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Abstract. Suppose that M is a closed isotropic Riemannian manifold and that Ry,. .., R,, generate
the isometry group of M. Let f1,.. ., fm be smooth perturbations of these isometries. We show that
the f; are simultaneously conjugate to isometries if and only if their associated uniform Bernoulli
random walk has all Lyapunov exponents zero. This extends a linearization result of Dolgopyat
and Krikorian [Duke Math. J. 136, 475-505 (2007)] from S” to real, complex, and quaternionic
projective spaces. In addition, we identify and remedy an oversight in that earlier work.
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1. Introduction

A basic problem in dynamics is determining whether two dynamical systems are equiva-
lent. A standard notion of equivalence is conjugacy: if f and g are two diffeomorphisms
of a manifold M, then f and g are conjugate if there exists a homeomorphism /# of M
such that 2fh~! = g. Some classes of dynamical systems are distinguished up to conju-
gacy by a small amount of dynamical information. One of the most basic examples of this
is Denjoy’s theorem: a C? orientation preserving circle diffeomorphism with irrational
rotation number is conjugate to a rotation [17, §12.1]. In the case of Denjoy’s theorem,
the rotation number is all the information needed to determine the topological equivalence
class of the diffeomorphism under conjugacy.

Rigidity theory focuses on identifying dynamics that are distinguished up to conju-
gacy by particular kinds of dynamical information such as the rotation number. There are
finer dynamical invariants than rotation number which require a finer notion of equiva-
lence to study. For instance, one obtains a finer notion of equivalence if one insists that
the conjugacy be a C! or even C*® diffeomorphism. A smoother conjugacy allows one to
consider invariants such as Lyapunov exponents, which may not be preserved under con-
jugacy by homeomorphisms. For a single volume preserving Anosov diffeomorphism, the
Lyapunov exponents with respect to volume are invariant under conjugation by C! vol-
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ume preserving maps. Consequently, one is naturally led to ask, “If two volume preserving
Anosov diffeomorphisms have the same Lyapunov exponents, are the two C ! conjugate?”
In some circumstances the answer is “yes”. Such situations where knowledge about Lya-
punov exponents implies systems are conjugate by a C! diffeomorphism are instances of
a phenomenon called “Lyapunov spectrum rigidity”. See [13] for examples and discussion
of this type of rigidity. For recent examples, see [4, 8, 14, 15,27].

In rigidity problems related to isometries, it is often natural to consider a family of
isometries. A collection of isometries may have strong rigidity properties even if the indi-
vidual elements of the collection do not. For example, Fayad and Khanin [11] proved that
a collection of commuting diffeomorphisms of the circle whose rotation numbers satisfy a
simultaneous Diophantine condition are smoothly simultaneously conjugate to rotations.
Their result is a strengthening of an earlier result of Moser [25]. A single diffeomorphism
in such a collection might not satisfy the Diophantine condition on its own.

Although the two types of rigidity described above occur in the dissimilar hyperbolic
and elliptic settings, a result of Dolgopyat and Krikorian combines the two. They intro-
duce a notion of a Diophantine set of rotations of a sphere and use this notion to prove
that certain random dynamical systems with all Lyapunov exponents zero are conjugate
to isometric systems [10]. Our result is a generalization of this result to the setting of
isotropic manifolds. We now develop the language to state both precisely.

Let (f1,..., fm) be a tuple of diffeomorphisms of a manifold M. Let (w;);en be
a sequence of independent and identically distributed random variables with uniform
distribution on {1, ..., m}. Given an initial point xo € M, define x, = f,,Xn—1. This
defines a Markov process on M. We refer to this process as the random dynamical sys-
tem associated to the tuple (fi,..., fin). Let f be defined to equal f,, oo fy,.
We say that a probability measure p on M is a stationary measure for this process if
m~! YU (fi)sxpt = [ A stationary measure is ergodic if it is not a non-trivial convex
combination of two distinct stationary measures. Fix an ergodic stationary measure p. For
p-almost every x, almost surely for any v € T M \ {0}, the limit

1 n
Jim -~ n | Dy £ ] (1)
exists and takes its value in a fixed finite list of numbers depending only on w:

Ar() =+ = Agimm (). 2

These are the Lyapunov exponents with respect to p. In fact, for almost every @ and
p-a.e. x there exists a flag V; C --- C Vj inside Ty M such thatif v € V; \ V;_; then the
limit in (2) is equal to Agim M—dim v; - The number of times a particular exponent appears
in (2) is given by dim V; — dim V;_;; this number is referred to as the multiplicity of the
exponent. For more information, see [20].

Our result holds for isotropic manifolds. By definition, an isotropic manifold is a
Riemannian manifold whose isometry group acts transitively on its unit tangent bundle.
The closed isotropic manifolds are S”, RP"*, C P", H P”, and the Cayley projective plane.
In the following we write G° for the identity component of a Lie group G.
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Theorem 1. Let M? be a closed isotropic Riemannian manifold other than S*. There
exists ko such that if (Ry, ..., Ry) is a tuple of isometries of M such that the subgroup
of Isom(M) generated by this tuple contains Isom(M )°, then there exists €x, > 0 such
that the following holds. Let (f1, ..., fm) be a tuple of C° diffeomorphisms satisfy-
ing max; deio (fi, Ri) < €k,- Suppose that there exists a sequence of ergodic stationary
measures [Ly for the random dynamical system generated by (f1, ..., fm) such that
|Aq ()| = O. Then there exists W € Diff® (M) such that for each i the map ¥ f; ¥~ is
an isometry of M and lies in the subgroup of Isom(M) generated by (Ry, ..., Ry).

Dolgopyat and Krikorian proved Theorem 1 in the case of S” [10, Thm. 1].
Dolgopyat and Krikorian also obtained a Taylor expansion of the Lyapunov exponents

of the stationary measure of the perturbed system [10, Thm. 2]. Fix (Ry, ..., R;;) gen-
erating Isom(S™)°. Let (fi, ..., f) be a C¥o small perturbation of (R1, ..., R,) and
1 be any ergodic stationary measure for (fi,..., fim). Let A, = A1 + --- + A, denote

the sum of the top r Lyapunov exponents. In [10, Thm. 2], it is shown that the Lyapunov
exponents of u satisfy

Ar(p) = — +

d d—1

Ag d—2r+1
d

A — ﬂ) +o(Aa(w) 3)

where o(1) goes to zero as max; dqk, (fi, R;) — 0. Using this formula Dolgopyat and
Krikorian obtain an even stronger dichotomy for systems on even-dimensional spheres:
either (f1,..., fm) is simultaneously conjugate to isometries or the Lyapunov exponents
of every ergodic stationary measure of the perturbation are uniformly bounded away
from zero. By using this result they show if (R, ..., R,;) generates Isom(S2")° and
(fi,..., fm) is a C¥0 small perturbation such that each f; preserves volume, then vol-
ume is an ergodic stationary measure for ( f1, ..., fm) [10, Cor. 2].

It is natural to ask if a similar Taylor expansion can be obtained in the setting of
isotropic manifolds. Proposition 26 shows that A, may be Taylor expanded assuming that
(R1,..., Ry) generates Isom(M )° and the induced action of Isom(M )° on Gr, (M), the
Grassmannian bundle of r-planes in 7'M, is transitive.

In Theorem 40, we give a Taylor expansion relating A; and A; which holds for
isotropic manifolds. However, we cannot Taylor expand every Lyapunov exponent as
in equation (3) because if a manifold does not have constant curvature then its isome-
try group cannot act transitively on the 2-planes in its tangent spaces. The argument of
Dolgopyat and Krikorian requires that the isometry group act transitively on the space of
k-planesin TM for0 <k <d.

It is natural to ask why the proof of Theorem 1 does not work in the case of S!
even though S is isotropic. As Proposition 13 shows, for a tuple (R, ..., R;,) as in the
theorem, uniformly small perturbations of (Ry, ..., R,,) are uniformly Diophantine in
a sense explained below. This uniformity is used crucially in the proof when we change
the tuple of isometries that we are working with. The same uniformity of Diophantineness
does not hold for tuples of isometries of S': a small perturbation may lose all Diophantine
properties. The reason that the proof of Proposition 13 does not work for S! is that the
isometry group of S! is not semisimple.
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There are not many other results like Theorem 1. In addition to the aforementioned
result of Dolgopyat and Krikorian, there are some results of Malicet. In [24], a similar lin-
earization result is obtained that applies to a particular type of map of T2 that fibers over
a rotation on S'. In a recent work, Malicet obtained a Taylor expansion of the Lyapunov
exponent for a perturbation of a Diophantine random dynamical system on the circle [23].

1.1. Outline

The proof of Theorem 1 follows the general argument of [10]. For readability, the argu-
ment in this paper is self-contained. While a number of the results below appear in [10],
we have substantially reformulated many of them and in many places offer a different
proof. Doing so is not merely a courtesy to the reader: the results in [10] are stated in too
narrow a setting for us to use. Simply stating more general reformulations would unduly
burden the reader’s trust. In addition, as will be discussed below, there are some over-
sights in [10] which we explain in Section 1.2 and that we have remedied in Section 5.
We have also stated intermediate results and lemmas in more generality than is needed for
the proof of Theorem 1 so that they may be used by others. Below we sketch the general
argument of the paper and emphasize some differences with the approach in [10].

The proof of Theorem 1 is by an iterative KAM convergence scheme. Fix a closed
isotropic manifold M. We start with a tuple (f1, ..., fm) of diffeomorphisms close to
atuple (Ry,..., Ry) of isometries. We must find some smooth diffeomorphism v such
that ﬁ = ¥fiy~! € Isom(M). To do this we produce a conjugacy v that brings each
fi closer to being an isometry. To judge the distance from being an isometry, we define a
strain tensor that vanishes precisely when a diffeomorphism is an isometry. By solving a
particular coboundary equation and using the fact that the Lyapunov exponents are zero,
we can construct ¥ so that ﬁ has small strain tensor. In our setting, a diffeomorphism
with small strain is near to an isometry, so (ﬁ ey f;n) isnearto atuple (R},..., R;,) of
isometries. We then repeat the procedure using these new tuples as our starting point. The
results of performing a single step of this procedure comprise Lemma 39. Once Lemma 39
is proved, the rest of the proof of Theorem 1 is bookkeeping that checks that the procedure
converges. Most of the paper is in service of the proof Lemma 39, which gives the result
of a single step in the convergence scheme.

Proofs of technical and basic facts are relegated to a significant number of appendices.
This has been done to focus the main exposition on the important ideas in the proof of
Theorem 1 and not on the technical details. The appendices that might be most beneficial
to look at before they are referenced in the text are Appendices A and B, concerning C¥
calculus and interpolation inequalities. Both contain estimates that are common in KAM
arguments. The organization of the main body of the paper reflects the order of the steps
in the proof of Lemma 39. There are several important results in the proof of Lemma 39,
which we now describe.

The first part of the proof of Lemma 39 requires that a particular coboundary equa-
tion can be tamely solved. The solution to this equation is one of the main subjects of
Section 2. The equation is solved in Proposition 16. This proposition is essential in the
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work of Dolgopyat and Krikorian [10] and its proof follows from the appendix to [9]; it
relies on a Diophantine property of the tuple (R, ..., R,,) of isometries. This property
is formulated in Section 2.2. The stability of this property under perturbations is crucial
in the proof and an essential feature of our setting. In addition, the argument in Sec-
tion 2 is different from Dolgopyat’s earlier argument because we use the Solovay—Kitaev
algorithm (Theorem 2), which is more efficient than the procedure used in the appendix
to [9].

Section 3 considers stationary measures for perturbations of (R, ..., R,). Suppose
M is a quotient of its isometry group, its isometry group is semisimple, and {Ry, ..., Ry}
is a Diophantine subset of Isom(M ). Suppose (f1, ..., fm) is a small smooth perturba-
tion of (Ry,. .., Ry). There is a relation between a stationary measure u for the perturbed
system and the Haar measure. Proposition 23 relates integration against p to integration
against the Haar measure. Lyapunov exponents are calculated by integrating the In Jaco-
bian against a stationary measure of an extended dynamical system on a Grassmannian
bundle over M. Consequently, this proposition relates stationary measures and their Lya-
punov exponents to the volume on a Grassmannian bundle.

The relationship between Lyapunov exponents and stationary measures is explained
in Section 4. Proposition 26 provides a Taylor expansion of the sum of the top r Lyapunov
exponents of a stationary measure . Three terms appear in the Taylor expansion. The first
two have a direct geometric meaning, which we interpret in terms of strain tensors intro-
duced in Section 4.2. The final term in the Taylor expansion depends on a quantity U ().
This quantity does not have a direct geometric interpretation. However, in the proof of
Lemma 39, we show that by solving the coboundary equation from Proposition 16 the
quantity U (¥ ) can be made to vanish. Once U () vanishes, we have an equation directly
relating Lyapunov exponents to the strain. This equation then allows us to conclude that a
diffeomorphism with small Lyapunov exponents also has small strain. We reformulate in
a Riemannian geometric setting some arguments of [10] by using the strain tensor. This
gives coordinate-free expressions that are easier to interpret.

Section 5 contains the most important connection between the strain tensor and isome-
tries: diffeomorphisms of small strain on isotropic manifolds are near to isometries. The
basic geometric fact proved in Section 5 is Theorem 27, which is true on any manifold.
Theorem 27 is then used to prove Proposition 28, which is a more technical result adapted
for use in the KAM scheme. Proposition 28 then allows us to prove that our conjugate
tuple is near to a new tuple of isometries, which allows us to repeat the process.

All of the previous sections combine in Section 6 to prove Lemma 39. We then obtain
the main theorem, Theorem 1, and prove an additional theorem that relates the top and
bottom Lyapunov exponents of a perturbation, Theorem 40.

1.2. An oversight and its remedy

Section 5 is entirely new and different from anything appearing in [10]. Consequently,
the reader may wonder why it is needed. Section 5 provides a method of finding a tuple
(R}, ..., R}, of isometries near to the tuple (f1, ..., fm) of diffeomorphisms. In [10],
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the new diffeomorphisms R, are found in the following manner. As in (10), one may find
vector fields Y; such that

eXPR, (x) Yi (X) = fi(x).

If Z is a vector field on M, we define ¥z, as in (11) in Section 3.1, to be the map
X > exp, Z(x). There is a certain operator, the Casimir Laplacian, which acts on vector
fields. This operator is defined and discussed in more detail in Section 2.2. Dolgopyat and
Krikorian then project the vector fields Y; onto the kernel of the Casimir Laplacian, to
obtain a vector field Y;. They then define R; to equal /y; o R;. This happens in the line
immediately below (19) in [10]. [

One difficulty is establishing that the maps (R].. ... R},) are close to the ( ﬁ ey ﬁ,,)
The argument for their nearness hinges on part (d) of Proposition 3 in [10], which essen-
tially says that, up to a third order error, the magnitude of the smallest Lyapunov exponent
is a bound on the distance. As written, the argument in [10] suggests that part (d) is an
easy consequence of part (c) of [10, Prop. 3]. However, part (d) does not follow. Here is
a simplification of the problem. Suppose that f:R” — R” is a diffeomorphism. Pick a
point x € R” and write Dy f = A+ B + C, where A is a multiple of the identity, B is
symmetric with trace zero, and C is skew-symmetric. The results in part (c) imply that
A and B are small, but they offer no information about C.' Concluding that the norm
of Df is small requires that C be small as well. As C is skew-symmetric it is natural
to think of it as the germ of an isometry. Our modification to the argument is designed
to accommodate the term C by recognizing it as the “isometric” part of the differential.
Pursuing this perspective leads to the strain tensor and our Proposition 28. Conversation
with Dmitry Dolgopyat confirmed that there is a problem in the paper on this point and
that part (d) of Proposition 3 does not follow from part (c).

2. A Diophantine property and spectral gap

Fix a compact connected semisimple Lie group G and let g denote its Lie algebra. Endow
G with the bi-invariant metric arising from the negative of the Killing form on g. We
denote this metric on G by d. We endow a subgroup H of G with the pullback of the
Riemannian metric from G and denote the distance on H with respect to the pullback
metric by dy. We use the manifold topology on G unless explicitly stated otherwise.
Consequently, whenever we say that a subset of G is dense, we mean this with respect
to the manifold topology on G. We say that a subset S of G generates G if the smallest
closed subgroup of G containing S is G. In other words, if (S) denotes the smallest
subgroup of G containing S, then S generates if m =G.

Suppose that S C G generates G. We begin this section by discussing how long a
word in the elements of S is needed to approximate an element of G. Then using this

IFor those comparing with the original paper, 4 and B correspond to the terms ¢ and g2,
respectively, which appear in part (c) of [10, Prop. 3].
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approximation we obtain quantitative estimates for the spectral gap of certain operators
associated to S. Finally, those spectral gap estimates allow us to obtain a “tameness”
estimate for a particular operator that arises from S. This final estimate, Proposition 16,
will be crucial in the KAM scheme that we use to prove Theorem 1.

The content of this section is broadly analogous to Appendix A in [9]. However,
our development follows a different approach and in some places we are able to obtain
stronger estimates.

2.1. The Solovay—Kitaev algorithm

Suppose that S is a subset of G. We say that S is symmetric if s € S implies s~™! € §.
For a natural number 7, let S” denote the n-fold product of S with itself. Let S 1 pe
{s7':5€S}.Forn <0, define S™ to equal (S~!)". The following theorem says that any
sufficiently dense symmetric subset S of a compact semisimple Lie group is a generating
set. More importantly, it also gives an estimate on how long a word in the generating set
S is needed to approximate an element of G to within error €. If w = 51 --- 5, is a word
in the elements of the set S, then we say that w is balanced if for each s € S, s appears
the same number of times in w as s~ does.

Theorem 2 (Solovay—Kitaev algorithm [7, Thm. 1]). Suppose that G is a compact semi-
simple Lie group. There exist €g(G) > 0, o > 0 and C > 0 such that if S is any symmetric
€o-dense subset of G then the following holds. For any g € G and any € > 0, there exists
a natural number I, such that d(g, S') < €. Moreover, lc < C In®(1/€). Further; there is
a balanced word of length [ within distance € of g.

Later, we use a version of this result that does not require that the set S be sym-
metric. Using a non-symmetric generating set significantly increases the word length
obtained in the conclusion of the theorem. It is unknown if there exists a version of the
Solovay—Kitaev algorithm that does not require a symmetric generating set and keeps the
O(In*(1/€)) word length. See [3] for a partial result in this direction.

Proposition 3. Suppose that G is a compact semisimple Lie group endowed with a bi-
invariant metric. There exist €g(G) > 0, & > 0, and C > 0 such that if S is any €y-dense
subset of G then the following holds. For any g € G and any € > 0, there exists a natural
number I, such that d(g, S') < €. Moreover, [, < Ce™®.

Our weakened version of the Solovay—Kitaev algorithm relies on the following
lemma, which allows us to approximate the inverse of an element 4 by some positive
power of .

Lemma 4. Suppose that G is a compact d-dimensional Lie group with a fixed bi-invari-
ant metric. Then there exists a constant C such that for all € > 0 and any h € G there
exists a natural number n < C/e? such that d(h™", h") < e.

Proof. This follows from a straightforward pigeonhole argument. We cover G with sets of
diameter €. There exists a constant C such that we can cover G with at most C vol(G)/e?
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such sets, where d is the dimension of G. Consider now the first [C vol(G)/e?] iterates
of h2. By the pigeonhole principle, two of these must fall into the same set in the covering,
and so there exist natural numbers n; and n; such that 0 < n; <n; < [C vol(G)/(€%)]
and h?" and h?" lie in the same set in the covering. Thus d(h?" ,h?"/) < €. As h is an
isometry it follows that d(e, h?"/~2") < € and hence d(h~!, h?" ~2"i~1) < ¢ as well.
This finishes the proof. ]

We now prove the proposition.

Proof of Proposition 3. Let S=SUS ! AsSisa symmetric generating set of G, by
Theorem 2 for any € > 0 there exists a number /¢/> = O(In“(1/¢)) such that forany g € G
there exists an element / in S’¢/2 such that d (h, g) < €/2. Further, by the statement of
Theorem 2, we know that / is represented by a balanced word w in Sterz,

To finish the proof, we replace each element of w that is in S~! by a word in S/
for some uniform j > 0. To do this we show that there exists a fixed j such that the

elements of S/ approximate well the inverses of the elements of S. Write S = {s1,...,5,}
and consider the element (sq, ..., Sy) in the group G X --- X G (m terms). By applying
Lemma 4 to the group G X --- X G and the element (s1, ..., Sy, ), we find that there exists a

uniform constant C’ and j < C'29™] ed/’;’ /€9™ such that any s € S~! may be approximated
to distance €/(2/¢/,) by an element in S/.

We now replace each element of S~—! appearing in w with a word in S/ that is at
distance €/(2l¢/2) from it. Call this new word w’. Because w is balanced, we replace
exactly half of the terms in w. Thus w’ is a word of length jl¢/»/2 + l¢/2/2 as we have
replaced half the entries of w, which has length /¢, with words of length j. Let i’ be the
element of G obtained by multiplying together the terms in w’.

Note that multiplication of any number of elements of G is 1-Lipschitz in each argu-
ment. Hence as we have modified the expression for /4 in exactly /c/,/2 terms and each
modification is of size €/(2l¢/»), h' is at most € /2 away from & and hence at most € away
from g. Thus S/l/2/2%1e/2/2 ig ¢-dense in G and

Jlep/2+ lepa /2 < CMIELT! /el = O @D (1 /e)em),
which establishes the proposition as m depends only on |S|. ]

We record one final result that asserts that if S € G generates, then the powers of S
individually become dense in G.

Proposition 5. Suppose that G is a compact connected Lie group. Suppose that S C G
generates G. Then for all € > 0 there exists a natural number n¢ such that S"¢ is e-dense
inG.

Proof. Let {g1,...,gm} be an €/2-dense subset of G. Because S generates, for each g;
there exist n; and w; € S™ such that d(g;, w;) < €/2. By a pigeonhole argument similar
to the proof of Lemma 4, for all € > 0 there exists a natural number N such that for all
n > N,d(S",e) < e. Thus there exists N such that for all » > N, S” contains elements
within distance € /2 of the identity. Thus SV +™2% 7 i e-dense in G. |
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2.2. Diophantine sets

We will now introduce a notion of a Diophantine subset of a compact connected semi-
simple Lie group G. Write g for the Lie algebra of G. We recall the definition of the
standard quadratic Casimir element in U(g), the universal enveloping algebra of g. Write
B for the Killing form on g and let X; be an orthonormal basis for g with respect to B.
We will also denote the inner product arising from the Killing form by (-, -). Then the
Casimir element €2 is the element of U(g) defined by

Q=) x2
i

The element 2 is well-defined and central in U(g). Elements of U(g) act on the smooth
vectors of representations of G. Consequently, as €2 is central and every vector in an
irreducible representation (7, V') is smooth, 7 (£2) acts by a multiple of the identity. Given
an irreducible unitary representation (i, V'), define ¢ () by

c(m)1ld = —n(Q). 4

The quantity c(7r) is positive in non-trivial representations. Further, as 7= ranges over all
non-trivial representations, ¢ () is uniformly bounded away from 0. For further informa-
tion see [29, §5.6].

Definition 6. Let G be a compact, connected, semisimple Lie group. We say that a subset
S C G is (C, a)-Diophantine if the following holds for each non-trivial, irreducible, finite
dimensional unitary representation (77, V') of G. For all non-zero v € V there exists g € S
such that

v —m(g)vll = Ce(m) vl

where c(7r) is defined in (4). We say that S is Diophantine if S is (C, «)-Diophantine for
some C,o > 0.1f (g1, ..., gm) is a tuple of elements of G, then we say that this tuple is
(C, @)-Diophantine if the underlying set is (C, «)-Diophantine.

Our definition of Diophantine is slightly different from the definition in [9] as we refer
directly to irreducible representations. We choose this definition because it allows for a
unified analysis of the action of €2 in diverse representations of G.

It is useful to compare Definition 6 with the simultaneous Diophantine condition used
when studying translations on tori, as considered in [6] or [26]. The condition for tori
is a generalization of the simultaneous Diophantine condition considered by Moser [25]
for circle diffeomorphisms. Denote by (-, -) the standard inner product in R?. A tuple
(01, ...,0m) of vectors in R? defines a tuple of translations of T¢. We say that this tuple
is (C, «)-Diophantine if for every non-zero k € Z¢,

max min|{0;, k) — 1] > .
1<i<m leZ (6. k) =11 = k||«

®)

One can see the relationship between this definition and the one for compact semisimple
groups when we think of Z¢ as indexing the unitary representations of T¢. Although
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these definitions apply to different types of groups, one can check that the estimates at
their core are equivalent: for a given unitary representation defined by k € Z¢, use the 6;
that achieves the maximum in (5) to act on the representation defined by k.

We now give a useful characterization of Diophantine subsets of compact semisimple
groups.

Proposition 7 ([9, Thm. A.3]). Suppose that S is a finite subset of a compact connected
semisimple Lie group G. Then S is Diophantine if and only if (S) = G. Moreover, there
exists €9(G) such that any €g-dense subset of G is Diophantine.

Before proceeding to the proof we will show two preliminary results.

Lemma 8. Suppose that G is a compact connected semisimple Lie group. Suppose that
(7, V) is an irreducible unitary representation of G. Then for any v € V of unit length,
any X € g of unit length, andt > 0,

| (exp(X))v —v|| < t+/c(m).

Proof. A similar argument to the following appears in [29, §5.7.13]. There exists an
orthonormal basis { X1, ..., X, } of g such that X; = X. Observe that

(exp(tX))v —v = tdn(X)v + O(t?).

The transformation d(X) is skew-symmetric with respect to the inner product. Thus
dm(X)? is positive semidefinite. Consequently,

(dr(X)v,dn(X)v) = —(dx(X)*v,v) < —(7(Q)v,v) = c(n)|]v]>*
Hence
|7 (exp(tX)v) —v|| < 1y/c(w) + O@?).

ForO0<i <nm,lett; = %t. Then

7 (exp(tX))v — vl < Y [l (exp(t; X))v — 7 (exp(ti—1 X))o

i=1
< Y- Intexpex/myo = vl < n( Vel + 0((/m?) ).
im1

Taking the liminf of the right hand side as n — oo gives the result. ]
The following lemma will be of use in the proof of Proposition 10.

Lemma 9. Suppose that (t, V') is a non-trivial, irreducible, finite-dimensional, unitary
representation of a compact connected semisimple group G. Then for any v € V, there
exists g such that (7w (g)v,v) = 0.

Proof. If such a g does not exist, then for all g € G, (g)v lies in the same half-space as v.
But then | ¢ 7(g)vdg # 0 and is a G-invariant vector, which contradicts the irreducibility
of . ]
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Proposition 10. Suppose that G is a compact connected semisimple Lie group. Then
there exist €, C,a > 0 such that any €g-dense subset of G is (C, «)-Diophantine. If S is
a subset of G such that S™° is €g-dense in G, then S is (C/ng, a)-Diophantine.

Proof. Let €¢ equal the €9(G) in Theorem 2, the Solovay—Kitaev algorithm. If S is
already €o-dense, let ngp = 1. By Theorem 2, there exist C and « such that for each €
there exists /e < C In*(e™!) such that §™0% is e-dense in G. Suppose that (7, V) is a
non-trivial irreducible unitary representation of G and suppose that v € V is a unit vector.
By Lemma 9 there exists g € G such that (7(g)v, v) = 0. Now fix € = 1/(100+/c(r)).
Then there exists an element w € S™0% such that d(g, w) < €. Thus by Lemma 8,

(g0 — ()l = elm) < oo

By the triangle inequality, this implies that

|7 (w)v —v| > 1.

Uno]g

Write w = g7! “ &nole
Let wo = e. By applying the triangle inequality n¢/. times, we see that

where each 0; € {1} andeach g; € S. Letw; = g7' ---g;".

nole—1

D i)y = w(wis )] = llv — (o] = 1.
i=0

Thus there exists some i such that

7 (wi)v — 7w (wi+1)v] = :
nole

Applying 7 (w; 1) and noting by our choice of € that [, < C In%(c(rr)), we obtain

1

noC’In%(c(m))’ ©

o

lv—m(g;" vl =
Thus we are done as we have obtained an estimate that is stronger than the required lower
bound of C/c(7)“. |

We now prove the equivalence of the Diophantine property appearing in Proposi-
tion 10 with that in Definition 6.

Proof of Proposition 7. To begin, suppose that S is Diophantine. For the sake of con-
tradiction, suppose that H := (S) # G. Consider the action of G on L2(G/H) by left
translation. Note that H acts trivially. However, L?(G/H ) contains non-trivial represen-
tations of G. Thus S C H cannot be Diophantine, which is a contradiction.

For the other direction, suppose that (S) = G. Then by Proposition 5 there exists n
such that S” is €9(G)-dense, and hence S is Diophantine by Proposition 10. |

The stronger bound in (6) gives an equivalent characterization of Diophantineness.
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Corollary 11. Let G be a compact connected semisimple Lie group. A subset S of G is
Diophantine if and only if there exist C,«a > 0 such that the following holds for each non-
trivial, irreducible, finite-dimensional, unitary representation (, V) of G. Forallv € V
there exists g € S such that

vl
lv—n(gv| = m

Diophantine subsets of a group are typical in the following sense.

Proposition 12. Suppose that G is a compact connected semisimple Lie group. Let U C
G x G be the set of ordered pairs (uy,u;) such that {u1,u,} is a Diophantine subset of G.
Then U is Zariski open and hence open and dense in the manifold topology on G x G.

Proof. Let U C G x G be the set of points (11, u3) such that {uy, u,} generates a dense
subset of G. Theorem 1.1 in [12] shows that U is Zariski open and non-empty. By Propo-
sition 7, this implies that {u, u5} is Diophantine. As U is non-empty, the final claim
follows. [

2.3. Polylogarithmic spectral gap

In this subsection, we study spectral properties of an averaging operator associated to a
tuple of elements of G. Consider a tuple (g1, ..., gm) of elements of G. Let R[G] denote
the group ring of G over R. From this tuple we form £ := (g1 + -+ + gm)/m € R[G].
The element £ acts in representations of G in the natural way. If (57, V') is a representation
of G, then we write £, for the action of £ on V. The main result of this subsection is the
following proposition, which gives some spectral properties of £, under the assumption
that {g1, ..., gmn} is Diophantine.

Proposition 13. Let G be a compact connected semisimple Lie group, (g1, ...,8m) a
tuple of elements of G, and suppose that {g1, ..., gm} generates G. Then there exists
a neighborhood N of (g1,...,8m) in G X --- x G and constants D1, D, o > 0 such
that if (g1,.....8,) € N, then{g}..... g} is Diophantine and its associated averaging

operator £ satisfies
1 n
2| < Di|1 - ————
I = 1( Dzln“(c(n)))

for each non-trivial irreducible unitary representation (w, V).

The proof of Proposition 13 uses the following lemma, which is a sharpening the
triangle inequality for vectors that are not colinear.

Lemma 14. Suppose that v, w are two vectors in an inner product space. Suppose that
vl < llwll and let b = v/|v| and w = w/|w]. If

[0 — ] = e,

then
v+ wll < (1 =e/10)|v] + |[w].
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Proof. We begin by considering the following estimate for unit vectors.

Claim 1. Suppose that the angle between two unit vectors U and W is 6 € [0, ). Then
15+ wll < 9] + (1 = 62/10)[|D].

Proof. Tt suffices to consider the two vectors © = (1,0) and 1 = (cos 8, sin §) in R%. We
have to show
NP . 02\, .\
jo+ 0l < (151 + (1~ 35 ) 101 )

|0+ W|*> =2+ 2cosh

02 > 02 o 02
(||ﬁ||+(1——)||uv||) LA

From the definitions,

and

10 100 — 10°
Thus it suffices to show for 6 € [0, ] that

02
2+2c0osf <4—4d—,
+2cosb < 10
which follows because for 6 € [0, ] we have the estimate cos§ < 1 — 62/5. L]

We may prove the lemma once we have one more observation. Note that if § and W
are two unit vectors, then || — w|| = € is less than the angle 0 between  and W because
the distance between ¥ and 1w along a unit circle they lie on is precisely 6. Thus we see
thate < 0 for0 <6 <.

We now compute. Note that without loss of generality we may assume that |w] = 1,
which we do in the following. By the triangle inequality,

v+ wll < [lvl v+ @] + 1= [vDld].
By the claim it then follows that
lo +wll < vl (1= 6*)[0] + D) + (1 = olDllD].
Noting that 0 < € < 6 for 6 € [0, 7], we then conclude:
lv 4+ wll < [vI((1=€>/10)[[3]] + [[@]) + (1 = o)

= (1=€/10)[[v]| + [lw]. u
Proof of Proposition 13. For convenience, let W =(gy,...,gm) andlet S={g1,...,2m}.
Let €9(G) be as in Proposition 10. By Proposition 5, because (S) = G there exists some
ng such that $”0 is €3/2-dense in G. Then let N be the neighborhood of (g1, ..., gn) in
G x---x G suchthatif p = (g},...,g&,) € N then {g],...,g,}"° is at least €o-dense
in G. It now suffices to obtain the given estimate for the set W = (g1, ..., gn) using

only the assumption that S”0 is €p-dense. Below, W"0 is the tuple of the m"° words of
length n¢ with entries in W.
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By Proposition 10, there exist (C, ) such that any €o-dense set is (C, «)-Diophantine.
As S0 is €p-dense, so is 0570 and hence S"°S7"0 is (C, o)-Diophantine.

Consider now a non-trivial irreducible finite-dimensional unitary representation
(7, V) of G. Since S™0S7"0 is (C, a)-Diophantine, Corollary 11 implies that for any
unit length v € V there exist wy, wy € $™° such that

1
_ -1 >
o =7 (i w2l 2 G,
and so

7 (wi)v — w(w)v| = Cln

*(e(m)

Hence by Lemma 14, since 7 is unitary

e (wn)v + w(wa)v] < (1 - )nn(wl)vn + e (wa)o]

1
10C2 In**(c(r))

1
< (2- oemmarac 10t
10C? In"*(c(r))
Then by the triangle inequality,

Z w(w)v

weWw"o

L7l = ”

[W|ro

< g (Ir@ + w2l + 37 ol
weW0\{wy,ws}
< s (2 Yot + B2 o
— v
T |Wro 10C2 n%*(c (7)) |W |0

1
< (1 - e (ﬂ)))HvH.

Interpolating shows that for all n > 0,

1 -1 1 n/ng
L% <{1- 5 1— 5 :
10C2|Wro| In** (c(7r)) 10C2|Wro| In** (c(7r))

As (m, V) ranges over all non-trivial representations, ¢ () is uniformly bounded away
from 0; see [29, 5.6.7]. This implies that the first term above is uniformly bounded by
some D > 0 independent of 7r. Applying the estimate (1 + x)€ < 1 + ex to the second
term then gives the proposition. |

Notice that in Proposition 13 we obtain an entire neighborhood of our initial set S on
which we have the same estimates for &£,. Consequently, because these estimates remain
true under small perturbations, we think of them as being stable. We will use the term
“stable” in the following precise sense.
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Definition 15. Suppose that T" is some property of a tuple W = (g1, ..., gm) With ele-

ments in a Lie group G. We say that T is stable at W = (g1, ..., gm) if there exists a
neighborhood N of (g1,...,8m) in G x --- x G such that if (g}.....,g,,) € N then T
holds for (g7}, ..., g;,). We will also say that T is stable without reference to a subset

when the relevant tuples that 7 is stable on are evident.

A crucial aspect of the Diophantine property in compact semisimple Lie groups is that
by Proposition 10 there is a stable lower bound on (C, «). This stability will be essential
during the KAM scheme.

2.4. Diophantine sets and tameness

Consider a smooth vector bundle E over a closed manifold M . We may consider the space
C°° (M, E) of smooth sections of E. Consider a linear map L: C*°(M,E) - C*®(M, E).
We say that L is tame if there exists a such that for all k£ there exists C such that for all
s € C®(M,E),

ILsllcx < Cillsllcxse.

See [16, §11.2.1] for more about tameness. The main result of this section is to show such
estimates for certain operators related to £.

Though &£ acts in any representation of G, we are most interested in the action of G
on the sections of certain vector bundles, which we now describe. Suppose that K is
a closed subgroup of G and that E is a smooth vector bundle over G/ K. We say that
E is a homogeneous vector bundle over G/K if G acts on E by bundle maps and this
action projects to the action of G on G/K by left translation. We now give an explicit
description of all homogeneous vector bundles over G/ K via the Borel construction. See
[29, Ch. 5] for more details about this topic and what follows. Suppose that (z, Ep) is
a finite-dimensional unitary representation of K. Form the trivial bundle G x Ey. Then
K acts on this bundle by (g,v) — (gk, t(k)~'v). Then (G x Ey)/K is a vector bundle
over G/K that we denote by G x; Eg. Note, for instance, that C*°(G, R) is the space
of sections of the homogeneous vector bundle obtained from the trivial representation
of {e} < G. The left action of G on G x Eq descends to G X, Ey, and hence this is a
homogeneous vector bundle.

In order to do analysis in a homogeneous vector bundle, we must introduce some
additional structures. Suppose that E = G x; Ey is a homogeneous vector bundle. The
base G/ K comes equipped with the projection of the Haar measure on G. As the action
of K on G x Ej is isometric on fibers, the fibers of E are naturally endowed with an inner
product. We may then consider the space L?(E) of all L? sections of E. In addition, we
will write C°°(E) for the space of all smooth sections of E. The action of G on E
preserves L2(E) and C®(E).

We recall briefly how one may do harmonic analysis on sections of such bundles.
As before, let ©2 be the Casimir operator, which is an element of U(g). Then 2 acts on
the C*° vectors of any representation of G. Denote by A the differential operator obtained
by the action of —2 on C°°(E). Then A is a hypoelliptic differential operator on E. We
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then use the spectrum of A to define for any s > 0 the Sobolev norm H* in the following
manner. L2(E) may be decomposed as the Hilbert space direct sum of finite-dimensional
irreducible unitary representations V. Write ¢ = )" ¢, for the decomposition of an
element ¢ € L2(E). Then the s-Sobolev norm is defined by

Ipl7s = D (1 +c(0)* I dxll72-

We write || f||¢s for the usual C* norm of a function or section of a vector bundle. It is not
always necessary to work with the decomposition of L2(E) into irreducible subspaces;
instead one can use a coarser decomposition as follows. We let H) denote the subspace
of L?(E) on which A acts by multiplication by A > 0. There are countably many such
subspaces H) and each is finite-dimensional. In what follows, those functions that are
orthogonal to the trivial representations in L2(E) will be of particular importance. We
denote by Lg(E ) the orthogonal complement of the trivial representations in L2(E), and
C§°(E) the subspace L3(E) N C®(E).
We now consider the action of &£ on the sections of a homogeneous vector bundle.

Proposition 16 (Tameness [10, Prop. 1]). Suppose that (g1, ..., gm) is a Diophantine
tuple with elements in a compact connected semisimple Lie group G. Suppose that E is
a homogeneous vector bundle that G acts on. Then there exist constants Cy, o1, 0y > 0
such that for any s > 0 there exists Cs such that for any non-zero ¢ € C{°(G/K, E),

IAd — &) '@llas < Cilldllgs+ar,  [Ad =) @lles < Csll@ll gstas -
Moreover, these estimates are stable.

Proof. As before, let H), be the A-eigenspace of A acting on sections of E. Let £, denote
the action of £ on H). From Proposition 13, we see that there exist D, D, and «3 such
that for all A > 0, | £} [|go < D1(1 —1/(D21n%?(Av)))". Thus there exists C3 such that
[(Id — £3)" Y| go < C3In*3(X). Now observe that in the following sum A # 0 by our
assumption that ¢ is orthogonal to the trivial representations contained in L?(E):

10d— &) ¢llFs =Y (1 + 1) [|(0d - £2) " ¢al17.
A>0

< A+ Dad =) P lpal7

A>0

<Y 3P+ 1) ll¢all7-
A>0

<Y CHA+ AT g2,
A>0

2 2
S C4 ||¢||Hs+a1 )

for any «; > 0 and sufficiently large C4. The second estimate in the proposition then
follows from the first by applying the Sobolev embedding theorem. ]
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2.5. Application to isotropic manifolds

We now introduce the class of isotropic manifolds, which are the subject of this paper and
whose isometry groups may be studied along the above lines. We say that M is isotropic
if Isom(M) acts transitively on the unit tangent bundle of M, T!' M. This is equivalent
to Isom(M)° acting transitively on 7' M. There are not many isotropic manifolds. In
fact, all are globally symmetric spaces. The following is the complete list of all compact
isotropic manifolds:

(1) S" =SO(n + 1)/ SO(n), sphere,
(2) RP"* =SO(n + 1)/0(n), real projective space,
(3) CP" =SU(n + 1)/U(n), complex projective space,
(4) HP* = Sp(n + 1)/(Sp(n) x Sp(1)), quaternionic projective space,
(5) F4/Spin(9), Cayley projective plane.
A proof of this classification may be found in [30, Thm. 8.12.2].
Though S! is an isotropic manifold, we will exclude it in all future statements because

its isometry group is not semisimple. The reason that we study isotropic manifolds is that
if M is an isotropic manifold other than S, then Isom(M) is semisimple.

Lemma 17. Suppose that M is a compact connected isotropic manifold other than S'.
Then Isom(M) is semisimple. The same is true for Isom®(M), the connected component
of the identity.

For a proof of this lemma, see [28], which computes the isometry groups for each of
these spaces explicitly. In fact, these isometry groups all have simple Lie algebras.

One minor issue with applying what we have developed so far to isotropic manifolds is
that Isom(M ) need not be connected. Even in the case of S2, Isom(M) is disconnected.
In fact, Dolgopyat and Krikorian assume that the isometries in their theorem all lie in
the identity component of Isom(M') and hence are rotations. Here, we consider the full
isometry group. Hence Theorem 1 is a generalization even in the case of S”. That said,
the generalization is minor: the identity component is index 2 in the full isometry group.

Although connectedness of Isom(M) has not been the crux of previous arguments, if
Isom(M) # Isom(M )°, then there are “‘extra” representations of Isom(M) that appear in
the definition of Diophantineness that would need to be dealt with slightly differently. For
this reason we give the following definition, which is adapted to the case where Isom(M)
is not connected.

Definition 18. We say that a tuple (g1, ..., gm) with each g; € Isom(M) is Diophantine
if there exists n such thatif S = {gq, ..., gn} then S” NIsom(M)° is (C, o)-Diophantine
for some C, o > 0. We say that such a tuple is (C, o, n)-Diophantine.

It follows from Proposition 7 that if a tuple is Diophantine, then there exists a neigh-
borhood of that tuple such that the constants C, o, n may be taken to be uniform over that
neighborhood. Thus Diophantineness in this more general sense is a stable property. The
following analogue of Proposition 19 is then immediate.
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Proposition 19. Let M be a closed isotropic manifold of dimension at least 2 and S
be a finite subset of Isom(M ). The set S is Diophantine if and only if Isom(M)° C m
Moreover, there exist eg(M), C,a,n > 0 such that any subset of Isom(M) that is €y-dense
in Isom(M)° is stably (C, o, n)-Diophantine.

We will show a tameness result in this setting. The important point is that Isom(M )°
is a semisimple connected Lie group and TM is a homogeneous vector bundle that
Isom(M)° acts on. Further, due to M being isotropic, L>(M, TM) contains no triv-
ial representations of Isom(M)°. Thus we are almost in a position where we can apply
Proposition 16. There is one small issue: there may be representations of Isom(M) that
are trivial on Isom(M )° and hence the previous arguments do not apply directly to these
representations. However, for the purpose of studying sections of TM, studying repre-
sentations of Isom(M)° suffices. The following proposition explains how one may get
around this issue to recover the appropriate analog of Proposition 13. It is important to
note that there are many choices of a “Laplacian” acting on vector fields over a manifold,
and they may not all be the same. In our case, we are choosing to work with the Casimir
Laplacian, which arises from viewing 7'M as a homogeneous vector bundle. Given a tuple
(g1,...,8m) of isometries of M, the associated operator &£ that acts on L2(M, TM) is
defined for a vector field V by V > m™1 Y 'L (Dgi)«V.

Proposition 20. Suppose that M is a closed isotropic manifold with dim M > 2. Suppose
that (g1, ...,8m) is a Diophantine tuple with elements in Isom(M ). There exists a neigh-
borhood N of (g1,...,8m) inIsom(M) x --- x Isom(M) and constants Dy, Dy, > 0
such that if (g1,...,8,) € N, then {g\,..., g} is Diophantine. Let H) denote the
A-eigenspace of A acting on sections of TM. For any tuple in this neighborhood, the
associated operator £ acts on L>(M, TM) and preserves the H,-eigenspaces. In fact,
writing £, for this induced action we have

1 n
i <Di|ll———=— -
160 = 1( Dzln“(x))

The same holds for the eigenspaces H) of A acting on other bundles over M assuming
that Isom(M) acts isometrically on the space of sections of those bundles. In cases where
there is a trivial representation, we must also assume A > 0. Examples of such bundles are
L?2(M,R) as well as L*(Gr, (M), R) when Isom(M)° acts transitively on the r-planes
inTM.

Proof. The key steps in the proof are substantially similar to those in Proposition 13, once
we show that the elements of Isom(M ) all preserve the spaces H). Let I" be a bundle as
in the statement of the proposition that Isom(M) acts on isometrically.

Claim 2. Suppose that V' C T is an irreducible representation of Isom(M )° isomorphic
to (zt, W). Then for any k € Isom(M)°, kV is an irreducible representation of V iso-
morphic to (w o a, W) for some automorphism a of Isom(M)°. In particular, ¢(7 o @)
= c(m).
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Proof. Let g8 = k™1gk as usual. We claim that for any k € Isom(M), kV is a rep-
resentation of Isom(M)°. To see this, note that for v € V, we have gkv = kgFv, but
gk e Isom(M)°, so kgkv € kV. Moreover, it is straightforward to see that the represen-
tation of Isom(M)° on kV is isomorphic to the representation (7 o «, W) where « is the
automorphism g — gk.

We now claim that ¢(7r o o) = ¢ (7). Because « is an automorphism, it preserves the
Killing form, and hence we can write the Casimir element as Y, (de™ ! (X;))?. Now note
that if one traces through the computation of the value c (7 o «) for the representation
7 o «, then the @~ we have introduced cancels with the . Thus the computation reduces
to the computation of ¢ (i) with the original expression ) ; X 1.2. Hence c( o o) = (7).

L]

To conclude from this point, one uses the same argument as in Proposition 13, except
we start with the set S0 and only make use of the elements in S™° N Isom(M)°. No
issues arise because any terms that do not lie in Isom(M)° are isometries of H) as we
have now shown. ]

Having established the previous proposition the following is immediate and may be
shown by repeating the argument of Proposition 16.

Proposition 21. Suppose that M is a closed isotropic manifold with dim M > 2. Suppose
that (g1, ..., 8gm) is a Diophantine tuple with elements in Isom(M ). There exist constants
C1,a1, 0 > 0 such that for any s > 0 there exists Cy such that for any ¢ € C*°(M,TM),

10d = &) pllas < Cillglgster.  N10d = L) lles = Colldllcstar

Moreover, these estimates are stable. The same holds for the action of £ on any of the
sections of any of the bundles that Proposition 20 applies to.

3. Approximation of stationary measures

In this section, we introduce the notion of a stationary measure associated to a random
dynamical system. We consider stationary measures of certain random dynamical systems
associated to a Diophantine subset of a compact semisimple Lie group as well as pertur-
bations of these systems. We begin by introducing these systems and some associated
transfer operators. In Proposition 23, we give an asymptotic expansion of the stationary
measures of a perturbation.

3.1. Random dynamical systems and their transfer operators

We now give some basic definitions concerning random dynamical systems. For general
treatments of random dynamical systems and their basic properties, see [20] or [1]. If
(fi,---, fm) is a tuple of maps of a standard Borel space M, then these maps generate
a uniform Bernoulli random dynamical system on M. This dynamical system is given by
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choosing an index 1 <i < m uniformly at random and then applying the function f; to M.
To iterate the system further, one chooses additional independent uniformly distributed
indices and repeats. We always use the words random dynamical system to mean uniform
Bernoulli random dynamical system in the sense just described.

Associated to this random dynamical system are two operators. The first operator is
called the averaged Koopman operator. It acts on functions and is defined by

1 m
Mp:=—>"¢of. (7)
i
The second operator is called the averaged transfer operator. It acts on measures and is
defined by

1 m
Mp=—) (fi)xp. (8)
"
Depending on the space M, we may restrict the domains of these operators to a suitable
subset of the spaces of functions and measures on M . We say that a measure is stationary
if M*p = . We assume that stationary measures have unit mass.

In this paper, we take M to be a compact homogeneous space G/K. If g € G,
then left translation by g gives an isometry of G/K that we also call g. As before,
a tuple (g1, ..., gm) with each g; in G generates a random dynamical system on G/ K.
We will also consider perturbations of this random dynamical system. Consider a tuple
(f1,..., fm) where each f; is in Diff>(G/K). This collection also generates a random
dynamical system on G/K. The indices 1,...,m give a natural way to compare the two
systems. We refer to the initial system as homogeneous or linear and to the latter system
as non-homogeneous or non-linear.

We will simultaneously work with a homogeneous and non-homogeneous systems, so
we now introduce notation to distinguish the transfer operators of each. We write M for
the averaged Koopman operator associated to the system generated by (g1, ..., gm), and
we write M, for the averaged Koopman operator associated to ( f1,. .., fmm). Analogously
we use the notation M* and M.

Later we will compare the homogeneous system given by a tuple (g1,..., gmn) and a
non-homogeneous perturbation ( f1,..., fin). We thus introduce the notation

ek = maxdcr (fi. &), (€))

to describe how large a perturbation is. In addition, it will be useful to have a linearization
of the difference between f; and g;. The standard way to do this is via a chart on the
Fréchet manifold Diff*°*(G/K). If dco(f;, gi) < inj(G/K), then we associate with f;
the vector field Y; defined at g; (x) € G/K by

Yi(gi(x)) = expg ) i (x), (10)

where we choose the minimum length preimage of f; (x) in T, (x)(G/K) under the map
exp;il(x). In addition, if Y is a vector field on M, then we define Yy: M — M to be the
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map
Yy : x = exp, (Y (x)). (11)

The following theorem asserts the existence of Lyapunov exponents for random
dynamical systems.

Theorem 22 ([20, Ch. 3, Thm. 1.1]). Suppose that E is a measurable vector bundle over
a Borel space M. Suppose that Fy, I, . .. is a sequence of independent and identically
distributed bundle maps of E with common distribution v and suppose that v has finite
support. Suppose that | is an ergodic v-stationary measure on M for the random dynam-
ics on M induced by those on E.

Then there exists a list of numbers, the Lyapunov exponents,

—00 <A <M< < < o0,

such that for p-a.e. x € M and almost every realization of the sequence, there exists a
filtration of linear subspaces

ocVvsc---cVCE,

such that, for that particular realization of the sequence, if £ € VIT1\ Vi where Vi = {0}
fori > s, then

1 .
lim —In|[F"o---0 F1§| = A%

n—>oo n

3.2. Approximation of stationary measures

Let dm denote the pushforward of Haar measure to G/ K. Note that Haar measure is
stationary for the homogeneous random dynamical system given by (g1, ..., gm). The
following proposition compares the integral against a stationary measure p for a per-
turbation (f1, ..., fn) and the Haar measure. Up to higher order terms, the difference
between integrating against Haar and against p is given by the integral of a particular
function U(¢p). We obtain an explicit expression for U(¢), which is useful because we
can tell when U(¢p) vanishes and thus when w is near to Haar. Compare the following
with [10, Prop. 2].

Proposition 23. Suppose that S = (g1, ..., gm) is a Diophantine tuple with elements
in a compact connected semisimple group G or elements in Isom(M) for an isotropic
manifold M with dim M > 2. Let G/ K be a quotient of G in the former case or a space
Isom(M)° acts transitively on in the latter. There exist constants k and C such that if
(f1s---, fm) is a tuple with elements in Diff ®(G/K) with e¢9 = max; dco(fi, gi) <
inj(G/K), then the following holds for each stationary measure | for the uniform
Bernoulli random dynamical system generated by the f;. Let Y; = exp;l_l(x) fi(x). Then
forany ¢ € C*°(G/K), we have

pdu=[ pdm +/ U@) dm + O]l cr). (12)
G/K G/K G/K
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where dm denotes the normalized pushforward of Haar measure to G/ K and

U@ =Y Vi a- 407 (¢~ [ pdm). (13)

i=1
Moreover,

= Cléllck (14)

‘ [ wiwyam

ck’

m
DY
i=1

and the constants, including the constant in the big-O in (12), are stable in S.

Proof. The proof is similar to the proof of [24, Prop. 4]. We write the proof for the con-
nected group G the proof for Isom(M ) is identical with the use of Proposition 21 instead
of Proposition 16.

Note that a smooth real-valued function defined on G/K is naturally viewed as a
section of the trivial bundle over G/ K. If we view the averaged Koopman operator M
associated to (g1, ..., gm) as acting on the sections of the trivial bundle G/ K x R, then
M satisfies the hypotheses of Proposition 16. Thus there exists o and constants Cy such
that for any ¢ € C5°(G/K), the space of integral O smooth functions on G/ K,

1dd — M) @llcs < Cslldllcsto- 5)
Observe that for any 7,

lp o fi(x) —¢ogi(x)| =eoldllcr

Since p is M7 -invariant, this implies that

= eollglicr-

‘/(¢—M¢)du' - ‘[(quﬁ—efw)du

Substituting (Id — M)~ (¢ — | @ dm) for the function ¢ in the previous line and using
(15) yields a first order approximation:

oo fou

We now use this first order approximation to obtain a better estimate. Note the Taylor
expansion

< eCill¢llcr+a. (16)

po fi(x) —¢ogi(x) = (Vy,$)(gi(x) + O(eglldlic2)-

Integrating against u yields
[ s@rdi= [(Mep - 91 du

1 m
= | = Vyé(gx)du+ 0@l c2)-
[+

i=1
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We now plug in (Id — M)~ (¢ — [ ¢ dm) for ¢ in the previous line and use (15) to obtain

[edn— [ pan= /%é(vnad—m—l@ - [odm) ) dn

+ 0(3llp |l c2+0).

Using (16) on the first term on the right hand side above yields

[odn—[oam= /%;(w,ad—m—l(«p—/¢dm))<g,~(x))dm
+ o(eoj(i Vi (1d= 07| )+ OEEllcare). (D)
Note that .
Hivm 1= 407'¢| . = Oersall (d = M) pllcose).

The application of (15) to ||(Id — M)~ ¢ | c2+« then shows that the first big-O term
in (17) is O(eo&2+allP|lc2+2¢). Thus,

[ o~ [oam- f%é(vy,-ad—M)‘1(¢—[¢dm))<gi(x))dm

+ 0(65 14|l c2+20).

Now, by translation invariance of the Haar measure we may remove the g;’s:

/¢du—f¢dm=[%Zvyi(1d—du)—l(¢—/¢dm) dm+ O(&5 4 |lp )l c2+24).
i=1

This proves everything except (14).
We now estimate the integral of

U@) = -3V, 1d— 40! (¢ - [ dm)
i=1

=Vigm y >1d=H)" (¢—/¢dm),

against Haar. By (15) there exists Cy such that

joa-s07 (o [ oam)

which establishes equation (14) by a similar argument to the estimate of the big-O term
occurring in the previous part of this proof. ]

= Gldlcrte,

c!
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4. Strain and Lyapunov exponents

In this section we study the Lyapunov exponents of perturbations of isometric systems.
The main result is Proposition 26, which gives a Taylor expansion of the Lyapunov expo-
nents of a perturbation. The terms appearing in the Taylor expansion have a particular
geometric meaning. We explain this meaning in terms of two “strain” tensors associated
to a diffeomorphism. These tensors measure how far a diffeomorphism is from being an
isometry. After introducing these tensors, we prove Proposition 26. The Lyapunov expo-
nents of a random dynamical system may be calculated by integrating against a stationary
measure of a certain extension of the original system. By using Proposition 23, we are
able to approximate such stationary measures by the Haar measure and thereby obtain a
Taylor expansion.

4.1. Norms on tensors

Throughout this paper we use the pointwise L2 norm on tensors, which we now describe.
For a more detailed treatment, see the discussion surrounding [22, Prop. 2.40]. If V' is an
inner product space with orthonormal basis [eq, ..., e,], then V ®k has a basis of tensors
of the form

ei, R---Re ix

where 1 <i; <nforeach 1 < j <k.We declare the vectors of this basis to be orthonormal
for the inner product on V®¥. This norm is independent of the choice of orthonormal
basis. For a continuous tensor field 7" on a closed Riemannian manifold M, we write || T ||
for maxyeps | T(x)||. If T is a tensor on a Riemannian manifold M , we define its L.? norm
in the expected way by integrating the norm of 7'(x) as a tensor on 75 M over all points
xeM,ie.

1/2
1Tl = ( [ ||T<x>||2dvol<x>) .

4.2. Strain

If a diffeomorphism of a Riemannian manifold is an isometry, then it pulls back the metric
tensor to itself. Consequently, if we are interested in how near a diffeomorphism is to
being an isometry, it is natural to consider the difference between the metric tensor and
its pullback. This leads us to the following definition.

Definition 24. Suppose that f is a diffeomorphism of a Riemannian manifold (M, g).
We define the Lagrangian strain tensor associated to f to be

ET = 3(f*g—2)

This definition is consonant with the definition of the Lagrangian strain tensor that
appears in continuum mechanics (cf. [21]).
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The strain tensor will be useful for two reasons. First, it naturally appears in the Taylor
expansion in Proposition 26, which will allow us to conclude that a random dynamical
system with small Lyapunov exponents has small strain. Secondly, we prove in The-
orem 27 that for certain manifolds, a diffeomorphism with small strain is near to an
isometry. The combination of these two things will be essential in the proof of our main
linearization result, Theorem 1, which shows that perturbations with all Lyapunov expo-
nents zero are conjugate to isometric systems.

We now introduce two refinements of the strain tensor that will appear in the Taylor
expansion in Proposition 26. Note that £/ is a (0, 2)-tensor. Consequently, we may take
its trace with respect to the ambient metric g.

Definition 25. Suppose that f is a diffeomorphism of a Riemannian manifold (M, g).
We define the conformal strain tensor by
gl T7g—g)
¢ 2d
We define the non-conformal strain tensor by

1 Tr(f*g — g)
Hlom 8 -8 =} rgma-TUE0.)

d

4.3. Taylor expansion of Lyapunov exponents

Suppose that M is a manifold and that f is a diffeomorphism of M. Let Gr,(M)
denote the Grassmannian bundle of r-planes in 7M. When working with Gr, (M) we
write a subspace of Tx M as E, to emphasize the basepoint. Then f naturally induces
a map F:Gr,(M) — Gr,(M) by sending a subspace E, € Gr,.(TxM) to Dy fE, €
Gr,(Tr(xyM). If we have a random dynamical system on M, then by this construction
we naturally obtain a random dynamical system on Gr, (M ). The following proposition
should be compared with [10, Prop. 3].

Proposition 26. Suppose that M is a compact connected Riemannian manifold such that
Isom(M) is semisimple and that Isom(M)° acts transitively on Gr,.(M). Suppose that
S =(g1,...,8m) is a Diophantine tuple of elements of Isom(M ). Then there exist € > 0
and k > 0 such that if (f1,..., fm) is a tuple with elements in Diff (M) such that
dcx (fi. gi) < €, then the following holds. Suppose that | is an ergodic stationary mea-
sure for the random dynamical system obtained from (fi, ..., fm). Let A be the sum of
the top r Lyapunov exponents of ju. Then

r “ finz r(d — r) - fi 2
A0 =5 3 [rEdp o e > | NEfeIP dvo
+/ U(Y) dvol + O(e}). (18)

Gry (M)

where W = nll St Indet(Df; | Ex), ex = max; de (f;, gi), U is defined as in Propo-
sition 23, and det is defined in Appendix D.
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Proof. Given the random dynamical system on M generated by the tuple (f1,..., fm),
there is the induced random dynamical system on Gr, (M) generated by (Fy, ..., Fy,) as
described before the statement of the proposition. The Lyapunov exponents of the system
on M may be obtained from the system on Gr, (M) in the following way. By [20, Ch. III,
Thm. 1.2], given an ergodic stationary measure . on M, there exists a stationary measure
o on Gr, (M) such that

1 & _
A =23 [ indet(Df; | En dR(E)
m i=1 Grr (M)

Reversing the order of summation, this is equal to

/G (M)%Zlndet(Dfi | Ex) d7i(Ey). (19)

i=1
As Isom(M) acts transitively on Gr, (M), Gr, (M) is a homogeneous space of Isom(M ).

Thus as (g1, ..., gm) is Diophantine, we may apply Proposition 23 to approximate the
integral in (19). Letting U be as in that proposition, there exists k such that

m
Ar(p) = / 1 > "Indet(Df; | Ex) dvol(Ex)
Grr (M) m

i=1

l m
+/ ‘u(- > Indet(Df; | Ex)) dvol(Ey)
Grr (M) m i=1

+ 0((miaxdck(F,-, Gi))zuilndet(Df,- | Ex)
i=1

ck)' (20)

We now estimate the error term. The following two estimates follow by working in a chart
on Gr,(M). If f, g are two maps of M and F, G are the induced maps on Gr, (M), then
dek (F,G) = O(dck+1(f, g)). In addition, by Lemma 58 in Appendix D we have

[ indew(Dfi | B0, = Oern. e
i=1

Thus the error term in (20) is small enough to conclude (18).
To finish, we apply the Taylor expansion in Proposition 59 of Appendix E to

/ Indet(Df; | Ex) dvol(Ey),

Grr (M)

which gives precisely the first two terms on the right hand side of (18) and an error that
is O(s%). [ ]
5. Diffeomorphisms of small strain: extracting an isometry in the KAM scheme

In this section we prove Proposition 28, which shows that a diffeomorphism of small
strain on an isotropic manifold is near to an isometry. In the KAM scheme, we will see that
diffeomorphisms with small Lyapunov exponents are low strain and hence conclude by
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Proposition 28 that they are near to isometries. Proposition 28 follows from Theorem 27,
which shows that certain diffeomorphisms with small strain of a closed Riemannian man-
ifold are C° close to the identity.

Theorem 27. Suppose that (M, g) is a closed Riemannian manifold. Then there exist
1>r>0andC > 0such that if f € Diff>(M) and

(1) there exists x € M such that f(x) = x and |Dy f —1d|| =6 <r,
2 If*g—gl=n<r,

3) de2(f,1d) =k < r,

then forall y € (0,r),

deo(f1d) < CO +ky + 1y~ ).
Theorem 27 is the main ingredient in the proof of our central technical result.

Proposition 28. Suppose that (M, g) is a closed isotropic Riemannian manifold. Then
for all 0 > 0 and all integers £ > 0, there exist k and C,r > 0 such that for every f €
Diffk (M), if there exists an isometry I € Isom(M) such that

(1) dex(1, f) <,
@ 178 —gllmo <,
then there exists an isometry R € Isom(M) such that

deo(R, 1) < Cde2 (S 1)+ |1 /g — gy, (22)
dee(fR) < C(If*g = gllyo “de=(f. DV>7). (23)

Though the statement of Proposition 28 is technical, its use in the proof of Theorem 1
is fairly transparent: the proposition produces an isometry near to a diffeomorphism with
small strain, which is the essence of the iterative step in the KAM scheme. This remedies
the gap in [10].

5.1. Low strain diffeomorphisms on a general manifold: proof of Theorem 27

The main geometric idea in the proof of Theorem 27 is to study distances by intersecting
spheres. In order to show that a diffeomorphism f is close to the identity, we must show
that it does not move points far. As we shall show, a diffeomorphism of small strain
distorts distances very little. Consequently, a diffeomorphism of small strain nearly carries
spheres to spheres. If we have two points x and y that are fixed by f, then the unit spheres
centered at x and y are carried near to themselves by f. Consequently, the intersection of
those spheres will be nearly fixed by f. By considering the intersection of spheres in this
way, we may take a small set on which f nearly fixes points and enlarge that set until it
fills the whole manifold.
Before the proof of the theorem we prove several lemmas.
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Lemma 29. Let M be a closed Riemannian manifold. There exists C > 0 such that if
f eDiff'(M)and || f*g — g|| < nthenforallx,y € M,

(I=Cnd(x,y) =d(f(x), f(y)) = A+ Cnd(x,y).

Proof. If y is a path between x and y parametrized by arc length, then f o y is a path
between f(x) and f(y). The length of f oy is equal to

len(y)

len(y)
len(f 0y) = /0 JeDF 7. D) di = [O VTG di

len(y)
- /0 eGP T s —glG7) di

len(y)
=/0 VT g =g dr.

By our assumption on the norm of f*g — g, there exists C such that |[ f*g — g](y, 7)]
< Cn. Then using /1 + x < 1 + x for x > 0, we see that

len(y)
len(f oy) < /0 1+ [[f"g —gl(y.y)|dt <len(y) + Cnlen(y).

The lower bound follows similarly by using 1 + x < /1 + x for -1 < x <0. n

Lemma 30. Let M be a closed Riemannian manifold. Then there exist r, C > 0 such that
forall f e Diff>(M), if
(1) there exists x € M such that f(x) = x and |Dx f —1d|| =0 <r,
(2) de2(f,1d) =k < r,
then for all0 <y < r and y such that d(x,y) < y,
d(y. f(»)) < C(y0 + y*).

Proof. Letr = inj(M)/2. We work in a fixed exponential chart centered at x, so that x
is represented by O in the chart. Write

f() =0+ Dofy+ R(y)=y+ (Dof —1d)y + R(y).

As the C? distance between f and the identity is at most «, by Taylor’s theorem R(y) is
bounded in size by C«|y|? for a uniform constant C. Thus

| f(7) =yl < 01yl + Cicly[>.
In particular, for all y such that |y| <y <r,
|f() =y = C'(y0 + y*x).

But the distance in such a chart is uniformly bi-Lipschitz with respect to the metric on M,
so the lemma follows. ]
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q x
1 s m

§40.¥) (x)

y p

Fig. 1. The four points x, y, p, g appearing in Lemma 31. Given x, y, p, the lemma produces the
point ¢ and gives an estimate on the length of the dotted line, which is longer than d(x, y).

The following geometric lemma produces points on two spheres in a Riemannian
manifold that are further apart than the centers of the spheres.

Lemma 31. Let M be a closed Riemannian manifold. There exist C,r > 0 such that for
all B € (0,7), if x,y € M satisfy inj(M)/3 < d(x,y) < inj(M)/2, and there is a fixed
p € M such that d(x, p) = d(y,x) and d(p,y) < r, then there exists ¢ € M depending
on p such that

(1) d(g,y) =d(y,x),
() d(q.x) < B,
(3) d(q.p) = d(x.y)+ Cd(y, p)B.

In order to prove Lemma 31, we recall the following form of the second variation of
length formula. For a proof of this and related discussion, see [5, Ch. 1, §6].

Lemma 32. Let M be a Riemannian manifold and y be a unit speed geodesic. Let
Yv,w be a two-parameter family of constant speed geodesics parametrized by yy .y :
la, b] x (—€,€) x (—€,€) > M such that yoo = y. Suppose that aya"l;w =V and

Wyv.w
Jw

= W are both normal to yy,0, which we denote by T. Then

02 len(yy.w
% = (VwV.T)[5 + (V. Ve W)}.

Proof of Lemma 31. We will give a geometric construction using the points x and y and
then explain how this construction may be applied to the particular point p to produce a
point q.

Let O be a unit tangent vector based at y that is tangent to S¢*-¥)(x), the sphere of
radius d(x, y) centered at x. Let y,: [a, b)] = M be a one-parameter family of geodesics
parametrized by arc length so that yy is the unit speed geodesic from x to y, d;y;(b)|s=0
= 0, y;(b) is a path in S4*-Y)(x), and y;(a) = x for all . The variation y; gives rise to
a Jacobi field Y. Note that Y(a) = 0, Y(b) = Q, and Y is a normal Jacobi field.
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Next, let X be the Jacobi field along yo defined by X(b) = 0 and Vr X |, = Y (),
where T denotes yy, i.e. the tangent to the curve yy. Such a field exists and has uniformly
bounded norms because y is shorter than the injectivity radius. Let n,: [a, b)] — M be
a one-parameter family of geodesics tangent to the field X such that n,(b) = y, n; is
arc length parametrized, and 19 = yp. Note that each 7, has length d(x, y). Let T now
denote y;;, which gives the tangent direction to each curve y; ; in the variation.

Define ys;: [a, b] — M to be the arc length parametrized geodesic between 7s(a)
and y;(b). The variation y,, is a two-parameter variation satisfying the hypotheses of
Lemma 32. Consequently, we see that

d?len(ys,) .

= (VxY, T)|% + (Y, VrX)[2. 24
B~ (VY. + (V. VX)L 4)
The first term may be rewritten as

(Vx Y. T)[h = Vx (Y. T); — (Y. Vx T)1;. (25)

As Y(a) = 0 and X(b) = 0, the second term in (25) is zero. Similarly Vx (Y, T)|, = 0.
We claim that Vx (Y, T')|, = 0 as well. To see this we claim that ¥ = 0;y5¢]l¢a = 0
for all s. This is because ys,(a) is constant in ¢ as y,,(a) depends only on s. Thus
(Y, T)|. = 0. When we differentiate by X, we are differentiating along the path ys0(a).
Thus Vx (Y, T)|, = 0 as (Y, T) is 0 along this path. Thus (Vx Y, T)|2 = 0. Noting in
addition that Y(a) = 0, equation (24) simplifies to

d?len(yy,)
— =Y,V X)|p.
Jvd1 (Y, VrX)|p

Hence as we defined X so that V7 X |, = Y(b),

d? len(Vs,t) _ B B
g = YO).Y0) =2] =1

Note next that j—; len(ys,:) = O because the geodesics ys,0 all have the same length.

Similarly, j—tzz len(ys,;) = 0. Thus we have the Taylor expansion

2
dsdt

There exist o > 0 and C > 0 such that forall 0 < s,t < ry,

len(ys:) = d(x,y) + st + o(s3,13). (26)

len(ys,) = d(x, y) + Cst. 27)

Consider now the pairs of points ys¢(a) and yo,(b). We claim that if p is of the form
P = Yo,:(b) for some small # then we may take ¢ = y;,0(a), where the choice of s will be
dictated by f.

Note that

d(ys0(a), x) = s[|X(@)]| + O(s*) and d(yo,;(b),y) = t|Y(D)| + O(?).
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Hence there exists s¢ such that for 0 < 5,1 < s9,
d(ys0(a),x) <2s|X(a)]| and d(yo:(D),y) <2t|Y(b)]. (28)
For any B < min {2s¢|| X(a)||, 2ro|| X(a)|}, by (27) taking s = 8/(2|| X(a)||) we obtain

d(ys0(@). v, (b)) = d(x,y) +1BC/ 2| X(a)]).
which by (28) implies

d(ys,0(a), o, (b)) > d(x,y) + Bd(yo,: (D), y).

__c
AX@IY O]

By (28) and our choice of s,

d(ys,e(a),x) < B.
Finally, d(ys,0(a), y) = d(x, y) by the construction of the variation. Thus the conclusion
of the lemma holds for the points p = yp(b) and g = y;,0(a).

We claim that this gives the full result. First, note that for all pairs of points x and y
and choices of vectors Q in our construction, the norms || X(a)|| and || Y (b)|| are bounded
above and below. This is because the distance minimizing geodesic from X to Y does
not cross the cut locus. Similarly, the constants C, rg, and 59 may be uniformly bounded
below over all such choices of x and y by compactness. Thus as all these constants are
uniformly bounded independent of x, y and Q, the above argument shows that for any
pair x and y that there is a neighborhood N of y in S¢*¥) of uniformly bounded size,
such that for any p € N there exists g satisfying the conclusion of the lemma. This gives
the result as any p sufficiently close to y such that d(x, p) = d(x, y) lies in such a
neighborhood N. ]

The following lemma shows that if a diffeomorphism with small strain nearly fixes a
large region, then that diffeomorphism is close to the identity.

Lemma 33. Let (M, g) be a closed Riemannian manifold. Then there exists ro € (0, 1)
such that for any r', B € (0, ro) there exists C > 0 such that if f € Diff'(M) and

(1) dco(f.1d) < ro,
(2) there exists a point x € M such that all y with d(x, y) <r' satisfy d(y, f(y)) <B <ro,
G I f*g—gll=n=ro

then
dco(f,1d) < C(B + n). (29)

Proof. Letry, Cy denote the r and C in Lemma 31. Let C, be the constant in Lemma 29.
There exists a constant r, such that for any x, y € M withinj(M)/3 <d(y,x) <inj(M)/2
and any z such that d(y, z) < r,, we have d(y, Z) < ry, where Z is the radial projection
of z onto S4®-Y)(x). Let ro = min {ry, r», inj(M)/24}.

Suppose that x € M has the property that d(x, z) < r implies d(z, f(z)) < B. Sup-
pose that y is a point such that inj(M)/3 < d(y, x) < inj(M)/2. Let m be the radial
projection of f(y) onto S (x).
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By choice of rg < rp,d(y, f(¥)) < rpand so d(y, m) < r1. Hence we may apply
Lemma 31 with B =r’,x = x,y = y and p = f(¥) to conclude that there exists a point
q € M such that

d(q.y) =d(x,y), (30)
d(g,x) <, (31)
d(q. f(») = d(x,y) + Crd(y. fF)r'. (32)

Using the triangle inequality, we bound the left hand side of (32) to find

d(q. f@) +d(f(@). f) +d(f ). fON zd(q. f) zd(x.y) + Crd(y. FO)r
(33)
First, as d(g, x) < r’ and points within r’ of x do not move more than 3,

d(q. f(@) = B.

Second, by Lemma 29, as the distance between ¢ and y is bounded above by inj(M)/2,
there exists C3 such that

d(f(q). f(y)) = d(gq.y)(1 + Can) = d(x,y) + Ca).
Similarly, as inj(M)/3 < d(x, y) < inj(M)/2, Lemma 29 implies the bounds

dx, f(y)) =d(x, f(x)) +d(f(x). f(») = B+d(x.y)+ C3n (34)

and similarly
d(x, f(y)) z d(x,y) = B = Can. 35)

For w sufficiently close to S4*-Y)(x) we claim that the radial projection 1 is the point
in $90¥)(x) that minimizes the distance to w. To see this we use the fact that below the
injectivity radius, geodesics are the unique distance minimizing paths between two points.
There are two cases: if d(x, w) > d(x, y) and there is some other point w’ € S (x)
with d(w’, w) < d (W, w), then the path from x to w’ to w along geodesics must be strictly
longer than the geodesic path from x directly to w. If d(x, w) < d(x, y) and W # w’ €
§4(.¥)(x), then one obtains two distance minimizing paths from x to S¢*)(x) passing
through w: the first along a single geodesic and the second from x to w and then from
w to w’. By the uniqueness of distance minimizing geodesics, the latter path must have
length greater than d(x, y) because it is not a geodesic. Thus d(w, w’) > d(w, W); a
contradiction.

The estimates (34) and (35) imply that |d(f(y), x) — d(x, y)| < B + C3zn. Thus the
distance from f(y) to S&¥)(x) is at most B + C31). By the previous paragraph, T(y\) is
the point in S¢®*»)(x) that minimizes distance to f(y). Thus

d(f(y), 7()) < B+ Can. (36)

Thus, from (33) we obtain

B+d(x.y)+Csn+ B+ Can>d(x,y) + Crd(y, fF())r'.
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Consequently,
2PN a0, T,
Clr’
Hence
— — 2 2C
A0 S0 £ A0 T +dr TON = LEE2T v e

Thus by introducing a new constant C4 > 1, we see that for any y satisfying inj(M)/3
< d(y,x) <inj(M)/2, we have

d(y, f(y)) < Ca(B + 1).

Note that the constant C4 depends only on r’ and (M, g).

Consider a point y where (1/3 + 1/24)inj(M) < d(x,y) < (1/2 —1/24) inj(M).
Because r’ < inj(M)/24 such a point y has a neighborhood of size r’ on which
points are moved at most distance C4(8 + 1) by f. Hence we may repeat the pro-
cedure taking y as the new basepoint. Let x be the given point in the statement of
the lemma. Any point ¢ € M may be connected to x via a finite sequence of points
X = Xo,...,Xn = ¢ such that each consecutive pair of points in the sequence are a dis-
tance between (1/3 + 1/24) inj(M) and (1/2 — 1/24) inj(M) apart. As M is compact
there is a uniform upper bound on the length of the shortest such sequence. If N is such a
bound, the above argument shows that for all g € M,

d(q. f(@) = NCY (B +n).
which gives the result. ]

The proof of Theorem 27 consists of two steps. First a disk of uniform radius is pro-
duced on which f nearly fixes points. Then Lemma 33 is applied to this disk to conclude
that f is near to the identity.

Proof of Theorem 27. Let r1, C1 be the r and C in Lemma 30, and let r,, C; denote
the r and ¢ in Lemma 31. There will be a constant r3 > 0 introduced later when it is
needed. Let r4 denote the constant ry appearing in Lemma 33. We let r = min {1, r, 5,
r3, rq,inj(M)/24}. Let C3 be the constant in Lemma 29. Let y € (0, r) be given.

By Lemma 30, for all z such that d(x, z) < y,

d(z, f(z)) < C1(Oy + y*k). (37)

Suppose that y satisfies inj(M)/3 < d(x, y) < inj(M)/2. Let m be the radial
projection of f(y) onto the sphere S4*:¥)(x).
By Lemma 29,

d(x,y)(1 = C3n) =d(f(x), f(y)) =d(x.y)(1 + C31).
As f(x) = x, this implies

d(x,y)(1 = Csn) <d(x, f(y)) <d(x,y)(1 + C3n).
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Hence as d(x, y) is uniformly bounded above and below, there exists C4 such that

d(f(»), (7)) < Can. (38)

There exists r3 > 0 such that if n < r3, then C4n < r,. Hence by our choice of r,
d(y, f(¥)) < rp and we may apply Lemma 31 with B =y, x =x,y =y, p = f(y)to
deduce that there exists g such that

d(q.y) =d(x,y), (39)
d(g,x) <y, (40)
d(q, 7)) = d(x,y) + C2d(y. (). (41)

By Lemma 29, and using the fact that d(x, y) is bounded by inj(M ) /2, there exists Cs
such that

d(f(q). f(y)) <d(q.y)(A + C3n) <d(x,y) + Csn. (42)

By (37),as d(q,x) <y,
d(q, f(q)) < C1(0y +ky?). (43)

Using the triangle inequality with (38), (42), (43) to bound the left hand side of (41), we
obtain

C1(0y +«y*) +d(x,y) + Csn+ Can > d(q, £(@) +d(f(@), fFO) +d(f(¥), ()
> d(x,y) + C2d(y, f(0)y.

Moreover, (38) gives the lower bound d(y, m) > d(y, f(y)) — C4n. We then obtain

C1(0y + ky?) + Csn+ Can > Cad(y, f())y — C2Cany,

and so o 5
Ci(0y +«y7) + Csn + Can + CoCany
e > d(y, f(y)).
2y
The constants Cy, ..., Cs are uniform over all y satisfying inj(M)/3 < d(x, y) <
inj(M)/2. Thus there exists C¢ > 0 such that for all such y,
Co(ny™" +0 +xy) = d(y. f(V)) (44)

Suppose that y is a point at distance % inj(M) from x. The above argument shows that if
z satisfies d(y, z) < inj(M)/12 then (44) holds with y replaced by z, i.e.

Co(ny™' + 0 +«ky) =d(z. f(2)).

Define
o =Ce(ny ' + 6 +ky). (45)

Assuming that & < ry, z satisfies hypothesis (2) of Lemma 33 with 8 = « and any r’ <
inj(M)/12.
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There are then two cases depending on whether o > rq or @ < r4. If ¢ < 14, we
apply Lemma 33 with xo = z, ¥’ = r/2, and 8 = «. This implies that there exists a C;
depending only on r/2 such that

dco(f.1d) < C;(ny™" + 6 + k).
If @ > r4, then as k < ry4,
deo(f,1d) <k <rs <a=Cs(ny™' + 0 +ky).
Thus letting Cg = max {Cg, C7}, we have
dco(f.1d) < Cs(y™" + 6 + ),

which gives the result. ]

5.2. Application to isotropic spaces: proof of Proposition 28

We now prove Proposition 28, which is an application of Theorem 27 to isotropic spaces.
The idea of the proof is geometric. We consider the diffeomorphism /! f. This diffeo-
morphism is small in C°® norm, so there is an isometry R; that is close to the identity
such that R;' 77! f has a fixed point x. The differential of R;*7~! f at x is very close to
preserving both the metric tensor and the curvature tensor at x. We then use the following
lemma to obtain an isometry R, that is close to Ry /71 f.

Lemma 34 ([18, Ch. IV, Ex. A.6]). Let M be a simply connected Riemannian globally
symmetric space or RP*. If x € M and L: Ty M — Ty M is a linear map preserving both
the metric tensor at x and the curvature tensor at x, then there exists R € Isom(M) such
that R(x) = x and DxR = L.

We take the diffeomorphism in the conclusion of Proposition 28 to equal / R; R,. We
then apply Theorem 27 to deduce that R, ' Ry 77! f is near the identity diffeomorphism.
It follows that /Ry R, is near to f. Before beginning the proof, we state some additional
lemmas.

Lemma 35. Suppose that Vi and V, are two subspaces of a finite-dimensional inner
product space W. Then there exists C > 0 such that if x € W, then

d(x, Vi N Va) < C(d(x, Vi) + d(x, V2)).

Lemma 36. Suppose that R is a tensor on R". Let stab(R) be the subgroup of GL(R")
that stabilizes R under pullback. Then there exist C, D > 0 such that if L: R" — R” is
an invertible linear map and ||L — 1d|| < D, then

doL@m(L.stab(R)) < C||L*R — R|.

Proof. Let s be the Lie algebra of stab(R). Then consider the map ¢ from g{ to the tensor
algebra on R” given by
w = exp(w)*R — R.
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We may write w = v 4 v1, where v € s and v € s*. Because ¢ is smooth it has a Taylor
expansion of the form

d(tv +tvt) =0+ 14Av + tBvt + 0(t?). (46)

Note that A is zero because v € s. We claim that B is injective. For the sake of con-
tradiction, suppose Bv' = 0 for some v € s*. Then exp(tv1)*R — R = O(¢?). But
then

n—1

exp(wt)*R—R = Z [exp((i + 1)vt/n)*R —exp(ivt/n)R]
i=0

n—1
=Y _exp(iv:/n)*(exp(v/n)*R = R) = O(1/n).
i=0
Hence exp(v1)* R — R = 0, which contradicts v ¢ s. Thus B is an injection and hence
by Taylor’s theorem for small v there exists C; such that

lexp(™)*R — R|| = Cy vt 47)

By using the Taylor expansion (46) and noting that A = 0 there, we deduce from (47) that
there exists C, > 0 such that

lexp(w)*R — R|| = Co|vt. (48)

It then follows there exists a neighborhood N of Id € GL(R") such that stab(R) N N is
the image of a disk D C s under exp. Write gl = s @ s+ as a vector space. Thus as exp
is bi-Lipschitz in a neighborhood of 0 € gl there exists C3 such that if we write w € D as
w = v + v+, where v € s and v1 € 51, then

Ci vt < doLwn)(exp(w), exp(D)) < Csllv . (49)

As stab(R) N N = exp(D), for all w in a smaller neighborhood D’ C D the middle term
above is comparable to dgprn)(exp(w), stab(R)).
Thus combining (49) with (48), we obtain

dgL®n) (exp(w), stab(R)) < C; ' C3lexp(w)*R — R)|.
This gives the result as exp is a surjection onto a neighborhood of Id € GL(R"). |

The following lemma is immediate from [18, Thm. IV.3.3], which explicitly describes
the isometries of globally symmetric spaces.

Lemma 37. Suppose that M is a closed globally symmetric space. There exists C > 0
such that if x,y € M, then there exists an isometry I € Isom(M)° such that I(x) =y
and dco(1,1d) < Cd(x,y). As Isom(M)° is compact, it follows that for each k there
exists a constant Cy. such that one can choose I with dc« (1,1d) < Crd(x,y).
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We also use the following lemma, which is the specialization of Lemma 36 to the
metric tensor.

Lemma 38. Suppose that V is a finite-dimensional inner product space with metric g.
There exists a neighborhood U of 1d € GL(V') and a constant C such that if L € U then

daLv)(L.SO(V)) = C|[L*g —¢g].

where GL(V) is endowed with the right-invariant Riemannian metric it inherits from the
inner product space V.

‘We now prove the proposition.
Proof of Proposition 28. Pick 0 < A < 1 and a small t such that

A/2—At>1/2—0 and o >1>0. (50)

We also assume without loss of generality that £ > 3. By Lemma 55 there exist k¢ and
€p > 0 such that if s is a smooth section of the bundle of symmetric 2-tensors over M
with [|s]|cko < 4 and [|s||go < o, then |s|ce < ||s||;1_0’. Choose k such that

{
k > ko, ——¢. 51
ST o
In addition, there are positive numbers €1, . . ., €7 that will be introduced when needed in
the proof below. We define
F = min {eo,e}/(l_r),ez, T

Let €; > 0 be small enough that for any x € M, if L: T, M — T, M is invertible and
IIL*g — gl|| < €1, then the conclusion of Lemma 38 holds for L.

Letn = |f*g —gllgo and &3 = d2(f, I). Consider the norm || f*g — gl ko As
dcr (1, f) is uniformly bounded, we see that || f*g — g|lck—1 is uniformly bounded. In
fact, there exists €; > O such thatif d-« (I, f) < ez, then || f*g — g|lck—1 < 4. Asr < €,
the discussion in the first paragraph of the proof implies that

If*g—gllcs <n'™". (52)

Note that this is less than €; by the choice of r.

For x € M, we may consider the Lie group GL(7x M) as well as its Lie algebra gl.
There exists €3 > 0 such that restricted to the ball of radius €3 about 0 € gl, the Lie
exponential, which we denote by exp, is bi-Lipschitz with constant 2.

Let x € M be a point that is moved the maximum distance by /~! . By Lemma 37,
there exists a constant Dz > 0 independent of x and an isometry R; such that R;(x) =
I7'f(x) and dei (R1,1d) < Drd(x, I7! f(x)). Let h = Ry 171 f and note that h
fixes x. Note that there exists €4 > 0 such that if dqx (f. I) < €4, then by the previous
sentence R can be chosen so that d-« (R1,Id) is small enough that

[Dxh —1d| < Coéx. (53)
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We claim that D,/ is near a linear map of T,y M that preserves both the metric tensor
and the curvature tensor. Let SO(Tx M) be the group of linear maps preserving the metric
tensor on 7, M and let G be the group of linear maps preserving the curvature tensor
on T,y M. Both of these are subgroups of GL(7,M). By the sentence after (52), D, h
pulls back the metric on T, M to be within €; of itself. Thus by Lemma 37, there exists
a uniform constant C; such that D/ is within distance C1n'~® of SO(T,M). Again
by (52), we have ||h*g — g|l¢c3 < n'~7. In particular, as the curvature tensor is defined
by the second derivatives of the metric, this implies by Lemma 36 that there exists a
constant Cy such that D/ is within distance C,1'~7 of G.

The previous paragraph shows that there exists C3 such that D,/ is within distance
C3n'~* of both SO(Tx M) and G. Consider now the exponential map of GL(TyM). As
before, let gl denote the Lie algebra of GL(Ty M). Let H = exp ' (Dyxh) € GL(TyM).
Note that this preimage is defined as D/ is near to the identity. Let so be the Lie algebra
of SO(TxM) and let g be the Lie algebra of G. As both SO(7Tx M) and G are closed
subgroups and exp is bi-Lipschitz, we conclude that the distance between H and each of
so and g is bounded above by 2C31!~%. Thus by Lemma 35, there exists C4 such that
H is at a distance at most C4n'~% from g N 0. Let X € GL(T M) be an element of
g N so minimizing the distance from H to g N so. There exists €5 > 0 such thatif n < €5
then C4n'~% < €3. Hence as r < €5, the same bi-Lipschitz estimate on the Lie exponential
gives

d(exp(X), Dxh) < 2C4n' 7. (54)

Note that exp(X) € SO(T,y M) N G. By Lemma 34, there exists an isometry R, of M
such that R, fixes x and Dy R, = exp(X). In fact, because of (53) and because X is
within distance C4771_r of H, we may bound the norm of X and hence deduce that there
exists Cs such that

dck (R2,1d) < Cs(s5 4+ n'79). (55)

The map R in the conclusion of the proposition will be I R; R,. We must now check
that R = I R R satisfies estimates (22) and (23). The former is straightforward from (55)
combined with knowing that Ry was constructed so that d(Ry,Id) < D’e; for some uni-
form D’ > 0.

Let hy, = Rz_lh. The map /, has x as a fixed point. There exists Cg > 0 such that

IDxhy —1d|| < Cen' ", (56)
Ih5g — gllcs <n' ™%, (57)
de2(ha,1d) < Ce(ez +1'77), (58)
der(h.1d) < Ce(n' ™" + dcr (1. ). (59)

The first two estimates above are immediate from (54) and (52), respectively. The third
and fourth follow from an estimate on C¥ compositions, Lemma 50, and (55).

Let ro be the cutoff r appearing in Theorem 27. Note that there exists €5 > 0 such
that if dcx (f, I) < €6 and 1) < €6, then the right hand side of each of inequalities (56)
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through (59) is bounded above by rg. Hence as r < €g we apply Theorem 27 to A, to
conclude that there exists C7 such that for all 0 < y < ry,

deo(Id, h) < C7(n' ™" + Ce(e2 + 0" )y + 1077y 7H).
Buthy = Ry'RTMYITVf s0
dco(R, f) < Cs(n"™" + Ce(ea + ')y + "7y 7). (60)

‘We now obtain the high regularity estimate (23), via interpolation. By similarly mov-
ing the isometries from one slot to the other, (59) gives

dex(R, ) < Co' ™™ +dcx (I, ). (61)

There exists €7 > 0 such that if d-« (I, ) < €7 and < €7, then the right hand side of (61)
is at most 1.

We now apply the interpolation inequality in Lemma 52 and interpolate between
the C° and C* distance to estimate dc¢(R, f). Write £ = (1 — A')k for some A’ and
note that 1 > A’ > A by (51). We use the estimate (60) to estimate the C° norm and use 1
to estimate the C* norm, which we may do because r < €7. Thus there exists Cjo such
that for 0 < y < ro,

dee(R, f) < Cro(n' Tyt + e2p)*. (62)

Note that there exists Cy; > 0 such that | f*g — g||go < C11€2. Consequently, there
exists a constant Cy3 such that C12+/7/é&; is less than the cutoff ry. We take y to equal

C12+/1n/€2 in (62), which gives
dCZ(R,f) < C13(n1/2—18;/2 + nl/ZS;/Z)A/ < C14(nl/2—l‘58§/2 + nl/28/21/2)' (63)
Hence by our choice of A and 7 in (50) and because n < r < 1,
dee(R. f) < Cisn'/?776)/>77, (64)

which establishes (23) and finishes the proof. [

6. KAM scheme

In this section we develop the KAM scheme and prove that it converges. A KAM scheme
is an iterative approach to constructing a conjugacy between two systems in the C*°
setting. We begin by discussing the smoothing operators that will be used in the scheme.
Then we state a lemma, Lemma 39, that summarizes the results of performing a step in
the scheme. We then prove in Theorem 1 that by iterating the single KAM step we obtain
the convergence needed for this theorem. We conclude the section with a final corollary
of the KAM scheme which gives an asymptotic relationship between the top exponent,
the bottom exponent, and the sum of all the exponents.
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6.1. One step in the KAM scheme

In the KAM scheme, we begin with a tuple (Ry, ..., Ry,) of isometries and a nearby tuple
(f1,--., fm) of diffeomorphisms. We want to find a diffeomorphism ¢ such that for all 7,
¢! fi¢p = R;. However, such a ¢ may not exist.

We will then attempt to construct a conjugacy ¢ that has the following property. Let f;
equal ¢! f;¢. If we consider the tuple (ﬁ ey f:,,) and (Ry,...., Ry), we can arrange
that the error term, U, in Proposition 26, is small. Once we know that the error term
is small, the estimate in Proposition 26 shows that small Lyapunov exponents imply
that each ﬁ has small strain. Then by Proposition 28, small strain implies that there
exist R/ such that each ﬁ is near to that R. We then apply the same process to the tuples
(fi,..., fm)and (R, ..., R,).

The previous paragraph contains the core idea of the KAM scheme. Following this
scheme, one encounters a common technical difficulty inherent in KAM arguments: regu-
larity. In our case, this problem is most crucial when we construct the conjugacy ¢. There
is not a single choice of ¢, but rather a family depending on a parameter A. The param-
eter A controls how smooth ¢ is. Larger values of A give less regular conjugacies. We
refer to this as a conjugation of cutoff A; the formal construction appears in the proof
in Lemma 39, which also gives estimates following from this construction. The nth time
we iterate this procedure we will use a particular value A, as our cutoff. The proof of
Theorem 1 shows how to pick the sequence A, so that the procedure converges.

We now introduce the smoothing operators. Suppose that M is a closed Riemannian
manifold. As before, let A denote the Casimir Laplacian on M as in Section 2.4. As A
is self-adjoint, it decomposes the space of L? vector fields into subspaces depending on
the particular eigenvalue associated to that subspace. We call these subspaces H). For
a vector field X, we may write X = ), X, where X, € H) is the projection of X
onto the A-eigenspace of A. All of the eigenvalues of A are positive. By removing the
components of X that lie in high eigenvalue subspaces, we are able to smooth X. Let
72X =3,/ Xy equal the projection onto the modes strictly less than A in magnitude.
Let Ry X = ),/ X, be the projection onto the modes of magnitude greater than or
equal to A. Then X = X+ RX.

We record two standard estimates which may be obtained by application of the
Sobolev embedding theorem. For s > 0, there exists a constant Cs > 0 such that for any
5 > s and any C* vector field X on M,

173X |l cs < CoARITE=9/2) x| s, (65)
[RaX ||cs < CoAR3=6=9/2) x| 5. (66)

The smoothing operators and the above estimates on them are useful because with-
out smoothing, certain estimates appearing in the KAM scheme become unusable. One
may see this by considering what happens in the proof of Lemma 39 if one removes the
smoothing operator 7 from (73).

The proof of the following lemma should be compared with [10, Sec. 3.4]
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Lemma 39. Suppose that (M?, g) is a closed isotropic Riemannian manifold other
than S'. There exists a natural number ly such that for any £ > ly, any (C, a, ny) and
any sufficiently small o > 0, there exist a constant rg > 0 and numbers kg, k1, ko such
that for any s > £ and any m there exist constants Cy g, rs ¢ > 0 such that the follow-
ing holds. Suppose that (Ry, ..., Ry) is a (C, a, ng)-Diophantine tuple with entries in
Isom(M) and (f1,. .., fm) is a collection of C*® diffeomorphisms of M . Suppose that the
random dynamical system generated by (f1, ..., fm) has stationary measures with arbi-
trarily small (in magnitude) bottom exponent. Write gy for max; dox (fi, Ri). If A > 1 is
a number such that

)Lkoé‘lo <ry, (67)
Ae=sldg 4 8130/2 <Trsg, (68)
then there exists a smooth diffeomorphism ¢ and a new tuple (R}, ..., R),) of isometries

of M such that for all i, setting ﬁ = ¢fip~ ! we have

dee(fis R)) < CogWF1=s10% 170 4 /%), (69)
deo(Ri, RY) < Cyylery + WF1—lgg 4 £0/)170), (70)
des(fio R)) < Cy g2, 1)

des(¢.1d) < Cy A" (72)

The diffeomorphism ¢ is called a conjugation of cutoff A.

Proof. As in (10) in Section 3.1, let Y; be the smallest vector field on Y; satisfying
eXpRr(x) Yi(x) = fi(x). Let £ be the operator on vector fields defined by £(Z) =
m~1 3" (R;)«Z as in Proposition 21. Let

1
Vi=—(1d—%)"! (% Z Tm) (73)

and let ﬁ = Yy fivy'. Let & = max; dex (ﬁ, R;) and let ¥; be the pointwise smallest
vector field such that exppgy, Y; (x) = f: (x). By Proposition 43, for a C! small vector
field V,

Vi =Yi+V—RV + 01, V), (74)

where Q is quadratic in the sense of Definition 42. By Proposition 16, we see that
IV |l ck <Chégtq for some fixed o. There exist 8, Dy such that || Q (Y;, V)| cx < Dk8]2€+ﬁ~
By estimating the terms in (74), it follows that for each k > 0, if ex 144 < 1 then there
exists a constant D, i such that

dex (fis Ri) < Do gktatp- (75)

Let © be an ergodic stationary measure on M for the tuple ( ﬁ ey ﬁ,,) as in the
statement of the lemma. We now apply Proposition 26 with r = d — 1, d and recall
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why the hypotheses of that proposition are satisfied. First, by our assumption that M
is isotropic, Isom(M)° acts transitively on M and Gr; (M ). We have also assumed the
tuple (Ry, ..., Ry) is Diophantine. The nearness of (ﬁ R f;,,) to (Ry,..., Ry) is
guaranteed by (75), a sufficiently small choice of ry, and sufficiently large choice of [y by
(67) as A > 1. Thus by applying Proposition 26 to the conjugate system, there exists k1
such that, in the language of that proposition,

_ T - fi 24 r(d — / fi 2
Ao = 5503 NEEIP + —(d+2)(d 5 }j 1Efc I dvol
[ U@ dvol+ 01T,
Gr(M)

where ¥, (x) = ”il >, In det(Dxf; | Ex) and U is defined in Proposition 23.
Pick a sequence of ergodic stationary measures (i, so that |[Ag(@,)| — 0. Subtracting
the expression for A ;_; () from the expression for Az (u,), we obtain

Aa(pn) = Na(pn) — Na—1(pn)

Z[ VES |12 dvol + mZ/ |EJi |12 dvol

i=1
- [ UGa-ndvol+ [ g dvol+ 0TI, (76
Grg—1(M) Gry (M)

Write Gr,(R) for the map on Gr, (M) induced by R. Write Y; for the shortest vector
field on Gr, (M) such that expg,, (;)(x) Yi = Grr(fi)(x). By Lemma 56, for each k there

exists Cy x such that
m m
%] e = ([T
i=1 i=1

: )
ck+1 + 8k+1)'
Hence by the above line and the final estimate in Proposition 23 there exists k5 such that

1 &~
Uw) dvol| < Callyy lox (H—} §7
/Grr(M) ’ c miz l cr2

The term ||y || -«, is bounded by a constant times £, . By using (74) we may rewrite the
second term appearing in the product in (77):

1 " ~ ] _ 1 - ] B _
E;Yl :EZI:YI_(Id_i) I(EZ[:JAY,)—EZI:(RI)*(_(Id_:ﬁ) 1)(J/\Yz)
1
+;lZQ<Y,-,V)

1 1 I -1 1 [
= EZ:R;ﬁ/,- + ZZ”Y" —(Id—$)(1d— &) (EZ“H)

14

T ||?,-||ch2). )

1
+— Z 0¥, V)
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1 l l 1
= LR LY T = ) Yk ) 00 Y)
1 1 1 1
LY R+ LY o)
= m AL m L is .
1 1
By (66), there exists k3 such that for all s > 0,
IR Y:llc1 < C3sAR37/2||Y; | cs.
As the Q term is quadratic, there exist £, C4 such that

1O(Yi, V)lick, < CallYillcez IV ez = CallYillce 1(0d = £)7HTYi) [l cer < Csel,

for some £3 by Proposition 21. Thus
1 ~
ST

m =

l

Finally, by (75) we have ||)7,- gk, < C7ee, as before. Let £4 = max {£3, k> + o + B}.
Applying all of these estimates to (77) gives

/ U(Y,) dvol
Grr (M)

By taking {5 > max {k; + a + B, ka, £4}, using Ay (i,) — 0,> and combining (78)
and (76) we find for s > O that there exists Cg s such that

= C6,s(kk3_s/28s + 8%3)-
ck2 )

< Cg,s¢k, (Ak3_s/28s + 8%4). (78)

Co (M3 Pegey, + 7))

1 & 7 d—-1) =~ 7
> — ElI|?dvol + ——M——— / EZl|1? dvol. 79
_2dmi=21[M||c|| TT =T 2o Jy Ve 79)
Note that the coefficients of each of the strain terms are positive. If s > €5, then by taking
square roots, we see that there exist constants Cyg s such that for each i,

Cro.s (W32 + 63/%) > || fi*g — g o (80)

We now give a naive estimate on the higher C* norms under the assumption that &;
is bounded by a constant €; > 0. To begin, by combining (65) and Proposition 16 we see
that there exists & > 0 such that for each s there exists D3 s such that | V| cs < D3 sA%e;.
Hence by Lemma 48, both d¢s (Y, 1d) and d¢s (w;l ,1d) are bounded by D4 A%¢;. This
establishes (72).

ZNote that we do not need A(i,) — 0 in order to deduce (79). It suffices to know that there is
1 such that A7 (1) is comparable to the right hand side of (78). This observation is the essence of
the proof of Theorem 40.
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Now applying the composition estimate from Lemma 50, we find that assuming A > 1,
des(f oyy' R) = Cuis(des (L R) + des (yy' 1d))
= Clz,s(gs + Aags) =< Cl3,s(Aass)-
We then apply the other estimate in Lemma 50 to find that
des(Yy o f oy R) < Cris(des(Yy.1d) +des (f o ¥y '. R))
= Cl4,s(la<9s + /xags) = ClS,sAaS&
Hence under an assumption of the type (67), namely &1 < €1, we may conclude
des(fio R) < Cis sy, (81)

which establishes (71).

We now apply Proposition 28 to this system. Let k, and r, be the k and r in Propo-
sition 28 for a given choice of o and our fixed £. In preparation for the application of the
lemma, we record some basic estimates:

(1) By combining (65) and Proposition 21 as before, we see that there exists ¢ such that
de2(fi, Ri) < e, (82)
(2) From the previous discussion we also have
1778 — gllgo < Cro,s(AF3/275/ e, 1 &7/2).
(3) We also need the C ko estimate
dcke (ﬁa R) < Cis5, A€k, -

Hence if

Cis ik, A%k, < Fo, (83)

Cro,s (W25 1 £3%) < 1, (84)

then by Proposition 28 and the previous estimates there exist Cs and isometries R} such
that

dee(fi R}) < Cra s QR34 4 £)/2)1 /270 /270 (85)
deo (R}, Ry) < Cizs(eg + (W32, 4 £7/2)17), (86)
Let £7 = max {{s5, {¢}. If s > £, then (85) implies
dcé(ﬁ, R;) < C16,S(Ak4_s/98;_20 + 8254_(5/2)0),

which yields (69) under the assumption that o > 0 is sufficiently small. Note that (86)
establishes (70). Thus we are done as we have established these estimates assuming only
bounds of the type appearing in (67) and (68). ]
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Remark 1. In the above lemma, we could have assumed instead that there exist stationary
measures for which both the top exponent and the sum of all exponents were arbitrarily
small and concluded the same result. The reason is that if we had considered Ay — Ay
in (76), the coefficients of the strain terms would still have the same sign and so we
could conclude the same result. By related modifications, one can produce many other
formulations of the main result in [10] that require other hypotheses on the Lyapunov
exponents.

6.2. Convergence of the KAM scheme

In this section we prove the main linearization theorem. It is helpful to note that the
approach to this theorem is somewhat different from the classical approach to KAM type
results. In a classical argument, one might typically linearize the problem at a target iso-
metric system and then find a solution to the linearized problem. In our case, while we are
able to linearize the problem, the resulting linearized problem does not obviously have
any solution. Consequently, we must give dynamical and geometric arguments that show
that a related type of averaged linearized problem can be solved and that solving this
averaged problem is indeed helpful. This then allows us to make progress in the KAM
scheme by conjugating the system closer to an isometric one. In particular, note that in
our case we do not know from the outset which isometric system our random system will
ultimately be conjugate to.

Theorem 1. Let M ¢ be a closed isotropic Riemannian manifold other than S*. There
exists ko such that if (Ry, ..., Ry) is a tuple of isometries of M such that the subgroup
of Isom(M) generated by this tuple contains Isom(M)°, then there exists €x, > 0 such
that the following holds. Let (fi, ..., fm) be a tuple of C° diffeomorphisms satisfy-
ing max; deio (fi, Ri) < €k,. Suppose that there exists a sequence of ergodic stationary
measures [y for the random dynamical system generated by (fi, ..., fm) such that
|Aq (ttn)| = O. Then there exists ¥ € Diff® (M) such that for each i the map ¥ f; ¥~ is
an isometry of M and lies in the subgroup of Isom(M) generated by (Ry, ..., Ry).

Before giving the proof, we sketch briefly the argument, which is typical of arguments
establishing the convergence of a KAM scheme. In a KAM scheme where one wishes to
show that some sequence of objects &, converges, there are often two parts. The first part
of the proof is an inductive argument obtaining a sequence of estimates by the repeated
application of the KAM step, which in our case is Lemma 39. The second half of the proof
checks that the repeated application of the KAM step is valid by showing that we never
leave the neighborhood of its validity and then checks that the procedure is converging
in C*.

In the first part, one inductively produces a sequence of estimates by iterating a KAM
step. The estimates produced usually come in two forms: a single good estimate in a low
norm and bad estimates in high norms. The low regularity estimate probably looks like
[Anllco < N~U+D" where © > 0, while for every s one has a high regularity estimate
like ||/, ||cs < NA+9" . A priori, the /1, become superexponentially C© small, yet might
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be diverging in higher C* norms. To remedy this situation one then interpolates between
the low and high norms by using an equality derived from Lemma 52. In this case such
an inequality for the objects /,, might assert something like

A 1-A
12nll crora—ns < Cs”f”co”f”CS .

If A is sufficiently close to 1 and s is sufficiently large, a brief calculation then implies that
the C =4S norm is also superexponentially small. By changing s and A one then obtains
convergence in C*°.

Proof of Theorem 1. The proof is by a KAM convergence scheme. To begin we introduce
the Diophantine condition we will use. By Proposition 19, (Ry, ..., Ry) is (C’,a’,n’)-
Diophantine for some C’, @’ > 0 and is stably so. By stability, there exist (C, o, n) and
a C° neighborhood U of (R, ..., R,) such that any tuple in U is also (C, o, n)-
Diophantine. Hence if (R}, ..., R},) € U, then the coefficients C; ; appearing in Lem-
ma 39 are uniform over all of these tuples. Assuming we do not leave the set U, the
constants appearing in Lemma 39 will be uniform. We check this at the end of the proof
in the discussion surrounding (91).

We now show that there exists a sequence of cutoffs A, such that if we repeatedly
apply Lemma 39 with the cutoff A,, on the nth time we apply the lemma, then the result-
ing sequence of conjugates converges and the hypotheses of Lemma 39 remain satisfied.
Given such a sequence A, the convergence scheme is run as follows. Let ( f1,1.. .., fin,1)
= (f], cee, fm) and let (Rl,l» cee, Rm,l) = (Ry,..., Rm). Given (fl,n—l, ey fm,n—l)
and (Ryu-1,..., Rmn—1) we apply Lemma 39 with cutoff A = A4, to produce a dif-
feomorphism ¢, and a tuple of isometries that we denote by (Ri,4, ..., Rnu,n). We set
fin = ¢nf,~,,,,1¢;1 to obtain a new tuple ( f1,,. .., fm,») of diffeomorphisms. We write
Y fOr py 0 Py 0+~ 0y, sothat fi , =Yy 0 f; o, L. Leteg,, = max; dei (fin, Rin)-

We now show that such a sequence of cutoffs A, exists. Let ¢ be a small positive num-
ber and let /y and ¢;, be as in Lemma 39. Let ko, k1, k2, r¢, Cs ¢, 75 ¢ be as in Lemma 39
as well. To show that such a sequence of cutoffs 1, exists we must also provide a fixed
choice of s, £ for the application of Lemma 39. We will first show that the scheme con-
verges in the C0 norm and then bootstrap to get C convergence. Fix some arbitrary
£ > ly. The choice of £ does not matter in what follows because we will only consider
estimates on the /, norm. We will choose s such that

s> 0. (87)

Further, if s is sufficiently large and  is sufficiently small, then we can pick o such that

2
ﬁ < <min{l/ko,t/ka}. (88)
So, we increase s if needed and choose such a t satisfying

1/8>1>0. (39)

Pick s, a, T so that (87)—(89) are all satisfied.
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Let A, = NU+9" for some N we choose later. We will show that with this choice
of cutoff at the nth step, the KAM scheme converges. In order to show this, we show that
the following two estimates hold inductively given a choice of sufficiently large N:

elgn < N~UFD" (HI)
gsp < NOFTO" (H2)
n
max dgo(Ri, Rig) < 3 N72049", (H3)
1

i=1

This involves two arguments. The first argument shows that there is a sufficiently large N
such that if we have these estimates for 7, then the hypotheses of Lemma 39 are satisfied.
The second argument is the actual induction, which checks that if (H1) and (H2) hold for n
then they also hold for n + 1, i.e. we apply Lemma 39 and then deduce (H1) and (H2) for
n + 1 from this.

We begin by checking that for all sufficiently large N > 0 and any n € N, if (HI)—
(H3) are satisfied, then the hypotheses of Lemma 39 are satisfied as well. To begin, as the
summation in (H3) converges superexponentially as n — oo, for all sufficiently large N,
the tuple (R, . .., Rm,») lies in U. The first numbered hypothesis of Lemma 39 is (67):

k
/\nOSIO,n <ry.

Given the choice of A,,, if (H1) and (H2) hold it suffices to have

N(xko(1+r)’7N—(1+r)” <ry,

which holds for N sufficiently large and all # by our choice of «. The other hypothesis of
Lemma 39, (68), requires that

- 3/2
Aki=sl4g 4 810/,11 <Tsg.
Given (H1) and (H2) and our choice of A,, it suffices to have

Nela=s/HA+D" NA+D" | N =340

Our choice of s and « implies that or(k; — s/4) < —1, hence the above inequality holds for
sufficiently large N. Thus the two hypotheses of Lemma 39 follow from (H1) and (H2).
Thus we may apply Lemma 39 given (H1)—(H3) and our choice of N.

We now proceed to the inductive argument. We will show that for all N sufficiently
large, if we now require that our perturbation is small enough that (H1) and (H2) hold for
n = 1 and our choice of N, we may continue applying Lemma 39, and these estimates as
well as (H3) continue to hold. Note that (H3) is trivial when n = 1. We must then check
that (H1)—(H3) are satisfied for n + 1 given they hold for n. By the previous paragraph,
we are free to apply the estimates from Lemma 39 as long as N is sufficiently large.

We now check that (H1) holds for n + 1. By (69), we obtain

ki1—s/10 .1— 9/8
810,n+1 = CS,Z(A’nl S/ 8s,no + glo,n)'
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By applying (H1) and (H2) to each term on the right it suffices to show
Cs,e (Not(kl —5/10)(1+7)" N(l—O’)(l-‘r‘t)" + N—(9/8)(1+T)") < N—(1+T)n+l . (90)

By our choice of s, ¢, and 7, the lower bound in (88) implies that
alky —s/10)+ (1 —0) < —(1 + 7).

In addition, by (89), —9/8 < —(1 + 7). Thus for sufficiently large N the left hand side
of (90) is bounded above by N~(1+0" ",
Next we check (H2) holds for n + 1. By (71),

k
esnt+1 < Cs g2 e5n.

Hence,
g < CS’KNkzoz(1+r)”N(l+r)”.

By (88), 1 + ko < 1 + t and hence, assuming N is sufficiently large, the right hand side
is bounded by N 1+ ! , which shows that (H2) is satisfied.
We now check (H3). This follows easily by the application of (70), which gives

deo(Rin. Rin1) < Co(ergn + MK ey, +67/2)170). O1)

Applying (H1) and (H2) and the definition of A, to estimate the right hand side of (91),
we find that for the y given in (H3) and N sufficiently large,

dco(Rip, Rips1) < N730+0", 92)

and (H3) holds for n + 1.

We have now finished the induction but not the proof. We have shown that there exists
a sequence A, and a choice s, o, £, 7, N such that if the initial conditions of the scheme are
satisfied then we may iterate indefinitely and be assured of the estimates in (H1)—(H3) at
each step. We must now check that the conjugacies v, are converging in C *° and that the
tuples (R1,n, - .., Rm.n) are converging. The latter is immediate because by (92) this is a
Cauchy sequence. In fact, we chose N large enough that we never leave U, hence the limit
is in U. As the group of isometries of M is C° closed and the distance from the tuples
(fins---» fm.n) to atuple of isometries is converging to 0, it follows that ( f1 4, ..., fm.n)
is converging to a tuple of isometries. To show that the v, converge in C°°, we obtain
for every s an estimate on d¢s (¢, Id). By a similar induction to that just performed, the
estimate (72) implies

des (¢n,1d) < CN IO,

Let j > 0 be an integer. By Lemma 53, interpolating with A = 1 — 1/10 between the C 0
distance and the C /0 distance of ¢, to the identity gives

d e o10+Gnoiy (Pn, I1d) < C; N0+ N1+ CjN_'S(H'T)n,
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Thus by increasing j, we see that there exists T’ > 0 such that for each s,
des (¢ 1d) < CIN~A+",

The previous line is summable in . Hence we can apply Lemma 51 to obtain convergence

of the ¥, = ¢, o --- o ¢p; in the C* norm for each s and thus C*° convergence.

Thus we see that we have simultaneously conjugated all f; into Isom(M ). In order to
obtain the full theorem, we must be assured that 1~ f; ¥ lies in the subgroup of Isom(M)
generated by (Ry,. .., R;). Note that Isom(M ) /Isom(M)° is a finite group and that ¥ is
homotopic to the identity by construction. Thus we see that the image of the group gener-
ated by (v~ A1, ..., ¥ fru¥r) in Isom(M ) /Isom(M )° is the same as the image of the
group generated by (R;,. .., Ry). By our choice of N, the tuple (¥~ fiyr,.... v~ fin¥)
is in U and thus generates Isom(M )°. Thus the original tuple and the new one generate
the same subgroup of Isom(M') and we are done. ]

6.3. Taylor expansion of Lyapunov exponents

In order to recover Dolgopyat and Krikorian’s Taylor expansion in the setting of isotropic
manifolds, we would need to apply Proposition 26 for each 0 < r < dim M. However,
one of the hypotheses of Proposition 26 is that Isom(M )° acts transitively on Gr, (M). In
Proposition 41, we see that unless M is S” or R P”, Isom(M ) does not act transitively on
Gr, (M) for r # 1 or d — 1. Despite Proposition 41, we are able to obtain a partial result:
the greatest and least Lyapunov exponents are symmetric about the “average” Lyapunov
exponent %Ad (n).

Theorem 40. Suppose that M2 is a closed isotropic manifold other than S' and that
(R1,..., Ry) is a subset of Isom(M) that generates a subgroup of Isom(M) containing
Isom(M)°. Suppose that (f1,. .., fm) is a collection of C*° diffeomorphisms of M. Then
there exists ko such that if |4 is an ergodic stationary measure of the random dynamical
system generated by (f1, ..., fm), then

100 = (<300 + 30400

<o(D)Ag(w)l. (93)

where the o(1) term goes to 0 as max; dq«, (fi, Ri) — 0. The o(1) term depends only on
(R1,..., Rm).

Proof. By Theorem 1, there are two cases: either (f1,..., fin) is conjugate to isome-
tries or it is not. In the isometric case (93) is immediate, so we may assume that there
is an ergodic stationary measure i with A4 (1) non-zero. The proof that follows is then
essentially an observation about what happens when the KAM scheme is run on a system
that has a measure with such a non-zero Lyapunov exponent. If we run the KAM scheme
without assuming that ( f1, ..., f;) has a measure with zero exponents, we can keep run-
ning the scheme until the non-trivial exponents prevent us from continuing. At a certain
point in the procedure, the non-trivial exponents cause a certain inequality to fail. Using
the failed inequality then gives the result.
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We now give the details. Fix an ergodic stationary measure @ and consider equa-
tion (76) appearing in the KAM step:

-1 ¢ finz2 / fi
A = — E/l|“dvol + ——m4M8 ————— E+! dvol
100 = 5 3 | IEL VP o T §: eI dvo
[ ugaave+ | u<wd)dvol+0(||?||3ckl>. ©4)
Grg l(M) Grd(M)

This allows us to use the fact that the exponent A4 is small in magnitude. In the KAM
step, we proceed from this estimate by estimating the ||Y||3C’, x, term as well as the U
terms. Inequality (78) and the choice of £5 imply that these terms satisfy

| uapdvl- [ uadvel + 00T )
Grg—1(M) Grq (M)
< Caseps (W26 467 ). (99)
Hence as long as
Aa ()] < (Cos — Cy o) (egs (3725 + 7). (96)

the proof of Lemma 39 may proceed to (79) even if there is not a sequence of measures
Un such that [Az(u,)| — 0. Hence we may continue running the KAM scheme until
inequality (96) fails to hold.

Suppose that we iterate the KAM scheme until (96) fails. We consider the estimates
available in the KAM scheme at the step of failure. By applying Proposition 26 with r
equalto 1, d, and d — 1, we obtain

fi 2
A(p) = dm Z/ ||E || dVOl+mZ/ [ Excll” dvol

+ /G PR CALCERI )
Ny = =02 ”Z/ IEL P avol + 4D Z/ I Efic P dvol
! (d+2)(d 1) Ne
+ /G g W) 00T,

—-d finz 03
Aa(u) = & / VEL |2 dvol + f U ) dvol + O(F2.4.).
2dm ; Mo € Ga (M) ch

o7
Write U; as shorthand for fGri ) U(;) dvol. Then
2 d—2
M) = —Aa () + ZAa () ) = M) = Aa—1 (W) + Ag(p)
=U + Ug—1 + Ug + 0(||Y||Ck1 (98)
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Using (78), (75), and £5 > k1 + «, we bound the right hand side of (98) to find

M) (—xdm) + gAd(m)

< 4C8’S(Aﬁ3_s/283845 + 825).

But by the failure of (96), we may bound the right hand side to obtain

2 4
Ar(p) — (—Ad(ﬂ) + EAd(M))‘ < mud(ﬂﬂ- (99)

Note that in the above inequality the larger Cy ¢, the smaller the left hand side. We can
take Cog s as large as we like and still run the KAM scheme. Running the KAM scheme
with a larger Co s only requires that we assume our initial perturbation is closer to the
original system of rotations in the C¥0 norm. Hence by assuming that the initial distance
is arbitrarily small in the C ko norm, we may take Cg s as large as we like. Thus (93)
follows from (99). u

We now check the claim about isotropic manifolds.

Proposition 41. Suppose that M is a closed isotropic manifold other than R P"* or S".
Then Isom(M ) does not act transitively on Gri (M) for k # 0,1,dim M — 1, dim M.

Proof. From Section 2.5, we have a list of all closed isotropic manifolds, so we may give
an argument for each of the families, C P”, H P", and F4/Spin(9).

The isometry group of C P" is PSU(n + 1). If we fix a point p in C P”, then the
isotropy group is naturally identified with SU(n). It is then immediate that the action of
the isotropy group preserves complex subspaces of Grg (C P"). Consequently, Isom(C P")
does not act transitively on Grg (C P*) as C P” has subspaces that are not complex. In the
case of H P", which is constructed similarly to C P", a similar argument works where we
use instead the fact that the isotropy group is Sp(k), the compact symplectic group.

We now turn to the Cayley plane, for which we give a dimension counting argument.
The dimension of Fy is 52 while dim F,/Spin(9) = 16. Recall that if M is a manifold and
dim M = d then dim Grg (M) = (k + 1)d + k(k + 1)/2. Hence dim Gr3(F4/Spin(9))
> 52.If Isom(M) acts transitively on 2-planes then M must have constant sectional cur-
vature and hence is a sphere. The Cayley plane does not have constant sectional curvature,
hence k = 2 is ruled out. Similarly, a dimension count excludes the possibility that Fy
acts transitively on Gry (F4/Spin(0)) when k # 0, 1, 15, 16. |

Appendix A. C¥ estimates

In this section of the appendix, we collect some basic results concerning the calculus
of C¥ functions. Most of the estimates stated here are used to compare constructions
coming from Riemannian geometry and constructions coming from a chart.

Most of the estimates we prove below involve the following definition, which is an
appropriate form for a second order term in the C¥ setting.
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Definition 42. Suppose that X, Y, Z are vector fields and Z = Z(X,Y') is a function of X
and Y. We say that Z is quadratic in X and Y if there exists a fixed £ such that for each k
there is a constant Ci depending only on Z such that

1Zllcx < CrlIX WZkre + 1Y [ Zk4e)- (100)

In addition to quadratic, we may also refer to Z as being second order in X and Y. When
Z depends only on X, the definition is analogous.

One thinks of (100) as a quadratic tameness estimate. Our main use of this notion is
the following proposition, which allows us to compose diffeomorphisms up to a quadratic
error. As before, if Y is a vector field on M, we write ¥y for the map of M given by
x + exp, Y (x). To emphasize that ¥ depends on a metric g, we may write w{i.

The main result of this section is the following, which is used in the KAM scheme
to see how the linearized error between f; and R; changes when f; is conjugated by a
diffeomorphism .

Proposition 43 ([10, (8)]). Suppose that (M, g) is a closed Riemannian manifold and R
is an isometry of M. Suppose that f is a diffeomorphism of M that is C' close to R.
Let Y(x) = exp}%x) f(x). If C is a C' small vector field on M, then the error field

eXpE%x) Ve [yt is equal to
Y +C—-R.C+Q(C)Y),

where Q is quadratic in C and Y .

The proof of Proposition 43 is straightforward. It particularly relies on the following
proposition, which simplifies working with diffeomorphisms of the form ¥x.

Proposition 44. Let M be a compact Riemannian manifold. If X,Y € Vect® (M) are
sufficiently C' small and we define Z by

Uy oVx = Yx+v+2z,
then there exists a fixed £ such that for each k there exists Cy such that
1Zllcx < CellX IZxse + 1Y 1Exre)s
i.e. Z is quadraticin X and Y .
The proof of Proposition 44 uses the following two lemmas concerning maps of R”.

Lemma 45 ([19, Thm. A.7]). Suppose that B is a compact convex domain in R" with
interior points. Then for k > 0, there exists C such if f,g are C* maps from B to R, then

Ifgllce = Celllfllcxllglico + 1. f icollglicx)-

Lemma 46 ([19, Thm. A.8]). Fori € {1,2,3}, let B; be a fixed compact convex domain
in R™ with interior points. Let k > 1. There exists Cy > 0 such that if f: By — B, and
g: B> — Bs are both C¥, then f o g is C* and

If oglick < Celll flickliglr + 1 lcillglicx + 1f o gllco)-
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Using the previous two lemmas, we prove the following.

Proposition 47. Suppose that g is a metric on R". For a smooth vector field Y such that
1Y llcr < 1, and ¥§ is defined, let

Z(x) = Y5 () — Y(x) - x.

Let B be a compact convex domain in R" with interior points. Then Z|p is quadratic
inY. In fact, for each k there exists Cy, such that

1Z18llcx < CellY 17k

Proof. Sety(Y(x),t) =exp,tY(x)—x,sothaty(Y(x),1)+x = I/ff; and y(Y(x),0) =0.
We rewrite Z:

Z=yy(x)—x-Y(x)=y(¥(x).1) - Y(x)

1 1
- /0 (Y (o)1) — Y()] di = /0 (Y (0. 1) — (Y (x). 0)] dr

1 1 1 1
:/0 /(; IV(Y(X),st)dsdtzfo t/o J(Y(x),st)ds dt.

By differentiating under the integral, we see that the nth derivatives of Z are controlled
by the maximum of the nth derivatives of 7 (Y (x), t) for each fixed 7. Hence it suffices to
show for each ¢ € [0, 1] that (Y (x), t) is second order in Y.

Dropping the explicit dependence on x, we recall the coordinate expression of the
geodesic equation. For a coordinate frame [ey, ..., e,] and indices 1 < u,v, A < n, we
define the Christoffel symbols F&v by (Ve, ey, ez). In addition, we write y” for (y, e,)
and similarly for y. The coordinate expression for the geodesic equation is then

Ph= Tty

L

We estimate the C¥ norm of the right hand side. Write ¢’ for the geodesic flow, and
let TB denote the tangent vectors to R” with basepoint in B. Note that as B is compact,
for any tangent vector v € TB, ¢ (v) is defined for some positive amount of time. For
fixed r > 0in TB, let TB(r) be the set of vectors v € TB such that ||v|| < r. Note that
" |78 llck is bounded. Let 7 be the projection from a tangent vector in TR” to its
basepoint in R”. Then

y(x, 1) =mwog' o Y(x).

Hence, writing ¢ for the geodesic spray,
y(x.1) = Dt o Pyt (¥ (x))- (101)

Do ¢t|TB(,) has its C* norm uniformly bounded in ¢ by some Dj. By Lemma 46
because |Y ||c1 < 1 it follows that |¢* (Y (x), )|l cx < CrllY |l cx-

Hence by applying Lemma 46 to (101), and similarly using the fact that ||Y ||c1 < 1
and Drm o ¢ is uniformly bounded, we find

I(D7 o) o Ylick < CLDElY et + DillY llck + 1Y llco)-
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Hence
[7(x, O)llcx = 1D o @lgr vy llex < CllY [l

The geodesic equation shows that at each point the coordinates of j are a quadratic poly-
nomial in the coordinates of y. Hence by Lemma 45,

17, D)llcre < CENY 13
for all ¢ € [0, 1]. Thus we obtain a uniform estimate on Z. |

Proof of Proposition 44. As before, it suffices to prove the estimate in a chart. So, we are
reduced to working in a neighborhood of 0 € R”. Fix some k; then by Proposition 47 we
may write

Yy (x) =x +Y(x) + Zy (x),

where Zy (x) is quadratic in Y. Similarly define Zx (x) and Zx 4y (x). Then

Yy oyx = Yy (x + X(x) + Zx (x))
=x4+X0)+Zxx)+Y(x+ X(x) + Zx(x)) + Zy (x + X(x) + Zx (x)).

To prove this proposition, we compare the previous line with
Vx+y =X + X(x) + Y(x) + Zx 4y (x).
The difference is

Yy o¥x —Yx+y = Zx(X) — Zx+y (x) + Y(x + X(x) + Zx (x)) — Y(x)
+ Zy(x + X(x) + Zx (x)).
The first and second terms satisfy the appropriate quadratic C¥ estimate already. For the

last term, we apply Lemma 46. Hence by assuming that || X ||c1 is sufficiently small, we
conclude that the Zy term is quadratic. We now turn to the Y terms:

Y(x + X(x) + Zx (x)) — Y(x).

For this we apply the same trick as before. Write

1
Y(x 4+ X(x) + Zx(x)) =Y (x) = /0 Y'(x +1(X(x) + Zx 0))IIX(x) + Zx (0) ] dt.

By differentiating under the integral, it suffices to show that the integrand is quadratic
in X and Y. By Lemma 45, the integrand will be quadratic if there exists £ such that
for each k there is a constant Cy such that both of ||[Y'(x + (X (x) + Zx (x)))|/cx and
I X(x) + Zx (x)||cx are bounded by Cx (|| X ||cx+e + ||Y ||cx+e¢). This follows for both
terms by the application of Lemma 46, so we are done. ]

We now show another basic fact: near to the identity map a diffeomorphism and its
inverse have comparable size.



Simultaneous linearization of diffeomorphisms of isotropic manifolds 2951

Lemma 48. Suppose that M is a closed Riemannian manifold. Then there exists € > 0
such that for all k > 0 there exists Cy such thatif f € Diff* (M) and dc1(f,1d) < € then

dex (f711d) < Crder (f,14d).

Proof. This proof follows the outline of the similar estimate in [16, Lem. 2.3.6]. For
convenience, write g = f . In a chart, we write f(x) = x + X(x) where the C* norm
of X is bounded by dc« (f, Id). Similarly write g(x) = x + Y(x). We now apply the
chain rule to differentiate g o f. The case where n = 1 is immediate by differentiating
go f =x+ X(x)+ Y(x + X(x)), which gives

DX + DY(Id 4+ DX) = 0.
Hence
DY = —-DX(Id + DX)!,

which is uniformly comparable to || DX || because d¢1(f, Id) is uniformly bounded.

For k > 1, we must estimate the higher order derivatives of Y. Note that for k > 1 we
have D¥g = D*Y and D* f = D¥X.

Applying the chain rule to /" o g = Id to calculate the kth derivative gives

l ; .
Ozz Z Cljrit Doy SADI g, ... D] g}

and hence

k
DEg=-Dey /)Y > Crjpi Dl fADIg()..... DI g(x)}.  (102)
I=2j1++ji=k

As (Df)~! has uniformly bounded norm, it suffices to show that each term in the sum
has norm bounded by || X ||¢».
We use the interpolation estimate in Lemma 52. If j > 1, then

ID/gll = | D7Y|.

By interpolation between the C! and C"~! norms, for 1 < j <n — 1,
n—j—1 J=1
1Yllci < ConallY 172 IV I &0t
By interpolation between the C L and C” norms, for 1 < j <n,
j—1
1

n—j J=1
[Xlles < CoallXNET IX N En"

We now estimate the terms on the right hand side of (102). If j; = 1 for some i, then
DJ/ig =1d + DY . Hence the right hand side of (102) may be rewritten as the sum of
terms of the form

DL X{Ar.... A1},
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where each A; is either Id or D/iY and the sum of the j; is less than or equal to k. If
IIY |ck—1 <1, then we are immediately done as the norm of this expression is at most
| D¥ £ . Otherwise, we may suppose that ||Y || cx—1 > 1. The C! norms of X and Y are
uniformly bounded. Hence by interpolating between the C' and C* norms to estimate
the D’ X term and between the C! and C*~! norms to estimate the A; terms, we find that

1D X {Ar. . A < CIX IS IY I

where r > [. But as ||Y ||cx—1 > 1, this is bounded above by
c’ ||X||]£'kl ”Y”Ck -
Thus

k
ID¥Y |l co < C"Zuxn Ty 5z
=2

C k

We may now proceed by induction on k. We already established the theorem for k = 1.
Now, given that || Y || cx—1 < Cr—1|| X || cx—1, it follows that

k
ID¥Y[lco =C™ ) ||X|| T2
1=2

Ckl

By interpolation between the C' and C* norms, and the uniform bound on the C' norm,
k=2
we find that | X || cx—1 < Dg || X || 5" - This yields

k
IDXY o < DS IXIET XI5 < D71 X ler.
=2

which is the desired result. [
‘We now obtain the following corollary.

Corollary 49. Suppose that M is a closed Riemannian manifold. For smooth C' small
vector fields X on M, we may write

Ux' =V-x+z.
where Z is quadratic in X.
Proof. To begin we know by Proposition 44 that
YxoV-x =¥z,

where Z is quadratic in X. Note that ¥_x o 1//21 = %}1. By Lemma 48, wgl =Yz
where Z' is quadratic in X. Hence /5 1 = y_x o ¥z. By Proposition 44, this gives
V' = Y—_x+2z/+0, where Q is quadratic in X and Z’. Hence as Z' is quadratic in X,
the corollary follows. u
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We can now complete the proof of the estimate on the error field of the conjugate
system.

Proof of Proposition 43. To show this, we repeatedly apply Proposition 44 and Corol-
lary 49. Writing Z for anything second order in C and Y, we find

Ve fYe' = vevy RYE' = Yeqrv+zRYE = Yevv+zRY—c+z

=Yc+Y+Z+R(—C+2)R = Ycry-Ric+zR. "
‘We now show two additional lemmas that we use in the KAM scheme.

Lemma 50. Let M be a closed Riemannian manifold. Fix k > 1. There exist Cy,€ > 0
such that if R € Isom(M) and f,g € Diff* (M) satisfy dci(fiR) <€, anddc1(g,1d) <e,
then

dek(f og, R) < Cr(dck(f. R) + dci(g,1d)),
dek(go f, R) < Ck(dek (f, R) + dck(g,1d)).

Proof. To prove the first inequality, in coordinates write f(x) = R(x) + Y(x) and g(x) =
X + X(x). Then we just need to estimate

fogx)—R(x)=R(x + X(x)) — R(x) + Y(x + X(x)).

The last term is controlled by d¢-« (f. R) + dc« (g, 1d) by Lemma 46. So, it suffices to
estimate the first term. The kth derivative of R(x + X(x)) — R(x) is then

k
S Y [Cjii Dy x RIDI . ... Di'g} — DLRI.
I=1ji++ji=k

For all the terms with [ < k, the same interpolation approach as in Lemma 48 gives the
appropriate estimate, i.e. they are bounded by
k—1
=1 k=L
CYIXIG IX &
I=1

There are two remaining terms which are unaccounted for: DR, . X(x) — D¥* R, This is
bounded by a constant time || X || co and the result follows.
We now consider the second inequality. As before, we must estimate

go f(x) = R(x) = X(x) + Y(R(x) + X(x)).

The important term is the second one. A similar argument to the one before then gives the
result as all derivatives of R are uniformly bounded independent of R. ]

Lemma 51. Let M be a closed Riemannian manifold and k > 0. If g, € Diff k (M) isa
sequence of diffeomorphisms and )", dck (gn,1d) < oo, then the sequence of composi-
tions of diffeomorphisms hy = gngn—1--- g281 converges in C¥ to a diffeomorphism.
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Proof. As before, we check in charts. Having fixed a chart, write g, (x) = x + X, (x).
Write h,(x) = 1 4 Y, (x). Leta, = || Xn| cx and let b, = ||, ||c«. Note that

hn(x) = x + Yyo1(x) + Xpn(x + Yy (x)). (103)
Suppose for the moment that || Y,,—;||cx < 1. Using Lemma 46 and ||Y,||cx < 1, we have

1Xn (x + Yu-Dllex < Cell Xnller 1% + Yaoillgr + [ Xnllcr I1X + Yazillex + 1 Xl co)
= C]é(an +anby—1) (104)

Hence it follows from (103) that there exists Dy such that if b,_; < 1 then
bn = bn—l + l)kan(1 + bn—l)'

By induction, under the same assumption that || Y;||cx < 1 for j < n, it follows that

by <=1+ [[(1 + Da).

i=1

By noting that [ 72, (1 + x,) < exp(}_;2, xn) for x, > 0, we can conclude that a tail of
the sequence converges. Indeed, as ), a, converges we can inductively check that these
inequalities hold starting the argument from an index N satisfying exp(}_jo y Dxa;) — 1
< 1. Hence as a tail of the infinite composition converges, so does the whole composition.

|

Appendix B. Interpolation inequalities

There is a basic C* interpolation inequality, which may be found in the appendix of
[19, Thm A.5]:

Lemma 52. Suppose that M is a closed Riemannian manifold. For 0 < a < b < oo and
0 < A < 1 there exists a constant C(a, b, A) such that for any real-valued C? function f
defined on M,

A 1-A
I lcra+a-2n < Cllflicall Fllco”

The following is an immediate consequence of Lemma 52.

Lemma 53. Suppose that M is a closed Riemannian manifold. There exists € > 0 such
that for 0 <a <b < oo and 0 < A < 1 there exists a constant C(a, b, L) such that for
any f € Diff® (M) such that dco(f,1d) < €,

dcra+a-op (f,1d) < Cdca(f, Id)kdcb (f, 1d)! .

Lemma 54. Consider the space C°°(M, N) where M and N are Riemannian manifolds
and M and N are closed. For all j,o > 0, there exists a natural number k and a number
€0 > Osuchthatif f,g € C®°(M,N), || f —gllg; <€o<l,and || f —gllck <1/2then
If—glics <IIf —gl}r
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Proof. The proofis arelatively straightforward application of the Sobolev embedding the-
orem and interpolation inequalities. First, we recall an interpolation inequality for Sobolev
norms [2, Thm. 6.5.4]: For each 0 < 6 < 1, s¢, 51, there exists a constant C such that if
we lets = (1 — 6)sg + 51, then

If —gllas < CULf —gliallf — glls -

To begin the proof, note that it suffices to estimate || f — g||cs+1. Fix £ large enough
that H¢ embeds compactly in C/*! by a Sobolev embedding. Then pick k large enough
that

If = gllge < Coellf =gl 2l f — gl

forsome 0 <6 < o.Theterm || f — g||§1k is uniformly bounded by Cr || f — g||f:k. Hence
as H* compactly embeds in C/*1, there exists C’ > 0 such that

1f = gllci+ = C'Nf =gl =CISf =gl IS — gl
If we choose €q sufficiently small that C’|| f — gll‘;I_je < 1, then the result follows. ]

A similar argument shows the following:

Lemma 55. Suppose that E is a smooth Riemannian vector bundle over a closed Rie-
mannian manifold M. For all choices j,{,o0, D > 0 there exist k, € such that if f is a
smooth section of E and || f || g; < €0 < land || fllck < D then | fllce < || f] llq_j".

Appendix C. Estimate on lifted error fields

The goal of this section is to prove a technical estimate on the error fields of a lifted
system. The proof is a computation in charts.

Lemma 56. Suppose that M is a closed Riemannian manifold. Fix numbers m,k > 0
and d such that 0 < d < dim M. There exists a constant C such that the following holds.
For any tuple (f1, ..., fm) of diffeomorphisms of M and (r1, ... 1) a C! close tuple
of isometries of M, let Y; be the shortest vector field such that exp,, () Yi(x) = fi(x).
Let F; be the lift of fi to Grg(M) and R; be the lift of r; to Grg(M). Let Y; be the
shortest vector field on Grg (M) such that expg, () Yi(x) = Fi(x). If | i Yillek =€
and max; ||Yillcxk = n, then

2
cho < C(e +n°).

m ~
[
i=1
Proof. The proof is straightforward but tedious. We give the proof when each R; is the
identity. Removing this assumption both complicates the argument in purely technical
ways and substantially obscures why the lemma is true. At the end of the argument, we
indicate the modifications needed for the general proof.
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For readability we redevelop some of the basic notions concerning Grassmannians.
First we recall the charts on Gry (1), the Grassmannian of d-planes in a vector space V.
Recall that given a vector space V' and a pair of complementary subspaces P and Q of V,
if dim P = d we obtain a chart on Grg (V) in the following manner. Let L (P, Q) denote
the space of linear maps from P to Q. For A € L(P, Q), we send A to the subspace
{x 4+ Ax : x € P} € Grg(V). This gives a smooth parametrization of a subset of Gry (V).
Having fixed a complementary pair of subspaces P and Q, let wp denote the projection
to P along Q.

Suppose that U is a chart on M and let 9y, ..., d, denote the coordinate vector
fields. We use the usual coordinate framing of 7'U to give coordinates on the Grassman-
nian bundle Gry; (M). The tangent bundle to U naturally splits into subbundles spanned
by {d1,...,94} and {0441, ..., dn}. Call these subbundles P and Q, respectively. Let
End(P, Q) denote the bundle of maps from P to Q. We obtain a coordinate chart via
associating to an element of A € End(P, Q) and a point x € U the graph of A4 in the
tangent space over Xx.

As we have assumed that each r; is the identity, in charts we write f;(x) = x + X;(x).
As the f; are C'! small, we work in a single chart. It now suffices to prove the correspond-
ing estimate on the field X; because X; and Y; are equal up to an error that is quadratic
in the sense of Definition 42. We now calculate the action of f on Gr; (U). Suppose that
A € End(P, Q). Then {Df (v + Av)} is a subspace of Ty M. We must find the map A’
whose graph gives the same subspace. Let /4 be the n x d matrix with top block / and
bottom block A. Then Df sends A to

A = DfI4(wpDfI4) " —1d.

To see this, we must check that A’V C Q and {Dfv + DfAv:v €V} ={v+ A'v}. The
second condition is evident from the definition of A’. If v € P, then (mp Df14) v = w
is an element of P satisfying wp Df Iqw = v. Thus A'v = Df I4(mp Df14) ‘v —v € O
and hence A’V C Q. Write F for the induced map on Gry (U). In coordinates, F is the
map

(x, A) = (x, Df I4(zp DfI4)~" —1d). (105)

Write [ ; for the d x d identity matrix. Let DX; be the matrix consisting of the first d rows
of the matrix DX;. In the estimates below, we will assume that the size of A is uniformly
bounded. This does not restrict the generality as any subspace may be represented by such
a uniformly bounded A. Then note that

-1 -1
(reor5]) = (00 22 5))
=1, - f)}[%’] + 0(DX?),

where the O(DX?) is quadratic in the sense of Definition 42. Write X4 for the second
term above.
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We then have

DfI4(mpDfI4)~ ' —1d = (Id + DX)[%‘ (Ig — X4) — [I—d} + 0(DX?)

] 0

— _I_d} _ [l—d}XA + DX[I—d] + DX|:I—d:|XA - [l—d} + 0(DX?)

LA A A A 0
K Iy (14 5
=|=|-|<|x4+Dx|<2|+0DX
(4] -[ %]+ ox[4] + 00w

= %] + H(A, DX) + O(DX?),

where H (A, DX) is the sum of the second and third terms two lines above. Note that H is
linear in DX, and |H(A, DX)| < C||DX]|| given our uniform boundedness assumption
on A.

Thus we see that in this chart on Grg (U),

F(x, A) — (x,4) = (f(x) — x, H(A, DX) + O(DX?)). (106)

In this chart, || >, fi(x) — x||cx < €. Hence writing f;(x) = x + X;(x) as before, we
have || }°; DX;(x)| ck-1 < €. Thus

Cck—1

YA -, = |0 - x HA.DX) + 0(DX?)|

(|, o)

by the linearity of H. This completes the proof in the special case where r; = Id for
eachi.

In the general setting one follows the same sequence of steps. One writes f;(x) =
ri(x) + X;(r;(x)). One then does the same computation to determine the action on the
Grassmannian bundle. This is complicated by additional terms related to R. Having fin-
ished this computation, one finds a natural analog of H(A, DX), which now comprises
eight terms instead of two, and also depends on r;. Recognizing the cancellation is then
somewhat complicated because of the dependence on r;. However, this dependence does
not cause an issue because the terms that would potentially cause trouble satisfy some
useful relations. These relations emerge when one keeps in mind the basepoints, which is
crucial when the isometries are non-trivial. ]

Appendix D. Determinants
Suppose that V' and W are finite-dimensional inner product spaces. Consider a linear map

L:V — W. The determinant of the map L is defined as follows. If {v; } is an orthonormal
basis for V', one may measure the size of the tensor Lv; A --+ A Lv, with respect to the
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norm on tensors induced by the metric on W. If {vy, ..., v,} is a basis for V, then we
define

Det({Lv;, Lvj)g,)
Det({vi, vj)g,)

where Det is the usual determinant of a square matrix. Sometimes we have a map
L:V — W and a subspace E C V. We then define

s

det(L, g1, g2) = \/

det(L,g1,82 | E) =det(L|E, g1lE, &2). (107)

When the spaces V' and W are understood, we may write det(L | E).
There are some properties of det that we will record for later use.

Lemma 57. Fix a basis and suppose that V.= W. Working with respect to this basis, the
determinant has the following properties:

det(L, g1, g2) = det(Id, g1, L*g2), (108)
det(Id, Id, A) = /det(A4,1d,Id) = /|Det(A4)]. (109)

Proof. For the first equality, let {v; } be a basis of (V, g1). Then

Det({Lv;, Lvj)g,)
Det((vi, vj)g,)

det(L,gl,gz) = \/
But (v;,vj)r*g, = (Lvi, Lvj)g,, so this is equal to

s

Det((vi. vj)g,)

which is the definition of det(Id, g1, L*g2).
For the second equality, fix an orthonormal basis {e; }. Then

det(1d.1d, 4) = \/Det({er. ¢)4) = /Det(Ayy).

whereas

det(A4,1d,1d) = \/Det((Ae,-,Aej)Id) = \/Det(ATA) = /|Det(A4)|?> = |Det(A)|. =
We record the following estimate which is used in the proof.

Lemma 58. Let M be a closed manifold and let 0 < r < dim M. If g is an isometry of
M, thenIndet(Df | Ey), which is defined on Gr,.(M), satisfies the following estimate:

lindet(Df | Ex)lick = O(dcr+1(f:2)) as f — gin CF*L.

The big-O is uniform over all isometries g.
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Proof. 1t suffices to show that this estimate holds in charts. So, fix a pair of charts U
and V' on M such that f(U) has compact closure inside of V. We define a map H :
Grgy(U)x U x V x R" > R by sending the point (E, x, y, A) to Indet(4, gx, gy|E),
where gx and g, denote the pullback metric from M. Using f we define a map ]7 :
Gry(U) x U — Grg(U) x U x V x R"” by

(E.x) = (E,x, f(x), Df),

where we are using the coordinates to express Df as a matrix. Then the quantity we wish
to estimate the C¥ norm of is H o f. If we analogously define g, then note that H o § = 0
because g is an isometry. By writing out the derivatives using the chain rule, and using the
fact that f is uniformly close to g, one sees that || H o g — H o f”ck = 0(dcr+1(f. 8)),
and the result follows. ]

Appendix E. Taylor expansions

E.1. Taylor expansion of the log Jacobian

Proposition 59. For C! small vector fields Y on a Riemannian manifold M, the follow-
ing approximation holds:

/ Indet(Dx ¥y, 1d, gyy ., | Ex)dvol
Grr (M)

r r(d —r)
=—— [ ||[Ec||Pdvol+———— [ |[Enc|*dvol + O(|Y|]3.,),
o7 | 1Bl avol+ =S [ Eve dvol + 0¥ 1)

where Ec and E nc are the conformal and non-conformal strain tensors associated to Yy
as defined in Section 4.2. In addition, det is defined in Appendix D and Vry is defined
in (11).

Proof. The proof is a lengthy computation with several subordinate lemmas.
In order to estimate the integral over M, we will first obtain a pointwise estimate on

/ Indet(Dxvyy | E)dE.
Grr(Tx M)

To estimate this we work in an exponential chart on M centered at x. In this chart, x is 0
and ¥y (0) = Y(0). Then

f Indet(Dxyy | E)dE = / Indet(Dovy.1d, gy | E) dE.
Grr(Tx M) Grr (Tx M)

We now rewrite the above line so that we can apply the Taylor approximation in Proposi-
tions 62 and 63 below.
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Write the metric as Id + g. As we are in an exponential chart, || gy | = O(]|Y ||é0)

Write Dyy = 1d + 1} The integral we are calculating only involves g@o and gy (o), SO
below we drop the subscripts. Then

/ Indet(Dyyy | E)dE = / Indet(Id + ¥, 1d,1d + ¢ | E) dE.
Grr(Tx M) Gry(Tx M)

Now applying the Taylor expansions in Propositions 62 and 63, we obtain the following
expansion. For convenience let

K

s .
_ w+2w _TW) 4

y (110)

Then

/ Indet(Dyy.1d, gy | E) dE
Grr(Tx M)

S P SO DA R PN A C At ) B '3
= 210 + [ 2 + k) |+ 0019
+ = Te (@) + 021 (111)

2d

Note that ||| = O(||Y ||c1) and || 8] = O(||Y||Z,(,), hence the big-O terms in the above
expression are each O(||Y||3cl).

We now eliminate the two trace terms that are not quadratic in their arguments. For
this, we use a Taylor expansion of the determinant.> Thus

(Tr(¥))? — Tr(y?) L T@

det(Dy, 1d, gyo)) = 1 + Tr(y) + 3 5

+O(IY I30)

The integral of the Jacobian is 1, so integrating the previous line over M against
volume we obtain

(Tr())> — Tr(9?) +Tr§g> J

1=1+/MTr(1/})+ 3

vol + O(|[Y[|12.1).

Thus

L@ T (Tr())> 3
[MTr(W)+ > T dvol——/M—2 dvol + O(||Y [|&1)-

2 2
3Recall the usual Taylor expansion Det(Id + A) = 1 + Tr(4) + w + o(||4]3).
We combine this with the first order Taylor expansion

det(Id, 1d, 1d + G) = /Det(ld + G) = \/1 +Te(G) + O(|G|2) = 1 + Tr(G)/2 + O(|G|?).
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Now, we integrate (111) over M and apply the previous line to eliminate the non-quadratic
terms. This gives

/ ]n det(DXWYyldv gl/ly(x) | Ex) dEx
Grr(M)

rd—r)

_ _r 52 2 3
_/M 37 TP + gy TR dvol + 0V 2. (12

where we have written lﬁx and K, to emphasize the basepoint. The formula above is not
yet very usable as both K, and lﬁx are defined in terms of exponential charts. We now
obtain an intrinsic expression for these terms. Recall that pointwise we use the L2 norm
on tensors. Below we suppress the x in || Ec (x)|| and 1/A/x.

Lemma 60. Let Ec be the conformal strain tensor associated to Vry. Then
| st avo = [IEc]? avol + 0(1Y 1),

Proof. We use an exponential chart and compute a coordinate expression for || Ec||? in
the center of this chart. As before, write DYy = Id + v, where ¥ = O(||Y ||c1). Then
working in exponential coordinates, we obtain
Tr(yyg — ) = Tr((d + )" (1d + O(|Y [[&0))(Ad + ) —1d)
=Tr(Ad + 7+ —1d) + O(|Y [Z1) = 2Te () + O(IY [Z0).

Thus since 1/} = O(||Y ||c1), by definition of E¢, we have

Ti(yyg —g) 7 _ |27 |
Ecl|? = | —=>—"1d| = 1d
el = | T3 i
() ;
= T”Idﬂ2 = Tr(y).
Integrating over M, we obtain the result. ]

Lemma 61. Let Enc be the non-conformal strain tensor associated to Yy and let K
be as in (110). Then

[ k3 avol = [ Encl? dvol+ 01T ).
M M

Proof. As before, we first compute a local expression for the integrand and check that
this expression is comparable to the local expression for the non-conformal strain tensor.
We compute at the center of an exponential chart. As before, write DYy =1d + 1& where
¥ = O(||Y ||c1). In this case

Yrg = d+9)7Ad+ OV |2)Ad + §) = 1d+ §7 + 4 + OV |%)).
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Using the above line and the definition of Exc we then compute

IEncl? = H%(w;g Ui Al
~Ljaas iy oy Roaa+ i) -10- 2P ogrizo e
3 R SO |
= %Tr((l// + l// Zﬂ Id+ O(|Y |2 1))2)
e (U5 T0) ) + 0t =1 + 00 1)
By integrating the above equality over M, the result follows. -

Finally, Proposition 59 follows by applying Lemmas 60 and 61 to (112), which gives

/ Indet(Dx ¥y, 1d, gyy (., | Ex) dEx
Gr (M)

r(d —

.
=—— | IEc|?dvol + ———— 2
Zd/M” cl VO+(d+2)(d

/||ENc||2dvol+ oY), =

E.2. Approximation of integrals over Grassmannians

Let G, 4 be the Grassmannian of r-planes in R4 In this subsection, we prove the follow-
ing simple estimate.

Proposition 62. For 1 <r < d, let A,:End(R?) — R be defined by

Ar(L) = [G Indet(Id + L,1d,1d | E) dE,
r.d

where dE denotes the Haar measure on G, 4. Then the second order Taylor approxima-
tion for Ay at 0 is

Ar(L) = gTr(L) + [—— Tr(L?) + rd—r)

2
2 WT(K ):|+0(||L|| )s

where
L+LT Tr(L)

2 d
Let A, (L) = A (L) — Ay—1(L). Then the above expansion implies

K =

d—-2r+1

_ ! ey 42t
)Lr(L)—dTr(L)+[ 2dTr(L)+(d+2)(d—l)

Tr(KZ)} L oqLlP.
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Proof. Before beginning, note from the definition of A, that if U is an orthogonal trans-
formation, then A, (UTLU) = A,(L). Consequently, if o; is the ith term in the Taylor
expansion of A,, then ¢; is invariant under conjugation by isometries.

The map A, is smooth, so it admits a Taylor expansion

Ar(L) = ar(L) + az2(L) + O(|IL[P),

where o is linear in L and o5 is quadratic in L. The rest of the proof is a calculation of
o and o,. Before we begin this calculation we describe the approach. In each case, we
reduce to the case of a symmetric matrix L. Then restricted to symmetric matrices, we
diagonalize. There are few linear or quadratic maps from End(R”) to R that are invariant
under conjugation by an orthogonal matrix. We then write «; as a linear combination of
such invariant maps from End(R") to R and then solve for the coefficients of this linear
combination.
We begin by calculating «;.

Claim 3. With notation as above,

ar(L) = gTr(L).

Proof. Let Ar(Id+ L) = A, (L). Then from the definition, note that if U is an isometry
then A, (U(d + L)) = A,((Id + L)U)) = A,(L). Suppose that O; is some path tangent
to O(n) C End(R™) such that Oy = Id. Then A,(0;) = 0. Write O, = Id + 1S + O(t?)
where S is skew-symmetric. Then we see that

Ar(Id+1S 4+ 0(1?) = 0(1?),

So, A,(tS) = O(t?). Hence o vanishes on skew-symmetric matrices.

Thus it suffices to evaluate o restricted to symmetric matrices. Suppose that A4 is a
symmetric matrix. Then there exists an orthogonal matrix U such that UT AU is diagonal.
Restricted to the space of diagonal matrices, which we identify with R? in the natural way,
observe that ;: R? — R is invariant under permutation of the coordinates in R¢ because
it is invariant under conjugation by isometries. There is a one-dimensional space of maps
having this property, and it is spanned by the trace, Tr. So, a1(4) = a;(UT AU) =
ay Tr(A) for some constant a;. To compute a; it suffices to consider a specific matrix,
eg. A=1d:

d
ay(Id) = gflndet(ld +eld| E)dE

d
= —/ln(Id + €)' dE
de

€=0 e=0

= %rln(l +e) =r.

€=0
So,a; = r/d. Thus for L € End(R%), oy (L) = ZTr((L + LT)/2) = ZTr(L). [

We now compute o.
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Claim 4. With notation as in the statement of Proposition 62,

wa(L) = - Te(r?) 4 — 4 =1

2
2d d+2d—1 KD

Proof. Let K,(Id + L) = A,(L). From the definition, note that for an isometry U, we

have A,((Id + L)U) = A,(U). Fix L and let J = (L — LT)/2. Observe that
(d+Lye ™ =1d+ (L—-J)+ (J?/2—LJ) + O(LP).

Thus we see that

A(d+ L) = A (L +1d)e™)
Ar@d+ (L—J)+ (J2/2=LJ) + O(IL|?))
A((L—=J)+(J?/2=LJ)) + O(L|?).

Ar(L)

Now comparing the two Taylor expansions of Ay (Id 4+ L), we find
oar(L) = ax(L —J)+ a1 (J?/2—LJ).
Thus, as we have already determined o,
ar(L) = ar(L + LT)/2) + 3Tr(J2/2 —LJ).

So, we are again reduced to the case of a symmetric matrix S. In fact, by invariance
of a under conjugation by isometries, we are reduced to determining c» on the space
of diagonal matrices. Identify R¢ with diagonal matrices as before. We see that o is
a symmetric polynomial of degree 2 in d variables. The space of such polynomials is
spanned by Y xl-2 and ) ;. ;j Xix;j. Itis convenient to observe that for a diagonal matrix D,
Tr(D?) and (Tr(D))? span this space as well. Hence

@2(S) = b1(Tr(S))* + b2 Tr(S?).

Now in order to calculate b; and b, we will explicitly calculate o, (Id) and a,(P),
where P is the orthogonal projection onto a coordinate axis.
In the first case,

d
20(Id) = — — Indet((Id + €, + €2) | E)dE
d€1 d€2 Gy €1=0,e2=0
d2
= Fln(l + E)r o = —T.

So, ax(Id) = —r/2.
Next suppose that P is projection onto a fixed vector e. Suppose that Z(e, E) = 6.
We now compute Indet(Id + € P | E). We fix a useful basis of E. Let v be a unit vector
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making angle Z(e, E) with e, and let e,, ..., e, be unit vectors in E that are orthogonal
to e and v. Then using the basis v, e5, ..., e,, we see that

(1d + eP)v A (Id 4+ €P)ey A--- A (Id + €P)ey ||
[oA-Ael
= V((Id+ €P)v, (Id + €P)v),

det(Id + €P | E) =

by considering the determinant defining the wedge product. But then as Pv = cos(0)e,

V(v +€ecos(B)e, v + € cos()e) = V (v, v) + 2e cos() (v, e) + €2(Pv, Pv)
= /14 2ecos2(F) + €2 cos2 6.

Now, the Taylor approximation for In /T + x at x = 0is x/2 — x2/4 4+ O(x?3), so

cos Z(E,e)

5 — cos* A(E,e)] + 0(e?).

Indet(Id + €P | E) = ecos Z(E,e) + 62[

Hence, as this estimate is uniform over E, by integrating we have

/ Indet(Id + €P | E)dE
Gr.d

2 /(E,
= e/ cos®> /(E, e) dE + ezf [w —cos* /(E, e)i| dE + 0(e%).
Gr.a Gr.a 2

So, we are reduced to calculating the coefficient of €2 in the above expression. One
may rewrite the above integrals in the following manner, by definition of the Haar mea-
sure because G, 4 is a homogeneous space of SO(d). Write x1, ..., x4 for the restric-
tion of the Euclidean coordinates to the sphere. By fixing the coordinate plane Ey =
span{ey,...,er}, and letting 6 = Z((x1,...,xq), E) we then have cos(0) = ,/Z;zl xl.z.
Thus

/ cos?> Z(E,e)dE = / cos? Z(gEp,e) dg = / cos? Z(Ey, ge) dg
Gr.a SOq

SOy
-
2 2
= Z(Eg,x)dx = Cdx.
[Sd?lcos (Eg,x)dx /Sdlig;xl X
Similarly, fixing the plane E¢ = span{e;,...,e,}, we see that since cos* Z(Ey, x) =

(Zt"'=l xiz)z’

r 2
/(.;r'd cos* Z(E,e)dE = [gd_l (Zx,z) dx.

i=1

The evaluation of these integrals is immediate by using the following standard formulas:

1 3 1
Zd — _ / 4d - - / 2 Zd =
/S(H =0 Jeamn MV T d@ v 2y S T2 T 4@ v
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Thus we see that

cos? Z(E,e) 4 _r rr+2
/Gr,d( > cos A(E,e))dE—zd dd 1)

It follows that
r r(r +2)
2d  d(d+2)
Returning to b1, by, the coefficients of (Tr(S))? and Tr(S?), respectively, combining
the cases of Id and P gives

ax(P) =

r r(r +2)
2d  d(d +2)

We can now solve for by and b, with respect to this basis of the space of conjugation

—% — byd? + byd, = by + bs.

invariant quadratic functionals. However, the computation will be more direct if instead
we use a different basis and write o, (S) as

2
by (TH(S))? + by Tr((S — TrflS )) )

so that the second term is trace 0. Our computations above now show that

’
—— =bh1d* 40
2 1a” +
and

r r(r +2) _ d—1 _ Tr(P) 2
4" dd+ by + sz(_ by (Tr(P))? + by Tr((P - Id) ))

The first equation implies that

r
by = YR
The left hand side of the second equation of the pair is equal to
r(d—r) r
dd+2) 2d’
This gives
rid—r) r

b2 = d—1)d+2) 2d

So, for symmetric L, we have
_ 2, (_rd-n 1 _Tr(S) 2)
ax(S) = ¥E (Tr(S))” + ((d “Dd 12 2d)Tr((S 7 Id) . (113)

Recall that we specialized to the case of a symmetric matrix, and that for a non-symmetric
matrix there is another term. For L € End(R?), setting J = (L — LT)/2 as before, we

get
L+LT\ r_(J?
L) = —Tr\ ——LJ .
w2(l) “2( 2 )+dr(2 )
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To simplify this we compute that

J? L>—LLT —LTL+ L") L-LT LLT -2
Tr| - —LJ)="Tr : —L— =Tr|—— .

Write
L+ LT

2

Observe that for an arbitrary matrix X, Tr((X — ) 1d)?) = Tr(X?) — (Tr(X))?/d.
Thus

Tr(S) r LLT — 12
zdz(Tr(S))z— ﬁT ((S - Id) ) ETr(T)

T
T (Tr(8))? + ; Tr(LLT_LZ)

S =

— 2 2y _
= 55 (Tr($)? = 55 Tr(8?) =

LLT — 12
_ 2 == =
= 2dTr(S)—i— T( 2 )

() eo( )

r—1 L%+ (LT +2LLT LLT — 12 )

From above, we have

r(d —r) r Tr(S)
U (e P RE AR (CR Id) )

L LLT — 12
= Ir{ — .
d 4

So substituting the previous calculation we obtain

o 5 r(d —r) L+ LT Tr(L) 2
az(L)_—ﬁTr(L )+(d—1)(d—2)Tr(( > T4 Id) ),

ax(L) =

which is the desired formula. u
We have now calculated oy and . This concludes the proof of Proposition 62. ]
We will also use a first order Taylor expansion with respect to the metric.

Proposition 63. Let A, (G) be defined for symmetric matrices G by

Ar(G) = [ Indet(Id,1d,1d + G | E) dE.
Gr.d

Then A, (G) admits the following Taylor development:

A (G) = —Tr(G)+ O(IGIP).
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Proof. The proof is substantially similar to that of the previous proposition. Let «; denote
the first term in the Taylor expansion. Note that if U is an isometry then A, (UT GU) =
A, (G). Thus ¢; is invariant under conjugation by isometries. Thus by conjugating by an
orthogonal matrix, we are reduced to the case of G and diagonal matrix. As before, we
see that oy (D) is a multiple of Tr(D) as Tr spans the linear forms on R¢ that are invariant
under permutation of coordinates.

Thus it suffices to calculate the derivative for D = Id. So, we see that

d
ar(1d) = $/Elndet(ld, 1d,1d + €1d | E) dE.

Thus the integral is equal to In /(1 + €)” on every plane E. Hence the derivative is r/2
and so
ar(1d) = = = L Tra)
! 2 2d '

And so the result follows. [
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