaves) is said to be at level
0. A local minimal set X of & (and each of its leaves) is at level k > 0 if the highest
level of any local minimal set in X — X is k — 1. A leaf of ¥ that is not at any
level k > 0 is said to be at infinite level.

(1.4) THEOREM [C-CA). For each integer k > 0, the union M, of all leaves of ¥ at
l_e_vels at most k is compact. Furthermore, for each leaf L of ¥ and each k > 0,
L n M, is a finite, nonempty union of local minimal sets.

(1.5) THEOREM [C-C4). Let L be a leaf of F at infinite level. Then, for each integer
k>0, LN (M, — M,_,)#D (aking M_, =D). If X = U,,,L N M, and
Z =L — X, then

(1) X is dense in L;

(2) Z is an uncountable union of leaves;

(3) each leaf of Z is dense in L;

(4) no leaf of Z has a proper side.

From this it follows, in particular, that every local minimal set is at finite level.

In this paper we will be particularly interested in local minimal sets U of locally
dense type such that %|U is without holonomy. In this case, Theorem 4 of [Sa]
allows us to construct a transverse, continuous, positive, invariant measure u for
%| U, finite on compact subarcs of £|U (see Conventions). By [D, Theorem 3], the
holonomy at every boundary leaf of U is unbounded; hence p grows without
bound near dU. Thus, exactly as in [C-C3, Proposition 3] one proves

(1.6) PROPOSITION. There is a C°flow ®: R X M — M, nonsingular precisely on
U, carrying the leaves of & diffeomorphically onto one another, the flow lines in U
being the leaves of £|U.

(1.7) DeriNiTION. The group P(p) of periods of p is the additive group of real
numbers r such that @, carries each leaf of ¥|U to itself.

2. The Poincaré-Bendixson theory of totally proper leaves. We continue our
review of certain results from [C-C4]. The assumptions on M and ¥ continue to be
asin §1.

(2.1) DEFINITION. Let L be a leaf of %. The substructure of L, denoted by S(L),
is the union of all leaves F C L such that F # L.

Equivalently, S(L) is the union of all leaves of L of level strictly less than the
level of L. Evidently, S(L) is a union of local minimal sets, none of which is of the
locally dense type.
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(2.2) DeFINITION. If each leaf of S(L) is proper, then L is said to have totally
proper substructure. If, in addition, L itself is proper, then L is said to be a totally
proper leaf.

We will see (3.4) that nonexponential leaves have totally proper substructure.
Here we outline the structure theory of totally proper leaves.

A leaf L of % is a complete Riemannian (n — 1)-manifold in any metric
relativized from M. Let {B;},,, be a collection of complete, noncompact, con-
nected, (n — I)-dimensional submanifolds of L, each with compact boundary. If
ByD> B D+ DB D...andif N, B =, then {B;},,, defines an end ¢ of
L and is said to be a fundamental system of (closed) neighborhoods of . For quick
reviews of the facts and definitions concerning ends of open manifolds, see [C-C1],
[C-C2), [C-C3]. For details, see [A-S], [F]. Let & (L) denote the set of ends of L, a
compact, totally disconnected, metrizable space. For ¢ € &(L) and {B;};5, as
above, we define the e-limit set of L to be

elim(L) = (O B,
i>0
where B, denotes the closure of B; in M. This generalizes the a- and w-limit sets of
classical Poincaré-Bendixson theory. The set e-lim(L) is a closed, %-saturated set,
not depending on the choice of fundamental neighborhood system of &.

(2.3) DerINITION. If e-lim(L) is a union of totally proper leaves, then ¢ is said to
be a totally proper end of L.

If an end ¢ of L is totally proper, then the system {B;},,, can be chosen in an
especially nice way, each B; “spiraling in” on a certain totally proper leaf F.

In order to describe this efficiently, we make use of the 1-dimensional foliation £
(see Conventions). By a choice of transverse orientation of ¥, each leaf of £ is
oriented. Subarcs of leaves of £, therefore, will be denoted by standard interval
notation ([x, y], [x, y), etc.).

On one side of F (for definiteness, say the positive side) fix a half-open collar
neighborhood W, fibered over F by subarcs [x, y), x € F, of leaves of £. Let p:
W — F, where p(z) = x if z € [x, ).

Let B, C L be a complete, connected, noncompact (n — 1)-dimensional sub-
manifold, 3B, = N, connected and compact.

(2.4) DErFINITION. We will say that By, spirals on F if the following conditions are
satisfied.

(a) B, C W; hence p: B,— F is well defined and, on B, — N,, this is a local
diffeomorphism.

(b) p maps N, diffeomorphically onto N C Fand F — N is connected.

() p"Y(N) is a disjoint union of countably many diffeomorphic copies of N:
No Ny, Ny oot

(d) The connected components By, Bg, By, ... of By — U5, N, are each
mapped by p diffeomorphically onto F — N and, if Bg; denotes the closure of By,
in L, then 0By, = N; U N;,,j > 0.

(e) For each x € F, the sequence p ~'(x) = {x; =(By; U N)N p"(x)}j>0 con-
verges monotonically to x.
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In the above situation, we take B, = U ; By, getting a fundamental system of
closed neighborhoods of an end ¢ € & (L), where each B; spirals on F and
9B, = N,, i > 0. In this situation, e-lim(L) = F and F is at strictly lower level than
L.

(2.5) DErINITION. The end ¢ € & (L) as above is said to be periodic of period F.

The following pictures suggest some simple examples.

FIGURE A

—

FIGURE B



642 JOHN CANTWELL AND LAWRENCE CONLON

In Figure A, the periodic end ¢ is isolated in & (L). In Figure B, ¢ is the limit of a
sequence of isolated ends in & (L).

(2.6) THEOREM [C-CA4). If € is a totally proper end of L, then e-lim(L) = F and ¢ is
periodic of period F.

If L itself is totally proper, then each of its ends satisfies (2.6). Although
generally there are infinitely many ends in & (L), it is not hard to use (2.6) to
produce the following finite (nonunique) decomposition of a totally proper leaf L.

(2.7) COROLLARY. Let L be a totally proper leaf of ¥ at level k. Then L = A U B'
U - -+ UB" where

(a) A is a compact, connected, (n — 1)-dimensional submanfold of L,

(b) each B' is a complete, connected, noncompact, (n — 1)-dimensional submanifold
of 1;

(©)B'N B =3, i+#*j,and AN B' = 0B'is a component of 04,1 <i <r;

(d) each B spirals on a (totally proper) leaf F' of level at most k — 1;

(e) at least one F' is at level k — 1.

It is elementary that, if F has growth function g(m), then B‘ has the growth type
of the function mg(m). Since compact leaves have exactly polynomial growth of
degree 0, an obvious induction on the level of L, using (2.7), gives the following.

(2.8) COROLLARY. Let L be a totally proper leaf of F at level k. Then L has exactly
polynomial growth of degree k.

Finally, we remark on a topological corollary of (2.7). Recall ([C-C1], [C-C2],
[C-C3]) that L is said to be a manifold of (finite) type g if the gth derived set
&9D(L) c & (L) is finite and nonempty. If L is compact (i.e., & (L) = &), we say
that L is of type —1. An induction on the level of L, using (2.7), gives the following.

(2.9) COROLLARY. Let L be a totally proper leaf of § at level k. Then L is a
manifold of type k — 1.

3. Nonexponential leaves. Following [L], we place the following definition. All
notations and conventions are as in §2.

(3.1) DErFINITION. Let L be a leaf of ¥, x € L, J =[x, y) of (y, x] a subarc of a
leaf of £, and suppose that a suitable loop on L at x defines a holonomy
contraction g: J — J to x. If L N int(J) # &, then L is said to be a resilient leaf.

The following fundamental result will be proven by an argument due essentially
to J. F. Plante. Also, cf. [He2]. ‘

(3.2) THEOREM. Let F be a leaf of & and suppose that F contains a resilient leaf.
Then F has exponential growth.

PROOF. Let L C F be a resilient leaf and let [x,») and g be as in (3.1). Since
there is a point z € L N (x, y) and since L C F, F meets (x, y). Because of g,
F N [x, y) clusters at x. By [P, Theorem 4.1}, if F has nonexponential growth, there
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is a holonomy invariant measure p on [x, z], with u[x, z] = 1 and supp(p) C F N
[x, z]. But {x} = N,,5,8"[x, 2], so p({x}) = 1. Since p is invariant under the
holonomy pseudogroup of ¥, u({z}) = 1. But then x < - - - <g"*!(2) < g"(2)
< -+ <zand w({g™(2)}) = 1, Vm > 0, contradicting p[x, z] = 1. [J

As observed in [C-C3], the proof of Sacksteder’s well-known theorem [Sa,
Theorem 1] actually gives the following. Also, cf. G. Hector’s thesis.

(3.3) THEOREM. Let X be a local minimal set of % of exceptional type. Then there is
a resilient leaf in X.

REMARKS. For (3.3), the requirement that & be of class C? is essential (the
C-counterexample being Denjoy’s construction [Se, Appendix]). For (3.2), it is
enough that & be of class C°.

(3.4) COROLLARY. If L is a leaf of & with nonexponential growth, then L has totally
proper substructure.

PrOOE. The substructure S(L) is a union of local minimal sets, none of which is
of locally dense type. If any is of exceptional type, then (3.3) and (3.2) contradict
the assumption that L is nonexceptional. []

(3.5) CoROLLARY. If L has a proper side (we say that L is semiproper) and has
nonexponential growth, then L is totally proper.

PrOOF. By part (4) of (1.5), L is at finite level, hence belongs to a local minimal
set. This cannot be of locally dense type nor, by (3.3) and (3.2), can it be
exceptional. Thus, L is proper; hence, by (3.4), L is totally proper. []

Consequently, by §2,

(3.6) COROLLARY. A semiproper, nonexponential leaf of % at finite level k > 0 must
have exactly polynomial growth of degree k. It must also be a manifold of type k — 1.

(3.7) THEOREM. Let L be a nonexponential leaf of % at finite level. If L does not
have a proper side, then L C U where U is a local minimal set of locally dense type,
F|U has trivial holonomy, and the leaves of F|U are mutually diffeomorphic and have
the same growth type as L. If L is at level k, then it is a manifold of type at most k.
Finally, U — U is a finite union of totally proper leaves at levels at most k — 1, at
least one of which is at level k — 1.

PrROOF. Since L is not proper and cannot pertain to a local minimal set of
exceptional type (again by (3.3) and (3.2)), it must pertain to a local minimal set U
of locally dense type. The transverse, holonomy invariant measure of Plante [P)],
defined on any transverse circle to %|U, replaces [Sa, Theorem 4] in the proof of
(1.6), so we obtain ®: R X M — M as in that proposition. Each ®, ¢ €R,
transforms any given biregular cover of M (see Conventions) to another such. It
follows that the growth types of the leaves of %|U, being determined by such
covers, are all the same. The argument in [C-C3, Theorem 4] shows that the leaves
of F|U are manifolds of type at most k. Since U — U = S(L), the final assertion
follows from (3.4). [
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Remark that, by (3.6) and (3.7), any nonexponential, non-exactly-polynomial leaf
at finite level must pertain to an open, % -saturated set U as described in (3.7).

4. Some abstract growth estimates. We assemble here some technical results that
will be useful for §5.
Fix a sequence 1 < N(1) < NQ2) < --- <N(k)<--- of integers and let
A > 1 be an integer. We define three increasing functions Z* - R*:
ff(m) =m*/k!,  N(k—1) <m < N(k),
f**(m) = m* /K, AN(k — 1) <m < AN(k),
f***(m) = m*4* / k!, N(k — 1) <m < N(k).
Here we allow all & > 1 by taking N(0) = 0.

(4.1) PROPOSITION. gr(f*) = gr(f**) = gr(f***).

Proor. Clearly, f***(m) > f*(m) > f**(m), for all m. If AN(k — 1) <Am <
AN(k), then N(k — 1) <m < N(k), so f**(Am) = (Am)¥/k!= f***(m). Thus,
gr(f***) > gr(f*) > gr(f**) > gr(f***). O

For each k > 1, let §, C R be the graph with vertices the integer lattice Z* and
edges all line segments of length one, parallel to one or another coordinate axis,
with endpoints in Z*. This, of course, is just a convenient geometric realization of
the graph of the group Z* relative to the standard generating set. The growth
function f,(m) is the number of vertices of §, that can be reached from the origin
by paths in §, of length at most m. Define

f(m) = f.(m), N(k — 1) <m < N(k).
(4.2) ProposITION. gr(f) = gr(f*).
This will be proven via a series of elementary lemmas ((4.3) through (4.9)).
(4.3) LEeMMA. If a > 1 and if p is a positive integer, then (a — 1P > a* — pa? ™.

Indeed, for a < p, the right-hand side is nonpositive and, for a > p, the binomial
theorem gives the result.

(4.4) LEMMA. For all integers m > 1 and k > 1, 2™ i* > m**!/(k + 1).

ProOF. This is true for m = 1. If it is true for some m, then

m+1

S ik > (m+ D+ mkt (k+ ).
i=0

In (43), take a=m+ 1 and p=k + 1 and obtain m**! > (m + 1)k*' —
(k + 1)(m + 1)*. Then

(m+ D +m* (k+ 1) > m+ DY (k+1). O
(4.5) LeMMA. f (m) > m* /k!.

Proor. It is clear that fi(m) =2m + 1 > m. We use induction on k. If the
assertion holds for some k > 1, then by (4.4)
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foarkm) > 3 A) > S /K> mE (k+ DL O

i=0 i=0
(4.6) LEMMA. For each m > 1 and k > 1, ™' ik < m**1/(k + 1).

PRrOOF. This is clearly true for m = 1. If it is true for some m > 1, then

§ i*<mk+ mr (k4 1) = (m* + (K + )m*)/ (k + 1).
i=0

But the binomial theorem implies that m**! + (k + D)m* < (m + D¥*!. O

For the next three lemmas, let fk(m) denote the number of vertices in §,, with all
coordinates nonnegative, that can be reached by paths from O of length at most m.
Remark that f (m) < 2%/ (m).

(4.7) LEMMA. For each m > 1 and k > l,f;(m) < (m+ kY /k!.

PROOF. Since f,(m) = m + 1, the assertion is true for k = 1. Inductively, assume
it true for some k > 1. Then (letting f,(0) = 1 < k¥/k!) we have f,,,(m)=

o f) < A/kNE™, (i + k) < (A/kDZrf X < (m + k+ D /KK + 1)
= (m + k + 1)**'/(k + 1)!. This last inequality is an application of (4.6). [

(4.8) LEMMA. If m > k > 1, then f(m) < &m* /k!.

PROOF. If m > 1, then fy(m) = m + 1 < 4m, so we assume, inductively, that the
assertion is true for some k > 1. If m >k + 1, then Sear(m) = 7o fli) =
.-ofk(’) + 2.-k+| (i) + fi(m) and

2 £G) < 2 (i + k)*/k!< § i*/k'< 2k + D'/ (K + 1)1 (by (4.6)

i=0 i=0 i=0
<2k + D) '/ (k + 1)< m* 1/ (k + 1)L
Also,

m—1 m—1
> fAH< 3 44k [k < dm** /) (K + 1),
i=k+1 i=0

fe(m) < &#m* /K1 < dm*+1/ (k + 1)

(the last inequality also uses m > k + 1). Thus, f,, ,(m) < 3@m**!/(k + 1)!) <
A+, e+ ). O

(4.9) LeMMA. If m > k, then f(m) < 8m* /k!.

ProOF. Indeed, f,(m) < 24, (m) < 8m*/k! by (4.8). O

We prove (4.2). By (4.5), f,(m) > m*/k!, so gr(f) > gr(f*). Since {N(@}is isa
strictly increasing sequence of positive integers, N(k — 1) < m < N(k) implies, in
particular, that m > k, so f,(m) < 8m*/k! (4.9). In the definition of f***, take
A = 8 and conclude that gr(f) < gr(f***) = gr(f*). This completes the proof of
4.2).

Using (4.2), we will determine gr(f) for particular choices of {N(k)},,. The
following will be useful.
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(4.10) LeMMA. If B > 1 is an integer, then Bf*(m) < f*(Bm).
PROOF. Let i < j be such that

f*(Bm) = (BmY/j!,  N(j — 1) < Bm < N(j),
Bf*(m) = Bm'/i!, N(i — 1) <m < N(i).
Since N(j — 1) > j — 1, we have Bm > j, so (Bm/jY ™' > 1. But

(BmyY™'/jG=1)---(i+1)>(Bm/jY " >1,
SO

f*(Bm) = (BmY /j!'> (Bm)'/i'> Bm'/i'= Bf*(m). O
A. A continuum of quasipolynomial but nonpolynomial growth types. For each real
number r > 1, let N,(k) = [k"], the greatest integer in k". With this choice of
{N(k) = N,(k)}>> denote the corresponding functions f and f* by f,, and f,.

(4.11) PROPOSITION. If s > r > 1, then gr(f,)) > gr(f)-

PrROOF. By (4.2), it is sufficient to prove that gr(f§)) > gr(fg)- f N(k — 1) <m
< Ny(k), then f&(m) = m*/k! while, since N,(k — 1) < N(k — 1), fo(m) >
m* /k!= S (m). Thus, gr(f8)) > gr(ff). To make the inequality strict, we show
that given positive integers m,, 4, B there exists m > m, such that Bff,(4m) <
S)(m). Choose K so large that, for k > K,

(i) ABN,(2k) < N,(k),

(i) my < N,(2K),

(iii) AB < N,(k) — N(k — 1),

(iv) 2kAB < N.(2k).

For such k, (iii) allows us to choose a largest value of m such that N (k — 1) <
ABm < N(k). By (i) and (i), my < N,(2k) < m. Furthermore, f&(ABm) =
(ABm)*/ k! and f&,(m) = m?/q! where ¢ > 2k. Also, m > N(q — 1) >q — 1, s0
m > q and

mi- 2k m2k m2k

Jorlm) = q(g —1)--- 2k + 1) 2k) > (2k)! -
By (iv), 2kAB < N,(2k) < m. Thus, (2kAB)* < m* so ((2k)!/k'N(ABm)* < m*;
hence (AB)m*/k!< m?® /(2k)!. Thus, by (4.10) and the above, Bf}(4m) <
fe(ABm) < f(m). O

(4.12) PROPOSITION. For each r > 1, f,, has quasipolynomial but nonpolynomial
growth.

PROOF. If N.(k — 1) < m < N,(k), then k <m'/" + 1. Thus,
fo(m) = m*/k!> (m/k)< > (m/ (m"" + 1))
= (m' =/ (1 mm ) > (§m )

Since r is fixed and k increases with m, it follows that f%, dominates polynomials of
every degree. That is, gr(f,)) = gr(f{,) is nonpolynomial.
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For m in the above range, f(m) = fi(m) < 2m + %, so

(1/m)log(f.(m)) < (k/m)log(2m + 1) < ((m"/" + 1)/ m)log(2m + 1)
=(1+ m V")(log(2m + 1))/m' =" < (2/m"' "/ )log(2m + 1).

Since r > 1, L’Hépital’s rule gives lim,, ., (1/m)log(f,,(m)) =0. O

REMARKS. (1) Using Sterling’s formula [R, p. 194], one can show that gr(fg)) =
gr(f}) where fi(m) = m*/k*, N(k — 1) <m < N,(k).

(2) Using the above remark, one can show that gr(f,) = gr(g,) where g,(m) =

('n'/ ),

B. A continuum of nonquasipolynomial growth types. The following is immediate.

(4.13) LeMMa. If, for some k > 1, N(k + 1) = N(k) + 1 = m + 1, then f(m + 1)
> 2f(m).

(4.14) CoROLLARY. If N(k) = k for all k > 1, then f dominates the exponential
function.

PROOF. In (4.13), m = k = N(k)forallm > 1,sof(m + 1) > 2"f(1). O

Combining (4.13) with the proof of (4.12), we produce a sequence {ﬁ;(k)} k>1 S0
that the corresponding function f = f-(,) has nonexponential but nonquasipoly-
nomial growth. We will then show that distinct values of r > 1 will give distinct
growth types gr(f)-

Let {k(q)},5, be a strictly increasing sequence of integers, k(1) > 2, and set
N(k(q)) = [(k())'), N(k(q) + i) = N(k(g)) + i for 1 <i <k(g+1) - k(g) -
1.

(4.15) LemMA. If {k(q)},5, increases fast enough, then gr( f-(,)) is nonexponential
but nonquasipolynomial.

PROOF. Set m(q) = N,(k(g)) + 1. Then we have N, (k(9)) <m(q) < N, Ak(q) + 1)

and the proof of (4.12) shows that lim,_, . (1/m(g))log( f(,)(m(q))) =0, so gr( f(,)) is
nonexponential.

Suppose k(g) has been chosen and_ choose k(g + 1) _sufficicntly large as follows.
Repeated applications of (4.13) give f,,(m(q) + i) > 2‘}"(,)(m(q)), provided k(g + 1)
— 2 > k(q) + i. Thus,

(1/ (m(q) + Dog(f(m(q) + i) > (i/ (m(q) + i))log(2).
As i becomes large, the right-hand side approaches log(2). Thus, for a sufficiently
large choice of k(g + 1), taking i = k(q + 1) — k(q) — 2 makes the left-hand side
greater than 3 log(2). By such an inductive choice, we guarantee that
(1/m)log( f-(,)(m)) does not converge to 0. []

(4.16) PROPOSITION. If s > r > 1, then gr(f,,) # gr(f).

PROOF. Let the corresponding functions f* be denoted f}‘,) and f}',) respectively. If
fz‘;) does not dominate j}‘,), these functions cannot have the same growth type. Thus,
given positive integers my, A, B, we must show that there exists an integer m > m
such that Bf}';)(Am) < f(";)(m). Choose K as in the proof of (4.11) and k > K such
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that N,(k) = [k°] = N,(k). Also choose m as in tne proof of (4.11). Then we claim
that

Bft\(Am) < ft,(ABm) = ft,(ABm) < ft,(m) < f&,(m).
The first inequality is by (4.10). The equality holds because N,(k — 1) < N,(k — 1)
< ABm < Ny(k) = IVx(k) (as in the proof of (4.11)). The strict inequality is proven
as in the proof of (4.11) and the last inequality is clear. []

S. Constructions of nonexponential leaves at finite level. Let G be the set of
growth types of the functions mf,)(m), mf-(,)(m), and e™, all r > 1. Here the
notation is as in §4. Thus, G contains a continuous infinity of distinct quasipoly-
nomial but nonpolynomial types ((4.11) and (4.12)) and a continuum of distinct
nonexponential but nonquasipolynomial types ((4.15) and (4.16)), together with the
exponential type.

Our first aim is a constructive proof of the following.

(5.1) THEOREM. Let M be a closed 3-manifold and let v € G. Then there is a
C *®-foliation F of M containing a local minimal set U of locally dense type such that

(@) U — U is a finite union of totally proper leaves;

(b) F| U has trivial holonomy, the leaves being mutually diffeomorphic;

(c) each leaf of F|U has the growth type vy.

REMARKS. (1) It is an easy exercise to adapt the construction so as to produce
exactly polynomial growth of degree k > 3 in ¥|U.

(2) While (3.6) and (3.7) predicted that a nonexponential but nonpolynomial leaf
at finite level would lie in a set U as above, our theorem shows that a leaf in such a
set can also have exponential growth.

(3) We could have employed exactly the same computations as are found in
[Hel] rather than those of §4. But the computations in [Hel], being intended for
other purposes, are somewhat more complicated than what we need here.

Let T be the closed, orientable surface of genus 2 and let 7 =[-1, 1]. Let
h, ! € Diff?(I) and suppose they are C*-flat at +1. One obtains a C *-foliation
%(h, 1) of T X I, C*-trivial at the boundary, as follows. First foliate T X I by the
leaves T X {t}, then cut this open along the annuli C; X / and C, X I (C, and C,
are the circles on T pictured in Figure C) and reglue via the identifications
(x, ) = (x, h(1)), x € Cy, and (p, ) = (y, K1), y € G,

FIGURE C
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Let L, denote the leaf through (x, 7). Let G C Diff(I) denote the group
generated by {h, /}. Then, if we identify {x,} X I with I, the leaf L, meets /
exactly in the trajectory G(¢). The lifts of o, and o, (see Figure C) become the edges
of an imbedded graph |G(?)| C L, with vertices the set G(f). This graph is
isomorphic to the usual graph of the trajectory G(f) relative to the generators
{h,1}. Letg: Z* — R™ denote the growth function, based at #, of this graph. That
is, g(m) is the number of vertices reached from ¢ by paths in |G{#)| consisting of at
most m edges. It is well known and elementary that the growth type of g coincides
with that of the leaf L,.

Remark that many lifts of o, are loops. Deleting these gives a graph |G()|* with
the same growth function g.

Let G* consist of the growth types of f,(m), f-(,)(m), ande™ allr > 1.

(5.2) Claim. For the proof of (5.1), it is sufficient, for each y € G*, to produce
% (h, 1) as above having a saturated set U with the properties listed in (5.1).

PrOOF. Imbed T X I c §2 X S'! so that some fiber {x,} X S' meets T X I in
the fiber {x,} X I. Writing S' as a union 7 U J of compact arcs meeting at their
common boundary {1}, we use the method of Thurston [Th] to foliate $*> x S
— int(T X I) so that the boundary components are leaves, the foliation is C ®-triv-
ial at the boundary, and {x,} X J is a transverse arc. The fact that Thurston’s
theorem applies follows from elementary topological considerations as in [G]. The
condition on {x,} X J is easy to guarantee in Thurston’s construction simply by
making sure that {x,} X J is a union of 1-simplices in the counter-oriented fine
triangulation that he employs. Instead of Thurston’s theorem, one can also use
more elementary constructions from [C-C1]. One completes this to a foliation ¥ of
S? x S'! by foliating T X I with F(h, /). Then o = {x,} X S'is a closed transver-
sal to % and one performs the standard modification along ¢ and removes the
interior of the new Reeb component. This produces a foliation of the solid torus,
C *®-trivial at the boundary. In a standard way, again by Thurston’s existence
theorem [Th], this foliated solid torus can be incorporated as a component of
suitable C ®-foliations of all closed 3-manifolds M.

If U is a component in %|(T X I) having the given properties, there results a
new, open, saturated set U* C M, U* — U* consisting of proper leaves of respec-
tive levels one higher than those of U-U, together with one new toral leaf. If
vy = gr(g(m)) is the growth type of the leaves in U, then it is well known and
elementary that y* = gr(mg(m)) is the growth type of the leaves in U*. []

We choose h so that A(f) >t, —1 <t < 1. Fix [a,a] c(—1, 1) such that
h(a) = a. Let @(f)d/dt be a smooth vector field on I such that supp(¢) = [a, a]
and ¢(f) > Ofora <t < a.Let ®: R X I — I be the flow generated by this field.

Let {c(k)}45, be a strictly decreasing sequence of rationally independent, posi-
tive, real numbers converging to 0. Let {N(k)} x>1 be a strictly increasing sequence
of positive integers. Define

o = hV® o @ )0 h™NK),

supported on h"®)([a, a]). If {c(k)} .5, converges to O rapidly enough, the infinite
composition / = ... ol ol _ o - -+ ol is a C*-diffeomorphism of I and is
C>-flat at = 1. The following is elementary.
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(5.3) LEMMA. Let F = 5(h, l) and let U be the ¥ -saturation of (a, a). Then each
leaf of F|U is dense in U and has trivial holonomy, and the only leaves in T X I — U
are the proper leaves T X {*1} and L, at levels 0 and 1 respectively .

In §4 we defined f: Z* — R* depending only on the choice of the sequence
{N()} s

(5.4) LEMMA. Each leaf of 5| U has the growth type of f.

PrROOF. The natural inclusions §, C - - - € §, C - - - of the graphs in §4 give
rise to a limit graph § C R*. Because of the rational independence of { (k) } s
we can imbed |G(#)|* C § in a natural way, taking ¢ to the origin (0,0,...) € §.
Indeed, given a vertex v € |G(#)|*, choose any path from ¢ to v and note that the
corresponding word in 4 and / can be viewed as a word in A, [, ..., [, for some
r > 0. The vertex v does not determine a unique such word, but it does determine
the sum y, of the exponents of h, the sum y, of the exponents of /,, etc. Thus v
corresponds to (¥, ¥ ---5,,0,0,...) € §. This gives a one-one correspon-
dence between the vertices of |G(#)|* and those of §. Every edge in § parallel to
the x,-axis is also an edge in |G(#)|* corresponding to an action of 4. If (and only
if) v has x;-coordinate y, = N(k), then the edge in § coming out of v and parallel
to the x, , ;-axis is also an edge in | G(#)|* corresponding to an action of /.

For the proof of the lemma, we compare shortest paths in |G(¢)|* to shortest
paths in §. A canonical choice of shortest paths in |G(?)|* can be fixed by the
formula

hed) o [z(frl) o pNk=D=N(k=2) , [z(fz—Z) o - o hNO-ND , [?(l) o N,

Here we assume a(k — 1) % 0 if k > 1 and agree that the formula reduces to A"
if k = 1. This path is said to be of degree k. Note that it has length » = N(k — 1)
+ Z*_, |a(i)| (taking N(0) = 0). The shortest path in § from the origin to the same
vertex has length g = |N(k — 1) + a(k)| + =2} |a(i). Note that r < g +
2N(k — 1).

Let g,(m) denote the number of canonical paths of degree at most k and length
at most m. That is, g, is the growth function of |G(#)|* N §,. From the above
paragraph, it follows that, if m* > m + 2N(k — 1), then f,(m) < g,(m*). Thus, if
N(k — 1) < m < N(k), we obtain f(m) = f,(m) < g,(3m) < g(3m). On the other
hand, it is clear that, for m in the same range, g(m) = g, (m) < f,(m) = f(m). O

By the results of §4, together with (5.2), (5.3), and (5.4), the proof of (5.1) is
complete.

The group of periods. Let U be a local minimal set of locally dense type such that
U — U is totally proper and %|U has no holonomy. Let the transverse, invariant
measure p, the C%flow ®: R X M — M, and the group of periods P(p) be as in §1
(cf. (1.6) and (1.7)). Remark that, in the above constructions, the group of periods
is free abelian on the infinite generating set {c(k)} ;5.

In [P, Theorem 6.3] it was shown that, if U = M, then P(p) = ZPV, 2 < p(p)
< o0, and each leaf of % has polynomial growth (in fact, exactly polynomial) of
degree p( 1) — 1. An adaptation of this argument (also, cf. [He2, Theorem 4]) shows
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that, if U — U is a finite, nonempty union of compact leaves, then each leaf of %|U
has exactly polynomial growth of degree p(p), where p(u) is again finite and
P(p) = 27, By (5.1), these results do not generalize to the case in which U — U
is not a finite union of compact leaves. In fact, in this case there is little, if any,
relation between the structure of the period group P(p) and the growth in %|U.

(5.5) THEOREM. Let M be a closed 3-manifold and let P C R be a dense, finitely or
countably generated, additive subgroup. For each of the following possibilities, there is
a C®-foliation § of M having an open, ¥ -saturated set U and transverse, invariant
measure u, all as above, such that P(p) = P and the common growth type in F|U is

(a) quasipolynomial but nonpolynomial; or

(b) nonexponential but not quasipolynomial; or

(c) exponential.

(5.6) Claim. For the proof of (5.5) it will be sufficient to produce a foliation
F(h, 1) of T X I having the required properties.

This is proven exactly as (5.2). One needs only note that the method in that proof
for inserting the construction into an arbitrary 3-manifold will not change the
group P(p).

We emphasize that quite a variety of subgroups P C R satisfy the conditions in
(5.5). Not only might P =277, 2 < p < o0, or P = Q, but P can have any finite
rank p > 2, yet be irreducible [Po, pp. 36-38], or it can have infinite rank.
Nevertheless, the following is elementary.

(5.7) LEMMA. Given P as above, there is a sequence {c(k)}, ., decreasing strictly
monotonically to 0 as rapidly as desired, such that P is generated by this sequence.

There is no problem carrying out the previous constructions using the above
sequence {c(k)},>, and any strictly increasing sequence {N(k)},, of positive
integers, but the growth estimates are harder because {c(k)} 5 will not generally
consist of rationally independent numbers. However, the weaker assertions in (5.5)
will be easy to verify. As usual, the fact that %(h, /) is C* and is C*-flat at
T X {+1} is guaranteed by choosing {c(k)},, to converge to O rapidly enough
by (5.7).

Define f(m) = 2X, N(k — 1) <m < N(k). If g denotes the growth function of
| G(2)|, then we claim that

(5.8) LEMMA. If {c(k)} 4, is chosen to decrease rapidly enough then gr( f) < gr(g)
< gr(f).

Proor. Every vertex in |G(?)|* can be reached by a shortest path from ¢ of the
form given in the proof of (5.4). However, we can no longer claim that the vertex
determines this path uniquely nor that every path of this form is shortest. Let
|(3(t)|* be determined by the same sequence { N(k)},, and a rationally indepen-
dent sequence {é(k)}, . Then the growth function g(m) of this graph counts the
paths of length at most m of the above form, so g(m) < g(m). Thus, by (5.4),
gr(g) < gr(g) = gr(f).
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Make sure that {c(k)},5, decreases so fast that c(m) > 2., ., c(k), Vm > 1.
Then, in |G(7)|*, paths at ¢ of the form

lk—l ° hN(k—])—N(k—2) ° [7((/:52) 6 «+. o hN(2)—.V(1) ° lel(l) ° hN(l),

all e(¥) € {0, 1}, correspond one-one to their endpoints and are of length N(k — 1)
+ 1 + SkZ2e(i) < 2N(k — 1). It follows that, if N(k — 1) < m < N(k), then 2¢~2
< g(2m); hence f(m) = 2 < 4g(2m). This proves that gr(f) < gr(g). O

We use (5.8) to prove (5.5). To obtain exponential growth, we choose N(k) = k,
k > 1, and observe that f(m) = 2™. For quasipolynomial growth, we choose N(k)
= k%, k > 1. Then gr(g) < gr(f) is quasipolynomial by (4.12). But also, f(m) =2k
>2Vm (k- 1) <m < k2 so gr(g) > gr(f) is nonpolynomial. Finally, as in the
proof of (4.15), one judiciously chooses N(k) = k* for some values of k and
N(k) = N(k — 1) + 1 for the others. As in (4.15), gr(g) < gr(f) is nonexponential.
If N(k) = N(k — 1) + 1, then f(N(k)) = 2f(N(k — 1)), so it is easy to carry out the
judicious choice so that gr(g) > gr( f) is not quasipolynomial. This completes the
proof of (5.5).

Of course, all of the constructions in this section provide examples in many
closed manifolds of dimension n > 3. Indeed, if M" factors into M3 X M"~3, our
constructions in M3 can simply be multiplied by M"~3.

6. The case of two locally dense ends. Here the closed manifold M is of arbitrary
dimension n > 2 and the foliation ¥ is of class C2. We assume that U C M is a
local minimal set of locally dense type and that F|U has trivial holonomy. As
usual, we obtain the transverse, invariant measure p for ¥|U as in §1, the C 0_flow
®: R X M — M of (1.6), and the group P( ) of periods (1.7).

Let L be a leaf of ¥|U. An end ¢ € &(L) will be called locally dense if
e-lim(L) = U. The following was proven in [C-C3, Proposition 1].

(6.1) THEOREM. Either each leaf of F|U has one locally dense end or each leaf has
two such ends.

The proof of (6.1) is analogous to H. Hopf’s famous proof [Ho] that a regular
covering space of a compact manifold has the same number of ends as the group of
covering transformations (namely, one, two, or a Cantor set). Indeed, via a result of
D. Tischler [Ti], (6.1) is a direct consequence of Hopf’s theorem in the case
U = M, but, for the general case, examples show that such a reduction to [Ho] is
impossible for multiple reasons.

In the case U = M, one finds that P(u) = Z?, 2 < p < oo, and that the case of
two (locally) dense ends corresponds exactly to p = 2. For the general case this also
fails. Indeed, one can have U = T? X [-1, 1] with F|U a foliation by dense planes.
In this case P(u) = Z X Z, but the leaves have one locally dense end.

Finally, in the case U = M, the leaves of ¥ have polynomial growth (in fact,
exactly polynomial) of degree p — 1, where P(p) = Z*. If U is compact, one again
gets P(p) =27, 2 < p < oo, and the growth in ¥|U is exactly polynomial of
degree p. For these facts, cf. [P, Theorem 6.3], [He 2, Theorem 4]. But the
constructions in §5 show that this too fails to generalize further.
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However, we will establish the following.

(6.2) THEOREM. Suppose that the leaves of %|U have two locally dense ends and
that U — U is totally proper. Let d be the highest level of any leaf in U — U (d = -1
if U~ U=@). Then P(p) = Z X Z and each leaf of F|U has exactly polynomial
growth of degree d + 2.

In particular, the exotic growth types produced in §5 force the leaves to have
only one locally dense end.

Our first goal will be to prove that P(p) = Z X Z. Let S be a closed transversal
to F|U and arrange that this be a leaf of £. This is easy to do by modifying the
tangent field to any given choice of £ in a small tubular neighborhood of S. Let L
be a leaf of ¥|U and let a and w be the locally dense ends of L. It is easy to find a
compact, connected submanifold N, C L of codimension one such that L — N,
has two components, W, and ¥V, neighborhoods of a and w respectively. It will be
convenient to select N, such that S N N, # <.

Any homeomorphism ¢: L — L extends uniquely to a homeomorphism (again
denoted ¢) of the compactification L U & (L) onto itself. In particular, if t € P(p),
then ®,,: L — L so extends and permutes the set {a, w}. The same, of course, is
true of ®,; hence ®,, = ®? must be the identity on {a, w}.

For ¢ as above, let N, = @,,(N,). If t # 0 and is small enough, it is clear that
N, N Ny = &. Replacing ¢ with its negative, if necessary, we assume N, C W,
Also, W, = ®,(W,) is the component of L — N, that is a neighborhood of a, so
W, C W, Thus, By = (NyuU W,) — W, is a complete submanifold of L with
9B, = Ny U N,, and &(B,) C &(L) consists of ends that are not locally dense
(hence, every end of By is a totally proper end of L).

An iteration is now possible, producing N, = ®,,,(N,), B, = ®,,,(By), W, =
D, (W,), and V, = ®,, (V,), kK € Z. The manifolds B, are complete, they have
disjoint interiors, 0B, = N, U N, and & (B,) is a set of totally proper ends of L.
The manifolds N, are also disjoint.

The principal step in the computation of P(p) will be to choose ¢t € P(p) as
above, but so as to guarantee that L = U, B,. Equivalently, {W,},,, and
{ Vi } k<o Will be fundamental neighborhood systems of a and w respectively.

First we point out an important consequence of the construction so far. Let
s = u(S), an element of P(p).

(6.3) LeMMA. All sufficiently small, nonzero elements t € P(y) are rationally
independent of s.

PrROOF. Take x, € S N N,. The elements x, = ®,,,(x,), kK € Z, are distinct
points of S since the manifolds N, are disjoint. Thus 2k¢ is not an integral multiple
of s for any integer k. [

Let ¢, ¢, € P(p) both satisfy the above conditions on . Because of (6.3), we can
(and do) select ¢, rationally independent of #,. Let H C P(p) be the subgroup
generated by ¢, and ¢,.
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(6.4) LEMMA. Let W C L be a neighborhood of a (respectively, of w). Then
3r € H such that ®,,(Ny) C W.

PrROOF. The group H is dense in R. Choose a sequence {r;} C H of nonzero
elements converging to 0 and such that each r; satisfies our usual conditions. Then
D,,(No) C W, and, in 0, ®,,(N,y) converges uniformly to N, as i —co. We
emphasize that this convergence is relative to the measure p along the leaves of e,
not in L. It follows that, in L U & (L), {®,,(Ny)} clusters at an end ¢ such that
L C e-lim(L). That is, € is a locally dense end having W, as a neighborhood, so
¢ = a. For suitable values of i, ®, (Ng) C W, so we take r=r. If W is a
neighborhood of w, we argue in the same way, using the sequence { —r;}. [

(6.5) LEMMA. Let W and r € H be as in (6.4). Let W, be the component of
W — @,,(Ny) that is a neighborhood of a (respectively, of w). Then ®,, .5, (Ny) and
@, 12, (No) (respectively, ®,,_,, (No) and @,,_,, (Ny)) both lie in W,

PrOOF. Indeed, W, = @, (W) (respectively, W, = @, (V) and P, (No) U
D,,(No) C W, (respectively, @_,, (No) U @_,, (No) C Vo). O
In our basic construction, take ¢ = 1, + #;. Thus, N = @y, ., (No), etc.

(6.6) CorOLLARY. In L U & (L), lim,_, (N,) = a and lim,_,__(N,) = w.

PRrROOF. Let W C L be a neighborhood of «. Choose r € H such that ®, (Ny) C
W. Let r = myty + myt,. If my < m,, iterate (6.5) to conclude that, for k > m,,
N, C W. Similarly, if m; < m,, we take k > mg to get N, C W. This proves that
lim,_,_(N,) = a and a similar argument gives lim,_, (N,) = w. [

The structure of P(p). We are ready to prove that P(p) = Z X Z. By (6.6),
Niso We =D and Ny Vi =9, so L = U, 4 Bi. The set S N B, must be
finite. Otherwise it has an accumulatlon point on S, implying that a subsequence
converges, in By U & (By), to an end & such that e-lim(L) contains a leaf of ¥|U.
That is, € € & (B,) would be a locally dense end, and this is impossible. We have
supposed there is x, € S N Ny, so there are finitely many numbers 0 = r,
ri, ..., r, such that S N (By — Np) = {®,(xg)}ocic, Since @|S is the identity,
and since r € P(p) if and only if ®,(x,) € S N L, it follows that s and ¢ generate a
subgroup of rank 2 and index g + 1 in P(u). Since P(u) C R, it follows that
P(w=ZXZ [

(6.7) PROPOSITION. Along each leaf of 30, the holonomy is generated by a single
contraction.

PROOF. Let F be a leaf of 3U. Assume U lies on the positive side of F. By [D,
Theorem 3], the holonomy along F is unbounded, so the usual argument, using the
measure p, shows the existence of a holonomy contraction along F. Let x € F,
[x, ) a subarc of the leaf of P containing x, and let o, 7 be loops on F based at x
and defining contractions A, h,: [x, y) — [x, y). Since p[h,(2), z] and p[A.(2), z] are
elements of P(u) = Z X Z, our assertion will follow if we show that suitable
nonzero powers of these contractions are equal.

Let T’ be the pseudogroup on [x, z] C [x,y) generated by A, and h,. If these
contractions are independent, then I'(z) is dense in [x, z], Vz € (x, y).
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As in the proof of (6.4), choose a sequence {r;} C P(p) of nonzero elements
converging to 0 and such that { N} = ®,,(N,y)} converges monotonically to a. That
is, W¥owso ..., N W= Q where W} = ®, (W) is the component of
L — N} corresponding to a. In U, the manifolds N} are confined to a compact
neighborhood of Ny; hence we can assume that there is a collar neighborhood C of
F in U such that N* N C =, Vi > 1. Let B* be the complete, connected
submanifold of L with dB* = N* U N?, . Then & (B}) is a set of periodic ends of
L (2.6) and U, B* is a neighborhood of the locally dense end a. Thus, for i
sufficiently large, we can find z € B* N [x, y) so near to x that all lifts of 6 and 7
starting in [x, z] and staying on leaves must stay in C. Since neither N* nor N},
meets C, I'(z) C B* N [x, z]. If T(z) were dense in [x, z], some end in & (B})
would be locally dense, giving a contradiction. []

(6.8) DerFINITION. If the nucleus K C U can be chosen so that, in each arm
U B, X [—-1,1], 5 restricts to to the product foliation by leaves B; X {¢}, then ¥
is sa1d to be almost trivial.

The property defined in (6.8) makes sense (and often is verified) whether the
leaves of %|U have one or two locally dense ends. However,

(6.9) PROPOSITION. If the leaves of ¥|U have two locally dense ends, then F is
almost trivial.

PrOOF. By the proof of (6.7), together with (2.6), each leaf F in 30U must be the
period of a periodic end & of L, and the basic contraction of (6.7) corresponds to
the spiraling on F of a neighborhood B of € (2.4). Let N C Fbeasin (2.4). If risa
loop on F at x having empty intersection with N, the holonomy A_: [x, y) —>[x, y)
fixes the points of B N [x,y). Since ¥|U is without holonomy, h, must be the
identity. Pick the nucleus K of 0 large enough that N C K N F, and do this for
every leaf F of 3U. Then % must induce the product foliation in each arm U of
U-K O

The following will complete the proof of (6.2). It has some interest in its own
right. We do not assume two locally dense ends.

(6.10) PROPOSITION. If ¥ is almost trivial, then P(p) = Z°®™, 2 < p(p) < oo. If
also U — U is totally proper and d is as in (6.2), the leaves of F|U have exactly
polynomial growth of degree p(p) + d.

Indeed, P(p) is the (everywhere dense) image of a homomorphism p,: H,(U) >
R defined as follows. If [6] € H,(U), we represent it by a cycleo = 2 ¢;, each ¢; a
singular 1-simplex either lying on a leaf of %|U or transverse to | U. If ¢, lies on a
leaf, let py(c;) = 0. If ; is transverse, uy(c;) = * p(c,), the sign being + if and only
if ¢; is directed in the positive sense of the transverse orientation of %. Then
palo] = 2 py(c;) (cf. [P]). Since F|U induces a trivial foliation outside of K N U,
p, vanishes out there; hence P(p) is the image of p,: H,(K N U)—R. But
H(K n U)= H(K) and this is finitely generated; hence P(u) is a finitely
generated, dense subgroup of R. This proves that P(u) = ZPM, 2 < p(p) < oo.

For the rest of the proof of (6.10), we must specify a number of technical
structures. We assume U — U is totally proper.
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Let Fy, ..., F, be the leaves of dU and remark that at least one of these leaves,
say F), is at the maximal level 4. Thus, gr(F,) is exactly polynomial of degree d
and, generally, gr(F)) is exactly polynomial of degree at most d, 1 < j < g (cf.
(2.8)).

Write F, = 4; U Bl -+ UB/, a decomposition as in (2.7), this and the
nucleus K bemg chosen so that A = K NE,1<j<gq. Let B’(E) denote the
B-saturatlon of B' this being an arm of U relat1ve to K. The foliation % induces "3"'
on B; (B), this bemg the product follatxon with leaves diffeomorphic to B' and
havmg the same growth type as B (exactly polynomial of degree at most d cf.
remarks preceding (2.8)). Let N} C L; denote the interface of B‘ and 4. The
£-saturation N/ (B) is a face of the nucleus K.

Let V,, ..., ¥V, be closed biregular neighborhoods (cf. Conventions) such that
K=V, u--- UV, Wecan assume that a small tubular neighborhood T‘ of N; /
in L, has E-saturatlon V‘ =T (B) x[-1, 1}, each {x} X [—1 1] bemg a leaf

of E and each T} X {1} lymg ina leaf of . Let J, be a leaf of 2|V and J; a leaf of
B|V‘ Fix x € mt(J,) and let L be the leaf of %|U through x. Defme v(m)
(respectively ’(m)) to be the number of distinct points of J; (respectively, of J; )
that can be reached by following a chain of %-placques of length at most m + l
Here, of course, the placques in question come from the various ¥; and Vj, the
latter placques being diffeomorphic to 7.

Because each @r;' is trivial, L N K is connected and has growth function the sum
of all »; and »/.

(6.11) LEMMA. If J, C U, then v; has exactly polynmial growth of degree p(p) — 1.
Otherwise, v, (and each v}) has exactly polynomial growth of degree p(p).

PRrROOF. Suppose that neither end of J; meets 3U. Then, exactly as in [P, Theorem
6.3], one shows that », is dominated by a polynomial of degree p(u) — 1 (here we
work in K rather than in the manifold M as in [P]). In the course of this proof, one
sets 28 = w(J;) and considers the function g(m) that counts the number of elements
of P(pu) N [—38, 8] that can be expressed as words of length at most m in a fixed
basis of P(u). The crucial observation is that g is dominated by a polynomial of
degree p(p) — 1. If an end of J; lies on U, then [— 8, 8] is replaced by a (possibly
half-) infinite interval and the degree of growth becomes p( ). Thus, in this case, »;
is dominated by a polynomial of degree p( ), as is each vj. Here we will show that,
in each of these cases, the functions in question also dominate polynomials of these
same degrees.

Fix J = J; or .Ij‘ Let {,,..., t,,) be a rationally independent subset of P(p).
If J c U, we lose no generality in assuming that both ends of J lie in a common
leaf; hence we can take 1,,, = u(J) in that case. If an end of J lies on a leaf F of
30, let y be a holonomy contraction (6.7) on J defined by a loop on F, take
y €J N dom(y), and let 1,,, = p[y(»),y] (where, for definiteness, we have as-
sumed y(y) <y). Finally, arrange that 0 <7 <t,,, 1 <i<p(p)— 1 Let r
denote the holonomy pseudogroup on J defined by the foliation of K.
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First consider the case in whichJ c U. Foreachz € Jand 1 < j < p(p) — 1,
either ®,(z) € J or <I>,J_ —4,(8) EJ. There are corresponding elements v;y, . . ., Y
€ T, each with domain an open subset of J, and each coinciding with (I>,j ord, _,
on that domain, such that J is covered by these domains. In this way one obtains a
finitely generated subpseudogroup I'y C I' which, at each point of J, has growth
dominating a polynomial of degree p(u) — 1. Thus, in this case J = J; and », has
exactly polynomial growth of degree p(p) — 1.

Next, consider the case in which J has at least one end in 3U. Let [y(y), y] C J
be as above. Let I be the finitely generated pseudogroup on [y(y), y] defined as in
the previous paragraph. Of course, I'y can be considered as a pseudogroup on J;
hence Ty C I. A new finitely generated subpseudogroup I\, c T is defined by
augmenting the generating set of I'y by y. At each point of [y(y), y] the growth of
T, dominates a polynomial of degree p(u). It follows that J = J; (respectively, Jj)
and that », (respectively, vj‘ ) has exactly polynomial growth of degree p(p). [

Using the placques in int(B;) coming from suitable biregular coordinate charts,
we produce a growth function g/ for B‘ that is s1multaneously a growth function
for each leaf of 65’ As in the remarks preoedmg (2.8), if g; — 1 is the level of the
leaf on which B' splrals then g/ ' has exactly polynomial growth of degree q]

Let v'(m) denote the number of placques in B’([",) that can be reached from x by
a connected string x € Py, P,, ..., P, of placques, k < m + 1. We need only
consider strings for which there is an integer / with P, C K, 1 <s</-—1,
P, CV/,and P, C B’(B) I+ 1 <s < k. It follows that

vi(m)g/(m) <5 i(2m) < (2m)gj ‘(2m).
This proves the following.

(6.12) LemMA. Each v has exactly polynomial growth of degree p(p) + qj

Since the growth function for L at x is the sum of all », and 17}, (6.10) follows
immediately; hence (6.2) is completely proven.

REMARKS ON THE ANALYTIC CASE. Let &% be transversely analytic. Then, if U is a
local minimal set of locally dense type, if | U is without holonomy, and if U — U
is totally proper, it is easy to show that % is almost trivial. This is accomplished by
an analysis of the holonomy along the leaves of U — U, using the fact that an
analytic holonomy element with infinitely many fixed points (in a compact arc) is
the identity. Thus, (3.6), (3.7), and (6.10) imply that nonexponential leaves at finite
level in a transversely analytic foliation must have exactly polynomial growth. But
one can also show, rather easily, that, for such foliations, there is a finite upper
bound to the levels of all leaves and that there are only finitely many local minimal
sets of locally dense type. This results in the following.

(6.13) THEOREM. Let the (codimension one) foliation % of the closed manifold M be
transversely analytic. Then there are only finitely many growth types for the leaves of
%, the nonexponential types being exactly polynomial.

A detailed proof of (6.13) will appear elsewhere.
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7. Fractional growth. Let s € R, s > 2, and define y,: Z* - R™* by y,(m) = m"*.
By a suitable choice of the sequences {c(k)},, and {N(k)},;, we will construct
%(h, I) exactly as in §5 in such a way that the open, saturated set U consists of
leaves having the growth type gr(y,). In this construction, %(h, /) will be of class
C' and it will be C'-trivial at the boundary. As in (5.2), one can transfer a
modification of this foliation to any closed 3-manifold, the growth type of the
interesting leaves being raised to gr(y,, ;). This will give the following,

(7.1) THEOREM. Let M be a closed 3-manifold and let s > 3 be a real number. Then
there exists a C'-foliation & of M having a local minimal set U of locally dense type
(and U — U totally proper) such that F|U has trivial holonomy and the common
growth type in F|U is gr(y,).

Somewhat similar foliations are constructed in [Tsl]. In [C-CS] we show how to
C *®-smooth the foliations in (7.1).

As in §5, let A: [—1, 1] >[—1, 1] be smooth with A(f) >¢, —1 <t < 1, and
C>-flat at + 1. Fix [@, a] C (—1, 1) such that h(a@) = a. Let ¢(t)d/dt be a smooth
vector field on 7 = [—1, 1] with supp(¢) = [a, a] and ¢(t) > 0 for a < ¢ < a. Let
®: R X I - R X I be the flow generated by this field.

As usual, {c(k)},, decreases monotonically to 0 and {N(k)},, is a strictly
increasing sequence of nonnegative integers. We take N(1) = 0 and define

1k=hN(k)°¢;c(k)°h~N(k)’ I=--- olfol_jo - ol

In §5, the numbers N(k) did not depend on the numbers c(m), so the latter
sequence could be chosen to converge to 0 so fast that / was of class C*. In the
present construction we will not have that freedom. However, if / can be shown to
be smooth of some class C”, n > 1, then it is elementary that / € Diff” (I) and / is
C"-flat at 1.

The following proof was shown to us by G. Hector. An alternative proof is given
in [C-C5, (3.2)].

(7.2) LEMMA. The group G generated by h and | is a subgroup of Diff!, (1) and
every element of G is C'-flat at +1.

ProoF. It will be sufficient to prove that the sequence {d), /dt},,, converges
uniformly to 1 on I. Set I, = supp(},) = h"¥[a, a]. For x € I, and y = h~"®)(x)
€ [a, a), we have

(B OY (@) o
(di/ di), = (h,,(,(,),z’;) (Pey) ()-

Since 4 is of class C*, there exists # > 0 such that |h”(u)/h'(4)| < 8 uniformly on
1. By a calculation that, by now, is classical (cf. [Sa, p. 83]) we obtain

(hN(k))/(q’c(k)()’)) M- J Y
o ( (hN(k))'(y) ) <0 j§0 Ih (q)c(k)(.V)) h (y)'

But @_,(y) — y uniformly on [a, a], and the interiors of the intervals K/(a, a] are
disjoint, so the right-hand side of () tends uniformly to 0 on [a, a] as kK — oo. Since
(®.4)'(¥) — 1 uniformly on [a, a] as k — co, the lemma follows. [

(*)
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Let {s(k)},, be a sequence of integers, each s(k) > 2, and define c(k) induc-
tively by ¢(1) = 1, c(k) = c(k — 1)/s(k), k > 2.

Fix t € (a, a). Let G, C Diff3(J) denote the group generated by {h, /,, ..., }}
and let g, denote the growth function of the graph |G,(#)| relative to this generating
set. Let g denote the growth function of |G(?)| relative to {h, /}. Remark that
g(m) = g,(m) form < N(p + 1).

(7.3) LemMA. If m > 0 and p > 2, then g,(m) < s(p)g,_(m).
ProoF. Let I',(m) C G,(t) denote the subset counted by g,(m). We define an
injection
e:T,(m)—> {0, 1,...,s(p) — 1} X T,_,(m).
The assertion will follow. If ¢ € T',_,(m) C I',(m), set o(¢') = (0, ¢'). If ¢ € T,,(m)
— I',_(m), fix an expression
£ = hE o [50) o pNOI=NG=D o ... o [50) o pND=NW) o [a((),

such that 0 < |a(q)| <s(g), 2 < g < p, a(p) # 0, and |B| + N(p) + ZZ_, |a(d)
< m. Since a(p) # 0, we stress that

r—1
(*%) |8l + N(p) + 21 la($)] < m.
i=
If a(p) > O, set
t* = hB+N(P)_N(P_1) ) l;(fl_l) O +« e« O hN(z)_N(l) ) I‘I’(l)(t)’

an element of I',_,(m), and set ¢(¢') = (a(p), t*). Remark that ¢* uniquely de-
termines B regardless of other choices. If a(p) <0, set a(p) = s(p) + a(p) €
{1,...,s(p) — 1} and remark that

£ = ko [EP) o PNONG=D o [5G iD=l L. o pNO=NW) o Ja)(p)
and (by (++)) that | B| + |a(p — 1) — 1| + 222} |a(i)] + N(p) < m. Set
1* = REFNEONG=D o (sl o L o pND=ND o fa)(p),

again an element of I',_,(m), and set () = (a(p), t*). Again remark that r*
uniquely determines 8. We must show that ¢ can be recovered from g(¢') = (g, t*).
Indeed, if g = 0, = t*, and, if ¢ > 0, #' = h# o [9 o h=B(s*), B being determined
byt*. O

Remark that gr(g,) is exactly polynomial of degree 2. Thus, there are positive
constants a, b such that bm? < g,(m) < am®, Vm > 1.

(7.4) COROLLARY. If m < N(p + 1), then g(m) < (a/c(p))m>.

PRrOOF. The restriction on m implies that g(m) = 8,(m). Repeated applications of
(7.3) give

g(m) = g,(m) < s(p)g,_(m) < - - - < (1/c(p))g(m),
and g,(m) <am?®. O

(7.5) LEMMA. Suppose that, for p sufficiently large, N(p) > s(2) + - - - +s(p). For
such p, take m > 6N(p). Then g(m) > (b/4c(p))m>.
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PRrOOF. Since N(1) =0, /, = ®,,, = ®,. Let k > 0. In the interval THONAAE0)
C (a, a), there are 1/¢(p) points of the form

h=N@ o 1;(?) o hN@)-N@E-1) , [z(fl—l) 6 +++ o 13(2) ° hN(2)-N(l)(11k(,)),

where 0 < a(q) <s(9), 2 < g < p. Each of these points is at a distance (in | G,(#)|)
of less than 2N(p) + s(2) + - - - +s(p) from /f(f). Thus, if m > 3N(p) > 2N(p)
+ 5(2) + - - - +s(p), we have

g(m) > g,(m) > (1/c(p))gi(m — 3N(p)) > (b/c(p))(m — 3N(p))*.
Finally, if m > 6N(p), then m — 3N(p) > m/2, so g(m) > (b/c(p))(m/2%. O
Now we specify the data s(p), N(p). We take s(p) =2, all p > 2; hence

1/c(p) = 2?7~ . For a fixed choice of the real number » > 0, there exists an integer
Po > 0 such that 270 > p., and, if p > pg, [27] > [27P~ V). We define

N(1) =0,

N(p)=p, 2<p<py

N(p) =[2rp]’ P > Po

For p large enough, N(p) > 2(p — 1) = s(2) + - - - +s(p), so (7.5) applies with
this choice of data.

(7.6) LEMMA. With the above choices, (a/2)m**/D > g(m) > b,m**/", for a
suitable positive constant b, and all sufficiently large values of m.

PrOOF. For each m > 1, there is a unique value of p for which N(p) <m <
N(p + 1). By choosing m large enough, one forces p to be as large as desired. In
particular, we can assume N(p) = [27], so m > 27; hence m'/” > 2”. By (7.4),

g(m) < (a/c(p))m?® = a2?~'m? < (a/2ym*+(/",
For large m, there is a unique value of p such that 6 N(p) <m < 6N(p + 1), again
forcing p to be large. By (7.5), g(m) > (b/4c(p))m® = (b/16)2°*'m?. But m <
6N(p + 1)< 6-27P*D 5o m'/7/6'/7 < 2P*!, Thus, take b, = (b/16)6~'/" and
obtain g(m) > b,m**1/7. ]

As r ranges over (0, ), s = 2 + (1/r) ranges over (2, o). Thus, for each such s
we have constructed a C'-foliation %(h, /) such that the leaves in U have the
growth type of y,. This completes the proof of (7.1).
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