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Abstract

A group G is periodic of bounded exponent if there exists k € N such that every
element of G has order at most k. We show that every finitely generated periodic
group of bounded exponent G < Diff ,(S?) is finite, where Diff, (S?) denotes the
group of diffeomorphisms of S? that preserve an area form w.

1. Introduction

A group G is said to be periodic if every element of G has finite order. If there
exists N € N such that gV = id for every g € G (where id € G denotes the identity
element), then G is said to be a periodic group of bounded exponent. The so-called
Burnside problem is a famous question in group theory originally considered by Burn-
side in [3], and which can be stated as follows.

Question 1.1 (Burnside, 1905)
Let G be a finitely generated periodic group. Is G necessarily finite? What if G is
periodic of bounded exponent?

Burnside himself proved in his article [3] that if G is a linear finitely gener-
ated periodic group of bounded exponent (i.e., G < GL, (C)), then G must be finite.
In 1911, Schur in [31] improved Burnside’s result, removing the bounded exponent
hypothesis. However, in general the answer to Question 1.1 turned out to be “no,” as
counterexamples were later discovered in the 1960s by Golod and Schafarevich [12]
and [13] and by Adian and Novikov [28]. Since then, many more examples have been
constructed by Olshanskii, Ivanov, and Grigorchuk, among others, and there is a vast
literature on the subject (see, e.g., [29]).

Nonlinear transformation groups like homeomorphism groups, diffeomorphism
groups, volume-preserving diffeomorphism groups, groups of symplectomorphisms,
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and so on are conjectured to have many common features with linear groups (see
Fisher’s survey [9] on the Zimmer program). For example, the following question,
attributed to Ghys and Farb independently, is stated in [9] (see also [8, Question
13.2]).

Question 1.2 (Burnside problem for homeomorphism groups)

Let M be a connected compact manifold, and let G be a finitely generated subgroup
G < Homeo (M) such that all the elements of G have finite order. Then, is G neces-
sarily finite?

At this point it is important to note that compactness is an essential hypothesis
in Question 1.2. In fact, it is widely known that, given any finitely presented group
G’, there exists a connected smooth 4-manifold M such that its fundamental group
71(M) is isomorphic to G’. Hence, (any subgroup of) G’ clearly acts faithfully on
the universal cover M of M. To the best of our knowledge, it is not known whether
there exists a finitely presented infinite periodic group, However, free Burnside groups
and Grigorchuk’s group from [14] are known to be recursively presented and, conse-
quently, can be embedded by Higman’s embedding theorem into a finitely presented
group G’ and so act faithfully on a noncompact 4-manifold smoothly.

For the time being, we know Question 1.2 has a positive answer just in a few cases
and no negative one is known. For instance, in the 1-dimensional case, that is, when
M =SS!, this is an easy consequence of the following theorem attributed to Holder
(see, e.g., [26, Theorem 2.2.32]): Any group G < Homeo (S!), where Homeo (S')
denotes the group of orientation-preserving homeomorphisms which acts freely on
S! (i.e., the identity is the only element exhibiting fixed points), is an abelian group.
Therefore, as any periodic group G < Homeo (S') must act freely on S!, G must be
abelian and therefore finite, being finitely generated.

In higher dimensions, Rebelo and Silva in [30] give a positive answer to Ques-
tion 1.2 for groups of symplectomorphisms on certain symplectic 4-manifolds. Guel-
man and Liousse in [16] and [17] do so for hyperbolic surfaces and groups of home-
omorphisms of T? exhibiting an invariant probability measure. In the Appendix we
extend these last results for higher dimensions.

The main result of this article is the following.

THEOREM 1.3

Let w be an area form on S?, and let Diff °(S?) be the group C*®-diffeomorphisms
of S? that preserve w. Then, any finitely generated periodic subgroup of bounded
exponent of Diff °(S?) is finite.
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We should point out that Conejeros in [4] recently proved some results about
periodic groups in Homeo (S?), using the theory of rotation sets and methods dif-
ferent than ours that are closer to the methods used by Guelman and Lioussse in [16]
and [17].

In the Appendix, we also prove some further results about actions on hyperbolic
manifolds and tori, extending to higher dimensions previous results of Guelman and
Liousse in [16] and [17].

1.1. Outline of this article

In Section 2, we fix some notation we use throughout the paper, and we recall some
previous known results on differential geometry and topology. Sections 3, 4, and 5
are dedicated to the proof of Theorem 1.3. For the sake of readability, let us roughly
explain the strategy of that proof.

To do that, let G be a finitely generated periodic subgroup of DiffS°(S?) with
bounded exponent. In Section 3 we show that the group G exhibits subexponen-
tial growth of derivatives; that is, the norm of the derivatives of the elements of G
grows subexponentially with respect to their word length in G. The proof of the
subexponential growth of derivatives is based on encoding the group action as a
Diff °(S?)-cocycle over the full-shift k symbols, where k denotes the number of
generators of G. This is a classical construction in random dynamics (see, e.g., [23]),
and we use it to show that the exponential growth of the derivative implies the exis-
tence of an element of G exhibiting a hyperbolic periodic point, which contradicts
the fact that G is periodic. These ideas are closely related to Liv§ic’s theorem for
diffeomorphism group cocycles (see [1], [24]) and to Katok’s closing lemma (see
Lemma 3.4).

Then, invoking a rather elementary argument, in Section 5 we show that the sub-
exponential growth of derivatives is incompatible with the exponential growth of
the group G itself, with respect to the word length. It is interesting to remark that
this is the only part of the proof where the boundedness of the exponent is indeed
used.

So, in Section 4, which contains the more elaborate and intricate arguments of
the proof, we assume the group G has subexponential growth (with respect to the
word length). The rough idea here is to try to show the existence of a smooth invari-
ant Riemannian metric m on S2. If such a metric exists, then by the uniformization
theorem of surfaces (Theorem 4.3) there exists a diffeomorphism /: S? © such that
the pullback metric 4* (m) is conformally equivalent to the standard metric m¢ on S2.
Consequently, 1~ 'Gh is a group of conformal maps and so A~'Gh < SL,(C). Then,
as a consequence of Schur’s theorem in [31], G must be finite.
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With the idea of finding an invariant metric, we define for each ¢ > 0 an “almost-
invariant” Riemannian metric given by

m® = E e~elels g* !,
geG

where S C G is a finite set of generators of G and |-|s denotes the associated word
length function on G.

Using the assumption that G has subexponential growth and the subexponential
growth of derivatives, we show these metrics are well defined and smooth for every
& > 0. Then, we show in Lemma 4.2 that each element of the generating set S C G
is e®-Lipschitz with respect to m®. Using the uniformization theorem we construct a
sequence of conjugacies g; € Diff ®(S?) such that each diffeomorphism g; ! os 0 g,
G?, with s € S, is an e®-quasiconformal map. Invoking rather classical facts about the
compactness of the space of quasiconformal maps (Lemma 4.5) and some elementary
arguments, we obtain a contradiction with our assumption that G is infinite, and this
completes the proof of Theorem 1.3.

2. Preliminaries
In this section we fix some notation we will use throughout the paper and recall some
concepts and results.

2.1. Finitely generated groups

Let G be a finitely generated group, and let S C G be a finite set of generators of G.
We say S is symmetric when s~! € S for every s € S. Then given a symmetric set of
generators S, we define the word length function |-|s : G — Ny by |id|s = 0 and

|g|ls :=min{n eN:g =5j 55,5}, fors; €S}, (1)

for every g € G \ {id}. We say that the group G has subexponential growth when it
holds that

L eMg€Glgls =n} _
m =

n—-+o0o n

0, 2)

where f}{-} denotes the number of elements of the set. It is well known that this concept
does not depend on the finite set of generators. Observe that, by classical subadditive
arguments, the above limit (2) always exists.

2.2. Groups of diffeomorphisms and C" -norms
Let M be a closed smooth manifold. The group of C”-diffeomorphisms of M will
be denoted by Diff” (M). The subgroup of C”-diffeomorphisms which is isotopic to
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the identity will be denoted by Diff(,(M ). When M is orientable and w is a smooth
volume form on M, we write Diff] (M) for the group of C”-diffeomorphisms that
leaves w invariant. When M is endowed with a Riemannian metric m, we apply the
unit tangent bundle (UTM); that is,

UTM :={veTM :|v| =1},
where |-| denotes the norm induced by m. Then, given any f € Diff' (M), we define
[DHI" = suw [Df@)] )
veUTM
and
[DH = max{[ DO [P @

Next, we will define the C"-norm |-|| (see [10, Section 4] and the references therein
for a more complete discussion). Let us start by noting that the Riemannian metric m
induces an isomorphism (by duality) between 7'(M) and T* (M), that is, the tangent
and cotangent bundles of M. So, g induces an inner product on both bundles and,
consequently, on every tensor bundle over M . For instance, g induces a metric in the
space of symmetric i-tensors, which is denoted by S*(T*(M)), for any i. So, we
consider the space of Riemannian metrics endowed with the topology induced by the
ambient space S?(T*(M)).

The norms ||-|| are defined using the language of jets. Given a C” bundle E
over M, let J" (E) be the vector bundle of 7-jets on E (for more details, see [10], [6,
Chapter 1], and references therein). So, a C"-section of E gives a continuous section

of J"(E) (but not the other way around) and two such sections coincide at some point
in M if and only if the derivatives of the original sections agree up to order r at that
point. Observe there is a natural identification

;
J(E)y=@P S (T*M)RE
i=1
as proven, for example, in [10, Section 4].

Let J™ (M) be the bundle of r-jets of sections of the trivial bundle E := M x R.
Then notice that any C”-diffeomorphism ¢: M *O naturally induces a linear map
JT(@)(x): JT(M)x — J"(M)4-1(y) that sends each C"-section s: M — R to so¢.
Therefore, we can define

91l = max| /" @) )] 5)

where ||j"(¢)(x)] is the operator norm defined from the norms on the vector spaces
.]r(M)x and Jr(M)¢—1(x).
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One can also define norms |-||). on the bundles J” (M) using coordinate charts
as follows. Consider a finite covering of M by coordinate charts (U;, ;). Fora C”-
section s of E = M x R, one defines

sl := max|[ Dy, (s 0w

I

where this maximum is taken by considering the functions s o wi_l : R” — R in each
coordinate chart and then calculating the maximum absolute value of a partial deriva-
tive of degree j less than or equal to r of such functions over x € U;. It is easy to
verify that the norms |||, and |-||\. are equivalent on J” (M ). Given a diffeomorphism
¢ € Diff" (M), similarly to how we define the norm ||¢||,, we can define a norm || @],
and these norms must be equivalent.

We will need the following basic fact relating ||-||; and || D(-)||, which we defined
in (4).

PROPOSITION 2.1
Let M be a closed smooth manifold. Then there exists a constant C > 0 such that

. V¢ eDiffl(M).

gl < C||D(9)]

Proof

This follows from the fact that the norms ||-||] and [|-||; are equivalent, and [|¢||] is
bounded above by the maximum derivative of ¢ in coordinate charts, which is also
bounded by a C || D(¢)||, for some constant C just depending on M. O

The following notion plays a fundamental role in our work.

Definition 1 (Subexponential growth of derivatives)

Let M be a smooth closed manifold, let G < Diff ® (M) be a finitely generated sub-
group, and let S C G be a finite symmetric set of generators. Then we say that G
has subexponential growth of derivatives when, for every ¢ > 0 and any r € N, there
exists Ng, € N such that

”wn”r Sena’ Vn ZNs,rv

and any w, € G such that |w,|s < n, where |-|s denotes the word length function
given by (1).

2.3. Riemannian metrics
In Section 4 we will deal with the convergence of Riemannian metrics, so here we
recall some basic facts about the space of metrics. Recall that if M is a closed smooth
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manifold, a Riemannian structure m on M induces a metric on S?(T*(M)). If s
denotes a section of the tensor bundle S2(7*(M)) and ¢ € Diff"*!(M), there is a
natural action of ¢ in the bundle of r-jets of sections of S2(T*(M)) which is defined
by sending s to the pullback ¢*(s). We will need the following basic result.

PROPOSITION 2.2
There exists a constant C > 0 just depending on M such that

l¢* )], = Cligllr+illslr-

Proof

By taking coordinate charts, we can also define norms on J” (S2(T*(M))) as we did
for J" (M), coinciding with the norms for metrics defined in [20]. Then, Proposi-
tion 2.2 follows from Lemma 3.2 in [20]. O

We will also need to make use of the following.

PROPOSITION 2.3

Let r > 1, and let (s,), be a sequence of sections of S*>(T*(M)) which is a Cauchy
sequence in the space of r-jets of S2(T*(M)). Then there exists a section s of the
bundle of r-jets in S>(T*(M)) such that ||s, — s||, — 0 as n — +oo.

Proof

This is consequence of the definition of the norms ||-||). in terms of coordinate charts
and the fact that a Cauchy sequence of C” real functions which are supported in a
compact set converges to a C” real function in the C”-topology, which is an easy
consequence of Arzela—Ascoli theorem. More details can be found in [20]. Ol

3. Subexponential growth of derivatives

Throughout this section, M will denote a closed orientable surface, and w will denote
a smooth area form on M. Given any f € Diff' (M), we say p € M is a hyperbolic
fixed point of f when f(p) = p and the spectrum of Df}, does not contain complex
numbers of modulus equal to 1.

Definition 2
We say that a group G < Diff' (M) is elliptic if there is no element in G having a
hyperbolic fixed point.

For example, any subgroup of SO(3) is an elliptic subgroup of Diff°(S?),
where w denotes the smooth area form induced from the Euclidean structure of
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R3. There exist other examples of elliptic subgroups of Diff°(S?). For example,
one can construct abelian groups of commuting pseudorotations using the so-called
Anosov-Katok method (see, e.g., [7]).

A natural question about elliptic groups of diffeomorphisms of S? is the follow-
ing.

Question 3.1
Are all elliptic subgroups of Diff 5°(S?) either solvable or conjugate to a subgroup of
SO(3)?

The main result of this section is the following.

LEMMA 3.2 (Subexponential growth of derivatives)

Let M be a closed orientable surface, let @ be an area form on M, and let G be a
finitely generated elliptic subgroup of Diff 5’ (M). Then, G has subexponential growth
of derivatives (see Definition I).

We will begin the proof of Lemma 3.2 by proving a similar weaker result that just
considers the first derivative. In fact, we will start by proving the following.

LEMMA 3.3
Let G be a finitely generated elliptic subgroup of Diffi(M ), and let S be a finite
symmetric generating set of G. Then, for any & > 0, there exists Ng > 0 such that

|D(wn)| <. Vn=N,,
and every w, € G with |wy,| <n.
To prove Lemma 3.3, we first need some definitions. Let S = {s1,52,...,5,} be

the generating symmetric set of G, and consider the space X := S% consisting of bi-
infinite sequences of elements of S. There is a natural shift map o: X <D given by

o:(...8-1.80.81.--)—>(....81.80.81.--.), where g/ := g; 1, forevery i € Z.
Then consider the map F: ¥ x M D given by

F(w,x) = (0(w),go(x)), Yw=(..,g1,80.81...) € Z,Vx M.
The map F encodes the group action, and we have the obvious commutative diagram:
F
XXM — ¥ xM

x| &

¥ — X
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To prove Lemma 3.3, let us start by recalling some classical facts about non-
uniformly hyperbolic dynamics (see [22, Supplement] for more details). Given a C !-
diffeomorphism f: M O and an ergodic f-invariant probability measure p, there
are a measurable set X C M with u(X) =1, real numbers A; < A, <--- < A with
k < dim M, and a measurable splitting TM |y = @*_, E' such that Df(EL) =
Eif(x), for every x € X and any i € {1,...,k}, and such that

. VxeX, Vv, € E'\{0},

1 n
A= lim —log| Df!(v)

andeveryi € {1,...,k}. The numbers A; are called the Lyapunov exponents of f and
. The measure u is said to be a hyperbolic measure when all its Lyapunov exponents
are different from zero.

Then the idea of the proof of Lemma 3.3 goes as follows: reasoning by contradic-
tion, we suppose subexponential growth of derivatives does not hold. Then, we show
the existence of an ergodic F'-invariant probability measure p exhibiting nonzero top
Lyapunov exponent along the fiber, that is, on M. Since we are assuming the fiber M
has dimension 2 and the action preserves area,' the lower Lyapunov exponent must
be negative. On the other hand, the dynamics on the base, given by the full shift, are
uniformly hyperbolic. So, p is essentially a hyperbolic measure (see [22, p. 659] for
details).

We now recall the following result due to Katok.

THEOREM 3.4 ([21], [22])

Let N be a compact manifold, let F be a C'"-diffeomorphism of N, and let y be
an ergodic hyperbolic measure for F. Then, there exists a hyperbolic periodic point
of F. Moreover, the periodic point (and its orbit) can be chosen as close to supp(jt)
as one wants.

We will prove that Theorem 3.4 is also true if one considers the space N :=
3 X M and the map F as before (observe that 3 x M is not a manifold and F is not
a diffeomorphism), and so we will obtain a hyperbolic periodic point (w, x) for F' of,
say, order k. The element w € ¥ is determined by the infinite biconcatenation of a
word of length k that defines an element of G having x as a hyperbolic fixed point,
giving a contradiction.

To avoid re-proving Katok’s theorem for our space ¥ x M and F, we will embed
the dynamics of F into the dynamics of a diffeomorphism F’ of a 4-manifold N.
Then, we will construct a hyperbolic measure p for F’ and directly apply Katok’s
theorem as stated above to F’.

'In fact, this is the only point where the volume-preserving assumption in Theorem 1.3 is crucial.
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Now, we prove Lemma 3.3.

Proof of Lemma 3.3

First we embed the dynamics of the shift o: ¥ D into the dynamics of a linear 2-
dimensional horseshoe map (see [22, Chapter 2, Section 5] for details). More for-
mally, there exists a C*°-diffeomorphism /: S? © such that & acts on an open set
U C S? as the linear Smale’s horseshoe map, where A := ("), 2" (U) is a hyper-
bolic Cantor set for 4. So, there is an embedding E’: £ — S? such that E/(Z) = A
and the following commutative diagram holds:

y £ s

1
Y —— §?
I
The embedding E’ can be naturally extended to an embedding E: ¥ x M — S? x
M . Then we will extend the homeomorphism E o F o E71: E(X x M) — E(X x
M) to a smooth diffeomorphism F’: S? x M ©, which is a skew product over the
diffeomorphism /4 : S? ©. This extension exists only if G C Diffg(M ); that is, every
element of G is isotopic to the identity. For the sake of simplicity and since we are
mainly interested in the case M = S2, we will assume G is contained in the identity
isotopy class.

Then such an extension is constructed considering a smooth map f: S? ©
Diffﬁ(M) (e.,S?xM 3 (z,x)— f,(x) € M is C?) such that f; = g, for every
zeACS% and (...,g-1,81.81....) = E71(2) € . In fact, given such a map f,
we can simply define

F'(z,x):= (h(2), fz(x)), VY(z,x)€S*x M,

and we clearly get the following commutative diagram:

SxM —5 s S2x M

b

SxM T) SZXM

In conclusion, we have embedded the dynamics of F into the dynamics of a C?2-
diffeomorphism F’ of the 4-manifold N := S? x M that fibers over a diffeomorphism
h: S? ©. We will now construct the ergodic hyperbolic measure y for F'.
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Let UTM be the unit tangent bundle of M. Then we consider the map dF": S? x
UTM © that fibers over F’ which is given by

Dfz (x)v
[ Dfz (x)v]

Analogously, one can define the map dF : ¥ x UTM © that fibers over F and is
given by

OF'(z,(x,v)) := (h(z), ) VzeS? V(x,v) e UTM.

Dgo(x)v )
IDgo(x)vll/”

for every w = (...,g-1,80,81,--.) € X and every (x,v) € UTM, and the map
0E: ¥ x UTM O just given by 0F := E’ x idyras. Notice that by our definitions,
it holds that 0E o 0F = dF’ o OF.

Then, let us suppose there is no subexponential growth of derivatives. So, there
exist € > 0, a sequence of words w, of elements of S of length smaller than or
equal to n, and vectors (x,,v,) € UTM such that || Dy, w,(v,)|| > e*", for each
n > 1. Let us define W, € X to be the bi-infinite periodic word Wy, = -+ Wy Wy Wy * -,
and let 8¢, .(x,,v,)) b€ the Dirac measure on ¥ x UTM supported on the point
(Wn, (xn,v,)). We consider the sequence of measures

8F(w, (x, v)) = (G(w),

n

1 .
V= D (@F)) Bty xwony): Y1 =1

i=1
Then, consider the function ¥ : S> x UTM — R given by

I Dfz (W)l 7. x)
vl

1//(2,(x,v)):10g< ), VzeS%V(x,v)eUTM,

and observe that
/ Y d(0E«vy) =[ (Y 0 0E)dvy,
S2xUTM SxUTM

1 o i
_ Zw o 3E(3Fl(li)n7 (xmvn)))
i=1

n?

(”Dxn wn(vn)”wn(xn)) > g

1
> —1lo
v llx,

(6)

for every n > 1. So, by the Banach—Alaoglu theorem, there exists a subsequence
(0E«vn; )n; that converges in the weak-star topology to a measure v/, which is clearly
dF’-invariant, and by (6), it holds that

/ Yydy >e.
S2xUTM
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Then, if we consider the ergodic decomposition of v’, there exists an ergodic dF’-
invariant probability measure v such that

/ Ydv>e. (7
S2xUTM

Now, let u be the pushforward measure of v by the projection on the S? x M
factor; that is, j := pr,v, where pr: S?> x UTM — S? x M denotes the natural pro-
jection. Observe y is an ergodic F’-invariant measure. We claim p is a hyperbolic
measure for F’; that is, all its Lyapunov exponents are different from zero.

In order to prove that, first observe that the measure p is supported on the subset
A x M, where A is the horseshoe of diffeomorphism /, and consequently, it is a
uniform hyperbolic set (see [22, Chapter 2, Section 5] for details). So, to show that p
is a hyperbolic measure, it is enough to show that its both Lyapunov exponents along
the vertical fibers (i.e., on the M factor) are different from zero.

By combining (7) and the result [25, Proposition 5.1], we conclude that the top
Lyapunov exponent of p along vertical fibers is positive. Since the diffeomorphism
fz € Diffﬁ (M) leaves invariant the area form w, for every z € A, and u is supported
on A x M, this implies that the bottom Lyapunov exponent of p along vertical fibers
is negative. Thus, u is an ergodic hyperbolic measure.

We can apply Theorem 3.4 to conclude that, for every open neighborhood V'
of A, there is a hyperbolic periodic point p’ € V x M for F’. Since A is a locally
maximal invariant set for 4, that is, A = (), h" (V) for every sufficiently small
neighborhood V' of A, this implies p’ € A x M. Hence, we can consider the point
(w?,x?):= E~!(p’) € £ x M, which is a periodic point for F. Since 0F’ 0 E =
dF o 0F , we conclude (w?, x?) is hyperbolic along the vertical fibers, contradicting
the fact that there is a natural number k such that FK(w?, x) = (w?,x), for every
xeM. O

In order to finish the proof of Lemma 3.2, first we need to recall the following
result, which is an easy consequence of the chain rule in dimension 1 and, according
to Fisher and Margulis in [10], a well-known estimate used in KAM theory.

LEMMA 3.5 ([10, Lemma 6.4])

Let M be a compact smooth manifold, let ¢1,¢s,...,¢, € Diff (M), let Ny :=
maxXi<i<n ||@i |1, and let Ny := maxi<j<n ||@illr. Then, there exists a polynomial Q
(just depending on the dimension of M ) such that

[p10pr0---0dull, lernQ(”Nr)-

We can now give a proof of Lemma 3.2.
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Proof of Lemma 3.2

From Proposition 2.1 and Lemma 3.3, one observes that Lemma 3.2 holds for r = 1.
Then, given any r > 1 and ¢ > 0, we apply Lemma 3.2 to guarantee the existence of
a natural number N £,150 that

lwalls <e5. Vn=Ng .

for any C"-diffeomorphism w, : M  that can be written as a composition of at most
n elements of S. Then, Lemma 3.2 easily follows from Lemma 3.5 and a properly
chosen constant N ;. (|

4. The subexponential growth case

In this section we prove Theorem 1.3 for periodic groups of subexponential growth.
So, we will assume G < Diff®(S?) is a finitely generated periodic subgroup with
bounded exponent and subexponential growth; that is, if S C G is a finite generating
set of G, then condition (2) holds.

THEOREM 4.1

Let w be an area form on S?, and let G < Diff °(S?) be a finitely generated periodic
subgroup with bounded exponent and subexponential growth (i.e., if S C G is a finite
generating set of G, then condition (2) holds). Then, G is finite.

The idea of the proof of Theorem 4.1 goes as follows. Combining the subex-
ponential growth of G and the subexponential growth of derivatives we proved in
Lemma 3.2, we find, for each ¢ > 0, a C® “a la Pesin” Riemannian metric m® on
S? such that each element of S is e®-bi-Lipschitz for m® (Lemma 4.2). By the uni-
formization theorem of surfaces, each metric m?® is conformally equivalent to the stan-
dard metric m in S?, which implies there are conjugates G, = g, ' Gg, of the group
G such that each element of the generating set S, := g. ' Sg. is an e®-quasiconformal
homeomorphism of S. Then, as € — 0, we show that up to conjugation G, converges
to a Burnside group Gy which acts conformally on S?; that is, the group Gy is a peri-
odic subgroup of PSL, (C) which, by the Schur theorem, must be finite. We will show
this implies that G is finite as a consequence. We start by constructing the family of
Riemannian metrics (m°)¢~9, which is mainly motivated by Pesin’s work on nonuni-
form hyperbolicity (see, e.g., [22] for details).

LEMMA 4.2

Let M be a closed smooth manifold, let G < Diff ®° (M) be a finitely generated group
with subexponential growth and subexponential growth of derivatives (see Defini-
tion 1), and let S be a finite set of generators of G. Then for any ¢ > 0 there exists a
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C®-metric m® such that

e || < [Dxs)|, o, < €°Ivl5, (8)

&
s(x)
forevery s € S and every (x,v) € TM, where |v|® := /mZ (v, v).

Proof
Let us start by considering an arbitrary C °° Riemannian metric 72 on M, and let & be
any positive number. For each integer n > 0, let us write

& _ —elgls o*
m, = E e g'm,
g€By,

where B, :={g € G : |g|s < n} and g*m denotes the pullback metric of m by g; that
is, g*m(v,w) :=m(Dg(v), Dg(w)). The metric m® will be constructed as the limit
of the sequence (m%), as n — oo.

By fixing an integer r > 0, by Lemma 3.2 there is a natural number Ng/3 41 >0
so that, for any g € G satisfying |g|s > Ng/3,-41, we have

elgls

lgllre1 <e 3

On the other hand, since we are assuming G is a group of subexponential growth,
there exists a constant K, > 0 so that

t{eeG:lgls <n}<e¥, Vn=zK.

Therefore for any n > max{N,/3 ,, M.}, by Proposition 2.3 we have

llmy —my |- = H Z e " g"m .
g€By\By—1
<H(Bp\ Bp—1)e®" max |g*ml|,
g€By\By—1

<H(By \ Bu1)e " Ce'3 ||m||,
<C|ml,e5".

Therefore, the sequence {m},>1, when its elements are considered as r-jets of
S2(T*(M)), is a Cauchy sequence. Then, by Proposition 2.3, {m},>1 converges to
a C"-tensor m® in S2(T*(M)). The tensor m® is easily seen to be a nondegenerate
metric, and as previous estimates are true for any r > 0, the metric m? is in fact C*°,
too.
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To prove the estimates in (8), observe that, given any vector v € Ty (M), we have

(s*my)(v,v) = Y e 18 (gs)* m(v, v)

gE€By

568( Z e_glglsg*m(v,v))

geBn+l

=e‘m; , (v,v).

Taking limits in the preceding inequality, we obtain | Dys(v)|® o) =€ |v]%. The other

inequality follows in a completely analogous way. O

Now, we invoke the uniformization theorem for the 2-sphere S? for finding nice
conjugates of our group G. We recall the statement of the uniformization theorem in
the following form (see [5, Chapter 10] for more details).

THEOREM 4.3 (Uniformization of S?)

Any C® Riemannian metric m on S? is conformally equivalent to the standard metric
mo in S2. That is, there exist a C®-diffeomorphism g: S* ©© and a C*>°-function
h: S? — R such that

g*m = e"my.

By invoking Lemma 4.2, we can construct a family of Riemannian metrics
(m?)e=o satisfying estimate (8) for each element of the generating set S. Then,
by applying Theorem 4.3 to this family of metrics,we can construct a family of
C*°-diffeomorphisms (g¢)s~0 and C* real functions /. such that

gim® = e"mg, Ve>D0. 9)

Now, for each generator s € S we define

Se 1= ge_1 0S5o0g,. (10)
We will prove that, as ¢ — 0, the diffeomorphisms s, get closer to being conformal
with respect to the standard metric mg on S?. To do that, we first recall the purely
metric definition of quasiconformality (see, e.g., [19] for more details).

Definition 3
Let (X,dx), (Y, dy) be two metric spaces, and let /' : X — Y be a homeomorphism.
For each r > 0 and x € X we define
ey e SR SOy € X, dxrn) <)
’ inf{dy (f(x), f(y)):y € X, dx(x,y) >r}
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Then we say that f is K-quasiconformal, for some K > 1, whenever

limsupHyr(x,r) <K, VxelX.

r—0

Then we have the following.

LEMMA 4.4
For every number & > 0 and every s € S, the diffeomorphism s¢: S* © given by (10)
is e%¢-quasiconformal with respect to the standard Riemannian metric mo on S.

Proof

Let s be an arbitrary element of S, and let ¢ be a fixed positive number. Given any
point x € S and any vector v € Ty (S?), we write |v|? and [v|% for the norms of v in
the standard metric mo and the metric m?, respectively. Observe that to prove that s,
is e2¢- quasiconformal it is enough to show that

26 _ |ste(v)|g )

2¢ 2 2
<e”®, VxeS°, Vv, weT(S), (11)
[ Dass(w)|° 3y

se(x)

such that |v|, = |w|x = 1.
Let y be an arbitrary point in S?, and let v’, w’ be two vectors in Ty (S?). By the
inequalities (8), we know that

WL <[ Dys@[], < e

So it follows that

Vs 1Dys00l 0 "
Wl = 1DyslE,, 1wl

We also have that g¥m® = ehemo Then, |D, g (v’ )| = 2= y/|9, and

g (62
therefore, if we take y = g.(x), v/ = Dyxg¢(v), and w’ = D,g.(w) in inequality

(12), then we obtain

2e 26 eZhsgs(x)|v|2

eZhsgs(-x) |w|9€
- |Dgg(x)s(ng6v)|§g£(_x)
- |Dg3(x)5(ngew)|§g8(x)

e2hege (g 19

— 28
g2h£gs(x)|u)|9€ e (13)
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On the other hand, we have that

|Dg£(x)S(ngsU)|§g8(x) _ |Ds£(x)gs(stsv)|§858(x)
Deeys(Dxge)lig, vy [Dsex)8e(DuxseV)g, s, vy

2h 0
st |Dasovls

25O Deseul? )

_ |stsv|gg(x)

B |stsw|g£(x) '

Therefore, putting together the previous inequality and (13), we obtain (11). O

We will use the following known fact about quasiconformal maps on surfaces
(see, e.g., [11, Theorem 1.3.13]).

LEMMA 4.5

Let x1, X2, X3 be three different points on S?, and let ( f,: S*> )¢~ be a family of
homeomorphisms satisfying:

(D) fe is K¢-quasiconformal;

2) K.,— 1, ase—0;

(3)  foreache >0, f; fixes x1, X2, and x3.

Then f; —1d, as € — 0, in the C°-topology.

Remark 4.6
The same result holds true if the three points x; are allowed to depend on ¢ under the
additional assumption that they remain at a bounded distance away from each other.

Proof

This follows from the compactness of K-quasiconformal maps of S?, which states
that the family of K-quasiconformal maps of S? fixing three points x;, X5, X3 is
compact in the C%-topology (see [1 1, Theorem 1.3.13] for further details). Therefore,
any subsequence { f;,} of maps f; has a convergent subsequence converging to a
map f’ which must be K, -quasiconformal for every K, and, therefore, conformal.
So, f’ € PSL,(C). Besides, this map f’ must fix x1, x2, and x3, and so, f/ must be
the identity. O

In what follows, we will make repeated use of the following classical fact.
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PROPOSITION 4.7
If f is a diffeomorphism of S* which preserves the orientation of finite order k, then
f is conjugate to a rotation of order k.

Proof
Let m’ be any Riemannian metric on S?, and consider the metric

k
1 i * /
mi= ) (&) m).
i=1
The metric m is g-invariant and, by the uniformization theorem, conformally equiva-
lent to the standard metric mo on S. This implies that g is conjugate to a diffeomor-
phism of S? which preserves orientation and acts conformally on S?, and therefore,

g € SL(C). As g has order &, the element g is conjugate to a rotation of order k in
SO(3). O

We will need the following consequence of Lemma 4.5.

PROPOSITION 4.8

Let s: S?> © be a periodic homeomorphism different from the identity, and let

{se: S? D}eso be a family of homeomorphisms such that the following conditions

hold:

(1)  foreach e >0, s, is topologically conjugate to s;

2) there is a family of positive real numbers {Kg}e=o such that s; is Kg-
quasiconformal, for every e > 0 and Ky — 1, as ¢ - 0;

3) there exists § > O such that if p., qe are the two fixed points of s, then it holds
that d(pe,qe) > 6, for every € > 0.

Then the family {s;}¢¢ is precompact with the uniform C°-topology, and if s': S* ©

is a homeomorphism such that there is a sequence ss, — s', with e, — 0, then s’ €

PSL,(C) and s’ has the same period as s.

Proof
Given any ¢ > 0, the diffeomorphism s, is conjugate to a finite-order rotation. So s,
has exactly two fixed points, which are denoted by p. and g.. Therefore, there exists
a conformal map A, € PSL,(C) sending p, to Z := (0,0,1) € S> C R3 and ¢, to
—Z =(0,0,—1) € S> C R3. Moreover, we can suppose that the family {|| A¢| }e=o is
bounded and consequently precompact.

Let us define S, := AESEAg_l. If we consider the great circle C in S? determined
by the xy-plane in R3, then there is a point x, € C such that S;(x;) € C. Then, there
is arotation Rg, € SO(3) fixing Z, —Z and sending x, to S¢(x.). Therefore, the map
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S,,;Rg_g1 is still K¢-quasiconformal and fixes the three points Z, —Z, and S¢(x¢). By
Remark 4.6, we have Sng_gl — 1d in the C°-topology, as & — 0. By the compactness
of SO(3), there are a subsequence {&,, },,, with &, — 0 as n — o0, and an angle 6 such
that Ry, — Rg as n — 00. So, S¢, — Ry.

To finish the proof, we must show that Rg has order k. Since S;, — Rg as n —
0o, we have that S;‘" — R’g, and so, R’g = Id. This implies that Ry has order k’
dividing k. If k' < k, then S fn/ — Id as n — oo, where an/ is conjugate to a rotation
of order  := % But this is impossible as any conjugate of a rotation of order & must
move some point in S? at least distance « in the standard metric on S2. O

We will now begin the proof of Theorem 4.1. We start by considering the case
where G is 2-generated.

PROPOSITION 4.9
Let S be a generating set of a group G as in Theorem 4. 1. For any pair of elements
s,t €S, the subgroup G' = (s, t) of G is finite.

Proof

First let us consider the case where s, ¢ have a common fixed point p in S?. The
derivative map at p gives a homomorphism ®: G’ — GL,(R). As the image of ®
is a finitely generated periodic linear group, by Schur’s theorem this homomorphism
must have finite image. On the other hand, ker(®) is trivial because all the elements
of G’ are smoothly conjugate to rotations. Then, G’ must be finite (and, in fact, G’
must be cyclic). We will then assume that s, ¢ have no common fixed point.

Conjugating by the diffeomorphisms g, given by (9), we obtain diffeomorphisms
s¢ and £, which are e2¢-quasiconformal. Furthermore, by conjugation with a Mébius
map we can suppose the fixed points of s. are Z := (0,0,1) and —Z = (0,0, —1) of
S? c R? and one fixed point of 7, is the point X = (1,0,0).

Therefore, by Proposition 4.8, there exists a sequence {&, }, of positive numbers,
with &, — 0 as n — 00, so that the sequence {s;, }, converges to a nontrivial rotation
Ry € SO(3), fixing the points Z and —Z . Recall that each diffeomorphism ¢, fixes the
point X . Let us write X, for the other fixed point of 7., . Then we have the following.

LEMMA 4.10
Either G' is finite, or it holds that limg, ¢ X,, = X.

Proof
Let us assume the sequence {X,, },, does not converge to X . So we can invoke Propo-
sition 4.8 to guarantee the existence of a subsequence {tsnj }n,; converging in the



3280 HURTADO, KOCSARD, and RODRIGUEZ-HERTZ

C°-topology to a Mdbius transformation 7' € PSL,(C). In such a case, the sequences
of diffeomorphisms {s;, }, and {tsn, }n; converge to Ry and T, respectively. So, the
group (Rg, T') is a periodic subgroup of PSL;(C), and by Schur’s theorem, it is finite.
Let us show this implies that G’ is finite as well.

To do that, let F, denote the free group on two elements, and let {a,b} C F,
be a generating set of F,. Let us write &: F, — G’ and hg: Fy — PSL,(C) for the
two unique group homomorphisms such that i(a) = s, h(b) = ¢, ho(a) = Ry, and
ho(b) = T. If G’ were infinite, then there would be an element w € F, such that
h(w) # id and ho(w) = id. However, for each &, we can consider the only group
homomorphism kg, : F, — Diff*(S?) such that &, (@) = s, and he,, (b) =1, .

Since each s,,, and f,, is conjugate to s and ¢, respectively, we get A, (w) #
id, for every n. But on the other hand, &, (w) — ho(w) = id as n — oo, which
contradicts Proposition 4.8. So, G’ is finite. O

We will now deal with the case when X, — X as n — oo. In order to simplify
the notation, we will denote &, simply by ¢, and any statement about € — 0 should be
understood to be true up to passing to the sequence {&, },. We will show the following.

PROPOSITION 4.11
If X: — X, then the group G’ contains an element of infinite order, contradicting the
fact that G' = (s, t) is periodic.

Proof

Since the point X, is different from X for every ¢ > 0, for each ¢ we can consider the
great circle C, in S? passing through the points X, and X. Let M, € C, be the mid-
point between X, and X on the shortest geodesic segment determined by these points
(see Figure 1). Then there is a Mobius transformation A, (a loxodromic element in
PSL,(C)) such that A,(M;) = Mg, Ae(—M,) = —M,, and A (X;) = —A(X). Let
us define Y, 1= A.(X,).

By the compactness of S? and Proposition 4.8, there exist a point ¥ € S?, a rota-
tion Sy € SO(3), and a subsequence of {&,} such that Y, — Y € S? and A 1, A;' —
Sy is the C°-topology as & — 0. Notice the rotation S, has a strictly positive finite
order and fixes the points ¥ and —Y.

Our purpose now is to construct an open disk D C S? such that s.t,(D) C D, for
¢ > 0 sufficiently small enough, where the inclusion is strict. This shows the element
Sgte cannot have finite order, and this immediately implies st has infinite order, as
well.

In order to prove that, let § > 0 be small number (how small § is will be
determined later), and let Bs(X) be the ball in S? of radius § with center at X.
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Figure 1. (Color online) The white ball corresponds to Bg(X), the blue ball
to A¢(S? \ Bs(X)), and the red ball to 7(S? \ Bs(X)).

By fixing §, there exists a positive number £(§) > 0 such that 4,(S?\ Bs(X)) C
Bs(—M,), ||AgtsA7Y — Sgllco < 0.018, and A;1Sy(B1.015(—Me)) C Bs(X), for
any ¢ € (0,&(8)). And so we have

t:(S?\ Bs(X)) = A; ' 0 At A7 0 Ao(S?\ Bs(X))
C A;' o At A7 (Bs(—M,))
C A; "' 0 So(Br.o1s(—M,)) C Bs(X).

Now, for ¢ > 0 sufficiently small,we have that s, is close enough to the rotation
Ry SO(3) constructed in the proof of Lemma 4.10, so for such & we can also assume
that s,(Bs(X)) C S? \ Bs(X), and thus, we get

se1e(S?\ B (X)) €S2\ By(X),

where this last inclusion is strict and therefore 5.7, has infinite order. O
Now we can finish the proof of Theorem 4.1.

Proof of Theorem 4.1

Let s, t be two arbitrary elements of the generating set S. We can suppose that s, ¢
do not have a common fixed point, because otherwise they would generate a finite
group which must be cyclic because s, t would be conjugate to rotations and in such
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a case we could reduce the number of generators. By the proof of Proposition 4.9, the
conjugates Sg, f, converge to Mobious transformations A, A; € PSL,(C), as ¢ — 0,
generating a finite group. It also follows from the proof of Proposition 4.9 that A; and
Ay cannot have a common fixed point.

We will show that there exists a subsequence &, — 0 such that, for any 4 € S,
the sequence of conjugates h,, := gg_nlhggn converges to a nontrivial Mdbious map
Ap € PSL,(C). To show this, let p,, g. denote the fixed points of h.. Arguing as
in Lemma 4.10, if for some & € § there is a subsequence /4, such that p,, and g,
converge to two different points p, g, then /., must converge to a finite-order element
Ap € PSL,(C) fixing p and q.

If no such subsequence of /4, exists, then the sequences of points p, ¢, have a
common limit point X € S%. By possibly replacing A5 with A,, one can suppose that
X is not a fixed point of A;. Therefore, we are in the same situation as in Proposition
4.11 for the elements s, .. Applying the very same argument we obtain an element
of G of infinite order, getting a contradiction.

In conclusion, via a diagonal argument, we can find a subsequence &, — 0 so
that each of the conjugates /,,, converges to an element of PSL, (C). This implies that
the conjugate wy, of every element w € G converges to an element A,, of PSL,(C).
Moreover, since the orders of w and Ay, coincide, by Lemma 4.8 we know that 4,, #
id provided w # id.

The previous discussion implies that there is an injective homomorphism
®: G — PSL,(C) sending g to A,. As G is periodic and PSL,(C) is linear, the
group G must be finite. O

5. The exponential growth case

In this section we finish the proof of Theorem 1.3. By Theorem 4.1, we can now
assume that G has exponential growth. The idea of the proof under this additional
hypothesis goes as follows. As G has exponential growth, the pigeonhole principle
implies there exist a constant ¢ € (0,1) and N; > 0 such that, for any point x € S?
and any j > Nj, there are two elements g;,h; € G with |gj|s,|hj|s < j such that
d(gj(x), hj(x)) <c™7.

On the other hand, by Lemma 3.3 for any ¢ > 0 and j sufficiently large, the
derivatives of g; and h; are bounded by e®. Therefore, the element f; := hj_-lg i
moves x exponentially close to itself. Then, since the group G has bounded expo-
nent, the orbit { f ji (x)}f-‘=1 of x has exponentially small diameter, where k € N is an
exponent for the whole group.

So, we will prove that this implies that f; has a fixed point exponentially close
to x. This argument also applies if instead of a single point x we consider a finite
collection of points x; € S%. This implies that there are nontrivial elements of G with
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as many fixed points as one wants, contradicting the fact that every element of G is
conjugate to some rotation.

LEMMA 5.1

Let us suppose G < Diff®(S?) is a finitely generated periodic group of bounded
exponent and has subexponential growth of the derivative; that is, the conclusion of
Lemma 3.3 holds. Then, G does have subexponential growth.

Remark 5.2
It is important to notice that this is the only part of Theorem 1.3 where we use the
bounded exponent assumption on the group G.

Observe that Theorem 1.3 just follows as a straightforward combination of Theo-
rem 4.1 and Lemma 5.1. We will now begin the proof of Lemma 5.1. Throughout the
proof we will use the classical Vinogradov “O” notation, which states that given two
sequences { f}, {gn} we have f, = O(gy) if there exist constants C,ng > 0 such
that %fn < gn < Cfy forn > ny.

Proof of Lemma 5.1

Reasoning by contradiction, let us suppose that G has exponential growth. Let S be a
finite generating set of G. By replacing S with a larger generating set, we can suppose
that

H{geG:lgl<j} =27, Vj=L

Observe that the group G naturally acts on (S?)3 := S? x S? x S? via the diagonal
action. Then consider a fixed triple of distinct points of S? X = (x1, X2, x3) € (S?)3,
let us define

0; :={(g(x1).g(x2).g(x3)) € (§*)’: g € G, |gls < j}.

and observe that the G-orbit of X is equal to | J; O;. Notice that if we endow (S?)°
with the product Riemannian structure, then the volume of a ball of radius 27" in
($?)%is 0(27%7).

Then, as there are at least 27/ elements in B; := {g € G : |g|s < j}, by the
pigeonhole principle, for each j > 1 there are at least two different elements g;, /1
in B; such that their corresponding images of x € (S?)? satisfy g;(xX),h;(x) € O;
and d(g;(x),h;(x)) <27/, forevery j > 1.

On the other hand, by Lemma 3.3 we know that, given any & > 0, there exists N,
such that, for any j > N, and any element g € B,, it holds that | D(g)]|| < e2". If we
define f; := h]_-lgj, we have f; € Byj and so | D(f;)|| <e® forevery j > Ns. So,
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foreach i € {1,2,3} and any j > 1 such that j > N,, we have
d(fi(xi),xi) < [ DY |d (g (%), hj (%)) <e¥277. (14)

We will show that (14) implies that, for j sufficiently large, f; has at least three
fixed points, and consequently, it is the identity, contradicting the fact that g; and h;
were different.

PROPOSITION 5.3
For each j > N, and each i € {1,2,3}, there exists p; j € S* such that f;(pi ;) =
Di,j and

d(x;, pin) = 0@ "ekF2em),

Consequently, f; =id for j sufficiently large.

Proof
It is clearly enough to prove the statement just for the point x;. Let §; be the shortest
geodesic segment on S? joining the points f;(x1) and x1. Then we define

k
K =J fi ),

i=1

where k is the exponent of G; that is, gk =1id, for every g € G. Observe that K; is a
compact f;-invariant set. Also, as || D(f7)|| < e®, the compact set K ; has diameter
of order O (277 ¢#k+1J7y,

Therefore, for each j there exists an open disk D ; C S?* whose radius is of order
027 "e#®k+Dm) and containing K ;. If j is sufficiently large, then the set S? \ K has
exactly one connected component R; containing the set S? \ D ;. Therefore, since
[ D(f;)|l < e", the area of f;(R;) is greater than O(e™2¢"), and so the connected
component R; must be f;-invariant, provided j is large enough.

Let K :=S 2\ R;, and observe that K | is an fj-invariant closed set. The set
K’ is a connected set as it is the union of K; with the closure of the connected
components of S2\ K j- (The union of connected sets with nonempty intersection is
connected.) Consequently, K ; is a nonseparating continuum, and by the Cartwright—
Littlewood theorem (see, e.g., [2]), there exists a fixed py,; € K} of fj.As K} C Dy,
nea(k-i- l)n).

O

we have that the distance between p; ; and x; should be of order O (2™

Therefore, Lemma 5.1 is proved. O
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Appendix. The Burnside problem on T? and manifolds with hyperbolic funda-
mental group

In this appendix we discuss and prove some results about actions on manifolds of
nonpositive curvature. We will prove the following.

THEOREM A.1

Let M be a closed manifold of dimension ¢ = dim M > 3 such that its universal cover
is homeomorphic R? and its fundamental group w1 (M) is a nonelementary Gromov
hyperbolic group. Then, any periodic subgroup of Homeo (M) is finite.

Observe that in Theorem A.1 we are not a priori assuming the subgroup is finitely
generated. Remember that Gromov hyperbolic groups were first introduced in [15],
and any compact manifold admitting a Riemannian structure of nonpositive curvature
satisifies the hypotheses of the theorem.

THEOREM A.2

Let w be a Borel probability measure on the q-dimensional torus T4, and let
Homeo,, (T?) denote the group of homeomorphisms of T4 that preserves the measure
w. Then, any finitely generated periodic subgroup of Homeo,, (T?) is finite.

Theorems A.l and A.2 extend previous results of Guelman and Liousse in [16]
and [17] to higher dimensions.

A.l. Displacement functions and Newman’s theorem

In this paragraph we introduce some notation we will need in the proofs of Theorems
A.1l and A.2. Let (X,d) be an arbitrary metric space. We define the displacement
Sunction O : Homeo(X) — [0, oo] by

D(f):=supd(f(x),x), V[ eHomeo(X), (15)
xeX
where Homeo (X)) denotes the group of homeomorphisms of X .
Then, let us recall a classical result due to Newman from [27].

THEOREM A.3

Let M be a connected complete manifold, let d be a distance function compatible with
the topology of M, and let k > 1 be a natural number. Then, there exists a real number
e(M,d, k) > 0, depending on M, d, and k, such that, for every f € Homeo(M)
satisfying f* =id and f #1d, it holds that D(f) > e.

An easy consequence of Theorem A.3 is the following.
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COROLLARY A .4

Let d denote the standard Euclidean distance on R?, and let f € Homeo(R?) be a
homeomorphism such that f # id and f* = id, for some k > 1. Then it holds that
D(f) = oo.

Proof
Lete:=¢(R?,d, k) > 0 be the real constant given by Theorem A.3 for M = R9, and
let us suppose D (f) < co. Now, if we define f; € Homeo(R?) by

i) :=Af(A7'x), VxeR?,

with A := e(2D(f))~!, then it holds that
D(f) = sup | fi0) —x| = sup A F3 ) =47 x| =20(/) =5,

and f. Ak = id. Then, by Theorem A.3 it holds that f; = id, contradicting the fact that
f #id. O

A.2. Proof of Theorem A.1

Let us consider M endowed with a Riemannian structure, and let d be its induced
distance function on M. Let 7: M — M denote the universal cover of M , and con-
sider M equipped with the Riemannian structure given by the pullback by 7 of the
corresponding structure of M. Let d be its induced distance function on M. Recall
that M is homeomorphic to RY.

Let Homeog (M) be the group of homeomorphisms of M which are homotopic to
the identity, and consider the quotient group MCG(M ) := Homeo (M )/Homeog (M).
It is well known that MCG(M) is isomorphic to Out(wr1(M)), that is, the group of
outer automorphisms of the fundamental group (see, e.g., [18, Proposition 1B.9]).
Since M is closed and aspherical, dim M > 3, and 71 (M) is a Gromov hyperbolic
group, by [15, Theorem 5.4.A] we know that Out(sr;(M)) is finite. So, MCG(G) is
finite as well.

Now, let G < Homeo(M) be a periodic group, and define Gog := G N
Homeog(M). Since MCG(G) is finite, we know that G has finite index in G;
so in order to prove G is finite it is enough to show that Gy is finite. In fact, we
will prove that Go = {idps}. To do that, let g € G be an arbitrary element, and let
H:[0,1] x M — M be a homotopy such that H(0,-) =idp and H(1,-) = g. Let
H:[0,1] x M — M denote the only lift of H such that H(0,-) = id;7, and let us
write g := H(1,-) € Homeo(M).

Since g has finite order, there is n > 1 and T € Deck(mr), the group of deck
transformations of the covering 7 : M — M such that §" = T.
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Then note that, since g is homotopic to the identity, its displacement

D(g) = sup d(g(x),x) < oo,
xXeM
and hence D(g") = D(T) < oo as well. However, since Deck(rr) is isomorphic to
the fundamental group 711 (M) and this is a Gromov hyperbolic group, this implies
that every element of 1 (M) different from the identity exhibits infinite displacement.
Since D(T') < oo, we conclude T must be equal to the identy id ;. So, g is indeed a
periodic map, and since D (&) < oo and M is homeomorphic to R”, by Corollary A.4
we know that g =id ;. O

A.3. Proof of Theorem A.2

Letw: R? — TY := R?/7Z4 be the natural projection map. For each f € Homeo(T?),
there is a unique A y € GL,(Z) such that the map A= f- Ap:R? —R? s 74-
periodic, for any lift f : R? © of f. The map

4 :Homeo(T?) > f > Ay € GLy;(R)

is clearly a group homomorphism. Then we define Homeog (T?) := ker J.

Let G < Homeo,, (T?) denote a finitely generated periodic subgroup. Then,
J(G) < GL4(R) is a finitely generated periodic group. By Schur’s theorem we know
4 (G) is finite. So, the subgroup

Go := G NHomeoo(T?) < G

has finite index in G. Thus, it is enough to show Gy is finite.
Then, let us consider the group Homeog ;, (T¢) := Homeo,, (T¢) N Homeogy (T?)
and the p-mean rotation vector p,,: Homeog ;,(T¢) — T4 given by

pu(f) = n(/w Az dﬂ), V f € Homeoy . (T9).

where f : R? © is any lift of f and the function A F= f — idre is considered as
an element of C°(T4,RY). Notice that p,, is well defined and does not depend on the
choice of lift.

We claim p,, is a group homomorphism. To prove this, let f, g € Homeog , (T¢)
be two arbitrary homeomorphisms, and let f,g: R? © be two lifts of / and g,
respectively. Then we have

pu(fog)=ﬂ(/Tqu~og~du)=n(quAf~°g+Agdu)

=n(/w A]:-i—Agdu) = pu(f) + pu(8),



3288 HURTADO, KOCSARD, and RODRIGUEZ-HERTZ

where the first equality is a consequence of the identity A Foz = A jog+ Ag and
the second one follows from the fact that u is g-invariant.

So, pu(Go) < T? is a finitely generated periodic group; since TY is abelian,
pu(Go) is finite. This implies that Go o := Go N ker p,, is a finite-index subgroup
of Gy. Thus, it is enough to show Gy is finite, and we indeed show it just reduces
to the identity map. In order to do that, let f be an arbitrary element of Gg . Notice
there is a unique lift f: R such that

A zdu=0.
Joro

Since Gy, is periodic, there exists # > 1 such that f” = id, and consequently, there is
p €79 such that f"(x) = x + p, for every x € R?. However, since u is f -invariant,
it holds that

n—1
=[] Azdpu= Azofld :n/ Azdp=0.
prqu/W;ffu | A7du
So, f is a periodic homeomorphism of R?, and since A 7 is Z4-periodic, it holds that
JD(f) = sup HAJ;(x)“ < 00,
x€RY

where D ( f ) is the displacement function given by (15). Then, by Corollary A.4 we
get that f equals the identity, and Theorem A.2 is proven. O
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