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Abstract. We show that linear analytic cocycles where all Lyapunov exponents are
negative infinite are nilpotent. For such one-frequency cocycles we show that they can
be analytically conjugated to an upper triangular cocycle or a Jordan normal form.
As a consequence, an arbitrarily small analytic perturbation leads to distinct Lyapunov
exponents. Moreover, in the one-frequency case where the kth Lyapunov exponent is finite
and the (k + 1)st negative infinite, we obtain a simple criterion for domination in which
case there is a splitting into a nilpotent part and an invertible part.

1. Introduction

Let X be a compact space, i a probability measure on the Borel o-algebra of X and
f : X — X a measure-preserving transformation, w(f -1(B)) = w(B) for all Borel sets
B C X. Iterations of the map f define a dynamical system on X, the so-called base
dynamics. By C4*? we denote the set of d x d matrices with complex entries. For a
measurable map A : X — C9*?, one obtains the linear cocycle (f, A) denoting the map

(f, A):XxC! > XxC% (x,v)~ (f(x), A(X)v).

Some examples of linear cocycles are the derivative cocycle (f, Df) of a C!'— map of
a torus, the random products of matrices, Schrodinger cocycles etc.
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In general we want to consider analytic cocycles.

Definition 1. We call (f, A) an analytic cocycle over a compact, connected measure space

(X, p) if the following three assumptions hold.

(A1) Xis a compact, connected, real analytic manifold.

(A2) For any analytic chart (bi-analytic map) ¢ : O C X — U C RY, the push-forward
measure i o@ ' on U has a continuous density with respect to the Lebesgue
measure on U.

(A3) f and A are (real) analytic, i.e. f € C*(X, X) and A € C®(X, C4*9),

Note that, if X was not connected, then using compactness one finds that a certain
iterative power of f would leave the connected components invariant and one could
consider the corresponding powers of (f, A) inducing cocycles on these components.

The prime example we are thinking about are cocycles over the rotation on a torus, i.e.
X =R¢ / VAR w is the canonical Haar measure (or Lebesgue measure), f(x) =x + « with
a e RY/Z" and A € C?(RY/Z*, C4*?). Then we may denote the cocycle (f, A) also by
(o, A) and call it an £-frequency cocycle, because the base dynamics is determined by the
£-frequency vector «.

If « is a rational vector, then A(f"(x)), n € N is a periodic sequence, for « irrational
one calls it a quasi-periodic sequence and («, A) is a quasi-periodic cocycle. Such one-
frequency quasi-periodic SL(2, R) cocycles have been intensively studied in the past
because they are very important for the theory of discrete quasi-periodic one-dimensional
Schrodinger operators; see [A2] and references therein.

For analytic cocycles one often uses some inductive limit topology considering
holomorphic extensionst of X and A € C®(X, C4*¢); in the one-frequency case see e.g.
[AJS].

The main object of interest of linear cocycles is the asymptotic behavior of the products
of A along the orbits of f, especially the Lyapunov exponents. Iterating a linear cocycle
leads to (f, A)" = (f", A,) or (&, A)" = (na, A,), where

Ap(x) = AT AT ) - AP () A). (1.1)
Let 0x(A) denote the kth singular value of a matrix A, i.e. 0x(A) > 0 and the squares,
012 > 022 > > 05, are the eigenvalues of A*A. Then the kth Lyapunov exponent is
defined by
1
Li(f, A) = lim — f In(oy (A, (x))) dp(x). (1.2)
n—->oon Jx

With A¥A we denote the linear operator on the anti-symmetric tensor product AKC?
defined by AkA(v1 A---Avx)=(Avi A---ANAvg). Then it is well known that
[T5_, 0j(A) = |A*A] = 01 (AF A), giving

k
D Li(f. A =Li(f. A*A) = / Inf| AFA Q)| dpa(x). (1.3)
j=1 %

If we have an £-frequency cocycle with f(x) = x + «, then we may also write Li (o, A).

T Taking a finite analytic atlas one can technically complexify the arguments x € X in the charts and extend A (x)
to a multi-holomorphic function by Taylor expansions.
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Let [Ing||A(x)|| dju(x) < oo, where In, is the positive part of the logarithm; then
Kingman’s subadditive ergodic theorem shows that the Lyapunov exponents exist with
Ly € [—00, 00). If A(x) is continuous and always invertible, then all Lyapunov exponents
are finite, i.e. bigger than —oo. But if A(x) can have a kernel, then one might end up with
some —oo Lyapunov exponents. We want to classify these situations for analytic cocycles.

Understanding the structure of cocycles is an important branch in the theory of
dynamical systems. An important question is how frequently cocycles with simple
Lyapunov spectrum occur (cf. [GM, BV, AV, GR, V, FK] etc). The Lyapunov spectrum
is called simple if all Lyapunov exponents are different. Typically one would expect this
to be true on a dense set of cocycles. This question, however, gets trickier the higher
the considered regularity class. On the other hand, in low regularity (C°), failure of non-
uniform hyperbolicity is a fairly robust phenomenon in the topological sense [Boc].

For SL(2, R)-cocycles Avila showed that the set of cocycles with distinct (or positive)
Lyapunov exponents is dense in all usual regularity classes [A]. Distinctness of the largest
and smallest Lyapunov exponents on a dense set of general symplectic or pseudo-unitary
cocycles of d x d matrices (in all regularity classes) was shown in [Xu]. It relies on Kotani
theory and local averaging formulas combining ideas from [A, AK, Sim, Sad], but a
certain real Lie-group structure is always very important. For complex analytic SL(2, C)
or C4*? cocycles the question is open. An approach to distinct Lyapunov exponents has
been worked out by Duarte and Klein [DK, DK2], which is based on generalizations of
the avalanche principle and large-deviation estimates. These tools had been used a lot for
SL(2, R) cocycles [BJ, Bou, GS].

Once there is some gap in the Lyapunov spectrum, another important concept is that of
domination (a generalization of the notion of uniform hyperbolicity; a precise definition is
given below). In [AJS] it was shown that within the set of complex, analytic one-frequency
cocycles with a gap in the Lyapunov spectrum, the set of dominated cocycles is dense.
However, for complex analytic cocycles it is not clear whether the set of cocycles where
all Lyapunov exponents are equal has a non-empty interior.

We propose to attack this and further questions for complex cocycles by looking
for conjugated ‘normal forms’ similar to Jordan normal forms or Hilbert—Schmidt
decompositions for matrices. One should try to classify cocycles where all Lyapunov
exponents are equal. In this work we consider cocycles where all Lyapunov exponents are
negative infinite. Within the measurable, ergodic category, the Oseledets filtration gives
some block upper-triangular normal form, cf. [O, R], which can be refined by looking at
so-called maximal invariant flags [ACO]. For invertible cocycles ( f and A invertible) one
has an Oseledets splitting and a block-diagonal normal form. Each block corresponds to a
distinct Lyapunov exponent.

Before getting to the normal forms mathematically, we need a proper equivalence
relation. Two cocycles (f, A) and (f, B) with the same base dynamics are dynamically
conjugated if

B(x) =M~ (f(x)AX)M (),

+ Here, Ly = —o0 is possible.
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where M : X — GL(d) is a measurable map into the general linear group. Then (f, B) =
(id, M)~1(f, A)(id, M) and the cocycles are dynamically equivalent. However, if M is
only measurable and only almost surely defined, then one loses regularity features like
e.g. analyticity of the cocycle and other certain fine distinctions such as non-uniform and
uniform hyperbolicity or the notion of domination. Therefore, in terms of normal forms we
are only interested in dynamical conjugation within the regularity class. Especially in this
case we consider analytic cocycles and we also want M (x) (and hence B(x)) to depend
analytically on x.

One way to create cocycles where all Lyapunov exponents are —oo is by constructing
cocycles such that after finitely many steps one arrives at the zero cocycle. We call such
cocycles nilpotent.

Definition 2. A linear cocycle (f, A) is called nilpotent if for finite n we have A, (x) =0
p-almost surely. The minimal such natural number is called the nilpotency degree p.

Clearly, for nilpotent cocycles all Lyapunov exponents are negative infinite. Our main
result is that for analytic cocycles this is an equivalence. Let us note that in the C*°
regularity class it is wrong that L = —oo implies nilpotency, even for 1 x 1 cocycles.
To show this, let A(x) = e~ /**~1/1=9" for x € (0, 1), A(0) = A(1) =0 and continue
periodically. Then A € C®(R/Z, C'*1), and (@, A) is clearly not nilpotent but

LS| 1
Li(o, A)=— — 4+ ———dx=—o0.
1(a, A) /0x2+(1—x)2 X 00

Nilpotency can be achieved by taking upper triangular matrices with zeroes along (and
below) the diagonal. Our second main result is that in the analytic one-frequency case
these are all possibilities up to analytic unitary dynamical conjugation. Particularly, an
arbitrarily small analytic perturbation leads to simplicity of Lyapunov exponents.

If we have only some negative infinite Lyapunov exponents, but L(x, A) > —o0, we
can split off some nilpotent analytic invariant subspace corresponding to the negative
infinite Lyapunov exponents. In this case we also get some simple criterion for a dominated

splitting.
In the next section we state the precise theorems and give several remarks. In §3 we
treat first the case when the rank of A(x) is at most one and show that L} = —oo implies

nilpotency. Then, based on this result, we can treat the case for general rank of A(x) in §4.
Section 5 finally considers one-frequency cocycles where only some Lyapunov exponents
are negative infinite. In the Appendix we give some important facts which are used multiple
times.

2. Results
Having only negative infinite Lyapunov exponents implies nilpotency in the analytic
category.

THEOREM 1. Let (f, A) be an analytic cocycle over a compact, connected measure space
(X, w) in the sense of Definition 1 and assume that Li(f, A) = —oo. Then (f, A) is
nilpotent; more precisely, A,+1(x) =0 for all x, where r = max, rank A(x) <d — 1 is
the maximal rank.
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Very concrete normal forms can be found in the one-frequency case.

THEOREM 2. (One-frequency case) Let A € C?(R/Z, C*4) and o« € R/Z be such that

Li(x, A) = —o0. Then the following hold.

(1)  There exists a one-periodic analytic function U € C®(R/Z, U(d)) with values in the
unitary group U(d), such that B(x) :=U(x + ) LA U (%) is upper triangular
with zeroes on and below the diagonal. More precisely, if the nilpotency degree is p
then one can choose U (x) such that B(x) is divided into p x p blocks (of different
size) with upper-triangular block structure,

0 Dy(x) x *

B(x):=Ux 4+ o) ' AU (x) = o en
' Dp(x)
0

(1) Assume additionally that for all n, rank A, (x) = ry, is constant in x. Then there exists
a one-periodic analytic function M € C*(R/Z, GL(d, C)) such that

Ji
T =Mx+a) ' A)M(x) = , (2.2)
Im
where m = dim ker A(x) and
0 1

Ji= R . 2.3)

’ 1

0
Adding a diagonal perturbation B’ = diag(by, ..., bg), |bjl > |bj+1] to B(x) and

conjugating it back, we obtain the following for A’'(x) =U(x + a)B'U(x)"! as a
corollary of the above theorem.

THEOREM 3. Let A € C®°(R/Z, C?*dy gnd « € R/Z be such that Li(x, A) = —00, in
which case Ly (o, A) = —oo forallk =1, . .., d. Then there exists A’ € C®(R/Z, C4*?)
such that for any ¢ # 0 all Lyapunov exponents of («, A + € A’) are distinct. Hence, there
are arbitrarily small analytic perturbations with simple Lyapunov spectrum.

Remark. In analogy to [ACO] we call (o, B) and («, J) analytic Jordan normal forms of

(v, A). As the form («, J) is much more restrictive, we may call it a completely reduced

Jordan normal form. Let us make some remarks about the existence of such normal forms

in the analytic category.

(i) The condition needed for Theorem 2(ii) is satisfied on a dense set of cocycles
(o, A) with L{(a, A) = —o0o. For small enough ¢ one can define A(x + if) by
analyticity and a local Taylor expansion. For any » up to the nilpotency degree, there
is only a finite set of (x, r) within [0, 1] x [—8, 8] where rank A, (x + i) is not
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maximal (equal to max, rank A, (x + it), which is independent of ¢). This follows
from analyticity. Hence, for small enough 7, the cocycle («, A(- 4 it)) satisfies the
condition.

(i) For a completely reduced Jordan form as in Theorem 2(ii) one may want to relax
(2.3) and allow J (x) and J; (x) to depend on x, where J; (x) still has only non-zero
entries on the superdiagonalt which may become O for some x. Then the condition
that the ranks of A, (x) are constant is not necessary for such a conjugation. However,
Li(x, A) = —oo alone is also not sufficient in this case. Examples where such a form
cannot be reached by (everywhere-defined) analytic conjugations are

2
0 cos(2mx) sin(2mx) 0 0 0 cos(2mx)

Ax)=10 0 1 or A(x)= 0 01 . 0
0 0 0 0 0 0 sin(2mx)
0 0 0 0

In both cases the nilpotency degree is 3, A3(x) =0, A’3(x) = 0. In the first scenario,
rank A(x) is not constant; in the second one, rank A’z(x) is not constant.

If one allows the conjugation M (x) to be not invertible in finitely many points,
then one can always get such a conjugation so that M (x + ) TAOM (x) = T (for
almost all x). But as M~ !(x) is then not defined for some x (and of course not
analytic), it is not an analytic conjugation of the cocycle.

(iii) In the general analytic case with a higher-dimensional base X one cannot even
necessarily get ‘normal forms’ like B(x) above by everywhere-analytic conjugations.
One crucial ingredient missing in the general case is an analogue of Lemma A.1. Let
us give an example of an analytic nilpotent two-frequency C2*2 cocycle that cannot
be conjugated to such a normal form. Let « = (1, a2) be the translation vector for
the base dynamics f(x, y) = (x, y) + o, (x, y) € R?/7Z2, and let

Ax. y) = (—sin(zn(x + o)) sinQry)  sin(2w(x 4+ ay)) sin(znx)> |

—sinr (y + a3)) sinRry) sinQw(y + a3)) sin(2wx)

Then we have A(x, y) with rank 1 almost surely, A>(x, y) = 0 and the direction of
the kernel of A(x, y) (on projective space PC?) has no limit at (x, y) = (0, 0) or
(x,y)= (%, %), which contradicts analyticity of M (x, y) to get

0 c(x, y)>

[M(x+011,y+012)]_1A(x’ Y)M(x’ y):<0 0

One may choose M (x, y) = (:2%2;‘; _s::(lg;?))) for conjugating to such a normal
form; however, the inverse of M (x, y) does not exist at (x, y) = (0, 0) or (x, y) =
(3. %)

Next, we have a look at analytic one-frequency cocycles where some but not all
Lyapunov exponents are —oo. In this case there is an obvious gap after the last finite
Lyapunov exponent and one can ask the question about domination. In general this was
classified in [AJS]; however, in this special case the classification is much simpler.

+ Entries just above the diagonal.
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For completeness let us repeat the definition of domination. Let G(k, d) denote the
Grassmannian manifold of complex k-dimensional subspaces of C? and C(X, G(k, d))
the set of continuous functions from X to G (k, d).

Definition 3. A continuous Cdxd cocycle (f, A) over (X, u) is k-dominated (k < d) if
there is a continuous splitting of the space C¢ into a relatively stable and a relatively
unstable invariant space, i.e. there exist u € C(X, G(k, d)), s € C(X, G(d — k, d)) such
that for all x € X,

C'=u@) @s(x), A@u@) =u(fKx), AXskx) Cs(fx)
and for some n € Nand all 0 # v € u(x), 0 # w € s(x) and all x € X one has
A COv/ vl > A wll/[fwll.
Particularly, the kernel is always inside the relatively stable space, ker A(x) C s(x).

THEOREM 4. Let A € C?(R/Z, C4*4) and a € R/Z be such that Li1(a, A) = —o0 and
Ly (o, A) > —o0. Then the following hold.
(1)  There exists U € C®(R/Z, U(d)) such that

a(x) b()

B(x):=U(x +a) 'AX)U(x) = ( 0 deo)

>, where a(x) =

(=2 2

is an upper-triangular (d — k) x (d — k) matrix with zeroes on and below the
diagonal; hence, («, a) is nilpotent and d(x) is an almost surely invertible k X k
matrix. In particular, rank Ag_x(x) <k for all x. Of course, the block («, a) can also
be conjugated to a Jordan form by an analytic dynamical conjugation as described
above.

(1) The cocycle (a, A) is k-dominated if and only if rank Ay_i(x) = k for all x. It is also
equivalent to d(x) as defined in (i) being invertible for all x € R/7Z. In this case there
is some analytic (d — k) x k matrix M (x) such that with B(x) as in (i) we have

-1
cto:= ((1) M(x1+a)) B (<1> MEX))=<3(<;C) dgo)'

This conjugation corresponds to the dominated splitting.

Remark. Without domination it is not always true that one can obtain this block-
diagonal form with an analytic (or everywhere-defined) conjugation. A counter-example
is the following cocycle, A(x) = B(x) = (8 ;O:g;)’c‘))), with any frequency « € R/Z — {0}.
A diagonal, analytic conjugated cocycle would necessarily be of the form C(x) =
M~ (x + ) A@M(x) = (§ () As Az(0) = A(@)A(0) =0, one has c(0)=0 or
c(a) =0, i.e. C(x) =0 for either x =0 or x = . But, A(x) = M(x + a)C(x)M(x)~!
= 0 for any x. So, there is a contradiction if M (x) is invertible for all x.
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3. Rank-one case
In this section we will basically prove Theorems 1 and 2 in the rank-one case by the
following proposition.

PROPOSITION 3.1. We have the following.

(1) Assume that (f, A) is an analytic cocycle over a compact and connected space
(X, n) as defined in Definition 1. Assume further that A € C*®(X, Caxdy pas
maximal rank 1 and L{(a, A) = —o0. Then A>(x) = 0 for all x € X.

(i) Let (a, A) be an analytic one-frequency cocycle, i.e. « € RJZ, A € C*(R/7Z, CI*4),
and let L1 (a, A) = —oo. Then there are a one-periodic analytic function c(x) and a
one-periodic analytic unitary function U (x) € U(d) such that

0
U(x +a)A(x)U (x) = 0 c(x)
0 0

Proof. We will first show (ii). The case A(x) =0 for all x is trivial, so assume that
A(x) # 0 for some x. We find some column vector ¢(x) of A(x) which is not always zero.
By Lemma A.1 we find a one-periodic, real analytic function ¢ (x) with ||¢(x)| = 1 such
that ¢(x) is a complex multiple of ¢ (x). Doing the same with A*(x) we obtain some one-
periodic analytic function ¥ (x) with ||[{(x)| =1. As ran A(x) C ¢ (x)C, ran A*(x) C
¥ (x)C (at most rank 1), we find some c(x) such that

A(x) = c(x)p ()P (x), (3.1
where ¢ (x) is a column vector and ¥*(x) a row vector and their product a matrix. As A(x)
depends analytically on x, c(x) has to be analytic. Thus,

n—1

n—2
An(x) = (1‘[ c(x + ka)) (H Y+ (k+ Dy (x + ka)>¢(x +(n — D)y *(x),
k=0

k=0

which leads to

1 1
—oo=Li(a, A) = / In|c(x)| dx —I—/ In|v*(x + a)p(x)| dx. (3.2)
0 0

By Lemma A.3 this implies that ¥*(x + a)¢(x) =0 for all x as c(x) is not the
zero function. This gives As(x) =0. Moreover by Lemma A.1(ii)) one can extend
¢(x —a), ¥(x) to an orthonormal basisi defining a unitary matrix U(x) = (®(x),
¢ (x —a), ¥(x)) such that

U'(x + ) Ax)U (x) = 0 c(x)
0 O

In the general case (i) we still find functions c(x), ¢(x), ¥(x) with |l¢(x)| =
1 (x)|| =1 satisfying (3.1). However, we can only guarantee analyticity at points x
where rank A(x) = 1. In general, there might be some union of submanifolds of X

T Indeed, this task is equivalent to finding ®(x) as in Lemma A.1(ii), where the range of ®(x) is the orthogonal
complement of the space spanned by ¢ (x — «) and ¥ (x).
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where A(x) =0, (i.e. c(x) =0) and where c(x), ¢(x), ¥ (x) may not be analytic. But
the functions

g1(x) :=Tr(AX)*A(X)) = [e(x) %, (3.3)
22(x) = Tr(A2(x)* Az (x)) = |c(X)c(f ) P[P (f () (1) (3.4)

are always analytic. We assume again that A(x) is not identically zero, in which case g1 (x)
is not identically zero. Then, similar to (3.2), we find that

1
—oo=Li(f, A)=7 /Xln(gz(x)) — In(g1(x)) dp(x).

Using Lemma A.3 we find that g>(x) = 0 for all x, but this is equivalent to A, (x) = 0 for
all x e X. a

4. General rank case
We start with the following simple observation.

LEMMA 4.1. Assume that (f, A) is an analytic cocycle over a compact, connected
measure space (X, ). There is r such that for all x except a union of submanifolds of
zero measure (with respect to 1), rank(A(x)) = r and rank(A(x)) <r for all x.

Proof. Let r = max, rank A(x) be such that rank A(x) <r for all x. Then A"A(x) #0
for some x and the equation rank A(x) < r is equivalent to A" A(x) = 0. By analyticity
and connectedness of X, in any chart for X, the equation A" A(x) = 0 defines a union of
submanifolds of zero Lebesgue measure within the chart (see also Corollary A.4). Using a
finite atlas for X and Assumption (A2) in Definition 1 gives the claim. O

Note that in the one-dimensional case X = R/Z, this zero-measure set simply consists
of finitely many points.

Another special point of analytic cocycles is the fact that the rank reduction has to take
place in each step.

LEMMA 4.2. Let (f, A) denote an analytic cocycle over a compact, connected measure
space (X, w) such that for some m >0 and all x € X we have rank(A,(x)) <r and
rank(A; 4, (x)) <r. Then rank(A,+1(x)) <r forall x e X.

Proof. We claim that if m > 1, then rank(A,4+,—1(x)) <r for all x. The result then
follows by backward induction. We let

B:={x :rank(Apym-1(x)) <r}={x: A"Apym-1(x) =0}.
Take some x ¢ B; then
rank(A,1p(x)) <r, rank(Apipm-1(x)) =r.

As  Apam() = A X)) Apgm—1(x), this means that ran A,p,—1(x) N
ker A(f"*’"’l(x)) # . Since Ap1m—1(x) =Antm—(f(x))A(x) and m > 1, we find
that 7 > rank A, 4+, —2(f (x)) > r and hence

ran(Aym—2(f (x)) = ran(Apym—1(x)).
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Therefore,
ran Ay pm—2(f (X)) Nker A(f" "7 (x)) # 0,
implying
rank A, ,—1(f(x)) <r, which means that f(x) € 5.

In summary, we prove that for all x € X, either x € Bor f(x) € B, i.e. BU f’1 (B) =X.
This implies that (B) = u(f~'(B)) > 0 and, by Corollary A.4, A”A =0 for all x and
hence B = X. O

Now we can prove Theorems 1 and 2.

Proof of Theorem 1. Let (f, A) denote an analytic cocycle over a compact, connected
measure space (X, u) and L{(f, A) = —oo. By Lemma 4.1 we know for any n € N, there
is r,, such that for all x except a u-zero-measure set rank A, (x) =r, and rank A, (x) <7,
for all x. Then we have r,_1 > r, for all n. Let 7 = min, ey r,; to prove the lemma, we
need to establish that 7 = 0. Suppose that 7 = r,, > 0. Therefore, A" A, (x) has maximal

rank 1 and
n

Li(f", A"™(A) =n ) Li(f, A) = —o0.
i=1
By Proposition 3.1 we have A" Ay, (x) = 0 for all x. As aresult, rp, = rank(A2,(x)) < ry,
which contradicts our assumption of r, = 7. Iterating Lemma 4.2 gives A,4+1(x) = 0 for
all x e X withr =ry. O

Proof of Theorem 2. Now let («, A) be an analytic one-frequency cocycle and
Li(x, A) = —00. By the proof above we know that (¢, A) is nilpotent. Let p be
the nilpotency degree. As a corollary of the lemma above, we get that ker A, (x) is
strictly increasing, ker A, _1(x) g ker A,(x) forn =1, ..., p and almost all x; hence,
rank A, (x) =r, and the kernels have dimensions d — r,. Note that by Lemma A.2
the subspaces (ker A,_;(x))" Nker A, (x) induce an analytic function from R/Z to
G(ry—1 — rn, d). Using Lemma A.1(ii) this means that we can find analytic dependent
matrices M, (x) € C4XUn—1=rn) p =1, ..., P, such that:

i M,(x)*M,(x) =1 for all x;

(i) ran M, (x) is orthogonal to the kernel of A, _1(x) for almost all x;

(iii) the range of M, (x) and the kernel of A, _1(x) span the kernel of A, (x) for almost

all x.
Here, Ag(x) =1 and so M actually spans the kernel of A(x).
As r, =0 we get ker A, = C¢ and hence Ux)=(M(x), ..., Mi(x)) defines an
analytic unitary matrix. As ker A, (x) =@7_,ranM; for n=1, ..., p and almost all

x we obtain that B(x) := U*(x + a)A(x)U (x) is of the claimed form (2.1), at first, for
almost all x € R/Z, but by analyticity for all x. This shows part (i).

Now let us get to the completely reduced Jordan form, part (ii).

We assume that rank A, (x) = r, is constant for all x. Recall that the nilpotency degree
of A was denoted by p. By Lemma A.2 the subspaces V,

Vi (x) :=ran(A,_,(x — (p —n)a)) =ran(A(x —a) - - - A(x — (p —na),

+ Here, almost all means all but finitely many.

https://doi.org/10.1017/etds.2017.52 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2017.52

1092 C. Sadel and D. Xu

of fixed dimensions r,_,, n=1,..., p, are analytically dependent on x, where we
set V, = C4. Clearly, V,,(x) C V,41(x) and A(xX)V,(x) =V,_1(x + a) C V,(x + a).
Choosing some analytically dependent basis of V,(x) it is clear that Aly,(x) defined
as A(x) mapping from V,(x) to V,(x 4+ «) is analytic and by assumption of constant
rank r,_,. Thus, by Lemma A.2, the subspaces ker Aly, (x) C V,(x) and their orthogonal
complements within V,,(x), (ker Aly, (x))* depend analytically on x. Then, by constancy
of the rank, the restriction of the map A(x) (or Aly,(x)) from (ker Aly, ()t to
V,—1(x + @) is analytic and invertible for all x. Taking the inverse, we get some analytic
function AV,H (x) such that

AAanl(x) Vuo1(x + o) = Vy(x), A(X)AAV’Pl xXv=v forveV,_i(x +a).
“4.1)
We claim that for any 1 <n < p, there exist analytic maps v; ; : R/Z — C4=1\{0},
1<i<lI, 1<j<d, such that

A(x)vi j(x) =v; j11(x +a) where v; 4,41 :=0, 4.2)
{vi,j(®)}1<i<i,1<j<a; 1s a linearly independent family for all x, (4.3)
Vi (x) = spanf{v; j(X)}1<i<i,1<j<q; Torall x. “4.4)

The values of [ and d; depend on n. Notice that to prove the existence of a Jordan form we
only need to prove the claim for the case n = p.

We prove the claim by induction: whenn =1, V(x) C ker(A(x)). By Lemma A.1 and
the Appendix of [AJS], there are analytic maps v; | : R/Z — C?~! such that for any x,
(i (x))f:1 is a basis of Vi (x), which proves the claim for the case n = 1.

Suppose that the claim holds for n — 1 < p, i.e. there are analytic maps v; ; satisfying
(4.2),(4.3),(4.4). Then v; 1 (x + &) € V,,_1(x + «) and using the analytic dependent maps
AV,H (x) as in (4.1) we can define the analytic vectors

vi0(x) == Ay,_, ()i 1(x + &) € V, (x).

By construction, V, (x) C A()~V,_| (x + &), where the inverse denotes the pre-image.
By assumption, the latter pre-image is spanned by V,_1(x) and A(x)_l(vm x+a)=
vi,0(x) + ker A(x). Hence, V,(x) is spanned by V,_;(x), the vectors v; o(x) and some
vectors in V, (x) Nker A(x).

Now, by constancy of rank Aly, (x) =rank Ap41—,(x — (p —n)a), we get that the
dimensions of ker A(x) NV, (x) =ker Aly, (x) are constant. Hence, the orthogonal
complement W,(x) of ker A(x) N V,_i(x) within ker A(x) NV, (x) has constant
dimension and is an analytically dependent subspace. Using Lemma A.1(ii) we find
analytic functions v; 1(x), [ <i </, such that for all x,

{vi1(x)}i<i<y 1s abasis of W, (x).

Moreover, by the considerations above, V,,(x) is spanned by V,_1(x), {vi’o(x)}f=1 and
W, (x) for all x € R/Z. We claim that V,,_;(x), {vio(x)}1<i<; and {v;1(x)};<i<y are
linearly independent. Assume that

() =Y avio() + Y aivi1(x) € Vui(x).

i<l i>l
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Then apply A(x) to get Zi<l aivi1(x +a) € A(x)V,_1(x), which by the induction
assumption is spanned by v;, ﬂx + o) with j > 2. Hence, a; =0 for all i </ by linear
independence of (v;, j(x + a));</, j>1. Thus, Zi>l a;jvi,1(x) € V,_1(x). By construction,
the space W, (x) is transversal to V,,_(x) and {v; 1(x)};~; is a basis of W, (x). Hence,
a; = 0 also for i > [, showing the linear independence.

In summary, let
J {d,» +1 ifi <,

T h ifl<i<l

and
vij—1(x) ifi <l,
i j(x):=1" . .
vi,1(x) ifl <i<l.
Then {“i,j(x)}lgigl’,lgjgdf satisfy (4.2), (4.3), (4.4) for n. By induction, the claim holds
forall1 <n < p. O

5. Non-nilpotent case

In this section we prove Theorem 4. Let us now assume that Li(«x, A) > —oo and
Lit1(a, A) = —00, 1 <k <d. Let r,, be the maximal rank of A, (x) for x € R/Z, as in
Lemma4.2. As L (c, AkA) > —00, we have min r;,, > k. Since L (c, Ak‘HA) = —0oo we
know by Theorem 1 that AL A s nilpotent. Hence, for some 7, rank A, (x) < k for all x
and min, r, = k. By Lemma 4.2 the rank reduces at every step.

Now, let p be the minimal natural number such that 7, = k. Then, using Lemma A .2,
ker A,(x) induces a (d — k)-dimensional, analytically dependent, invariant subspace.
Let M(x) € C4*4=* be an analytic partial isometry such that the column vectors span
ker A, (x) (almost surely), constructed by Lemma A.1.

Again, by Lemma A.2, the orthogonal complement (ker A p(x))L induces a k-
dimensional analytically dependent subspace and by Lemma A.1(ii) we can construct an
analytic partial isometry My (x) € C?*K where the column vectors span this space. Then
U(x) = (M;i(x), Ma(x)) is by construction an analytically dependent, unitary matrix and
we get the desired form

% _ (a(x) bx)
Bx)=U(x+a)A(x)U(x) = ( 0 d(x)) ,

where («, a) is a nilpotent cocycle, a, = 0 and d(x) is almost surely invertible.

The fact that this cocycle is k-dominated if and only if det d(x) # O for all x follows
directly from the theory in [AJS]. But it can also be seen more directly. Clearly, if
(¢, A) and hence also (o, B) is k-dominated, then using a;_; =0 and Ly (o, A) > —00
one must have that dy_y is invertible for all x, which also implies that rank Ay_;(x) =
rank By_i(x) =k for all x.

Let us now assume that d(x) is invertible for all x and construct the dominated
splitting. We will consider an iteration of dynamical conjugations by M, (x) =

((1) M"l(x)), which are inductively defined. Let C Ox)=B(x), ¢@x)=b(x) and
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define inductively M, 1 (x) =c™(x —a)d~'(x —a) and ¢V (x) =a(x)M, 4 (x) =
a(x)e™ (x —a)d™ ' (x — ). Then induction yields

(n)
C () 1= M (x + ) €D (1) My (x) = <a<x) c (x)) .

0 d(x)

Note that ¢ (x) =a,(x — (n — Da)p(x) for some matrix p(x). As («, a) is nilpotent,
a, = 0; this means that P (x)=0. Taking M (x) = Zf:] M, (x) we get

-1
P (x) = ((1) M(x1+ oe)) B(x) ((1) M(x1+ oz)) _ <a(x) d(x)) .

It is clear that this dynamical conjugation corresponds to a k-dominated splitting (as d(x)
is always invertible and a(x) nilpotent). This finishes the proof of Theorem 4. O
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A. Appendix. Some lemmas

A.l. Lifting lemma and analytic subspaces. We denote the set of k-dimensional
subspaces of cd by G (k, d). The set G (k, d) is a compact holomorphic manifold; G(1, d)
is equal to the complex projective space PC?.

LEMMA A.1. We have the following.

(i)  Every non-zero one-periodic real analytic function ¢ :R/Z — C% induces a real
analytic function ® : R/Z — PC to the projective space, such thatt ¢(x) € ®(x).
Every analytic function ® : R/Z — PC? can be lifted to a one-periodic analytic
function ¢ : R/Z — S%_l, the set of unit vectors in C%, i.e. ¢(x) € ®(x).

(i) Every real analytic function M : R)7 — C4*k with sup, rank M (x) = k induces a
real analytic function Ml : R/Z — G (k, d) such that ran M (x) C M(x).

Every real analytic function M :R/Z — G (k, d) can be lifted to a one-periodic
analytic function M : R)Z — CPK with M(x)* M(x) = 1, i.e. the column vectors
of M(x) form an analytically dependent orthonormal basis of M(x).

Proof. For part (i) if ¢(x) #0 then the equivalence class [¢]~ in projective space
is analytic. The problematic points are only the values xy where ¢(x9) =0. Around
such a point ¢(xg + &) = e™@P(xp + €), where m € N, ¢(xg) # 0 and ¢ is analytic. The
equivalence class [@]~ gives the analytic extension to get ®(x) € PC?. As shown in
[AJS, Appendix, Theorem A.1(vi)] for any such function @ there is an analytic lift to
a one-periodic, non-zero function: normalizing its norm gives ¢ (x).

+ Elements in projective space are considered as one-dimensional subspaces of e,
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For part (ii) note that G (k, d) is a closed submanifold of the projective space P A¥C¢ by
identifying the subspace spanned by vy, . .., v; with the vector v A v2 A - - - A vg. Thus,
let vy, ..., vg be the column vectors of M and use part (i) and closedness of G (k, d) C
PA*C? to get the one-periodic real analytic function M(x) € G(k, d) C PA*C?. Again,
following [AJS, Theorem A.1(vi)] we get some lift to a function M(x) € C4*k which has
always full rank. Applying the Gram—Schmidt procedure gives M (x). O

One may note that ¢ (x) = '/ ¢ (x) /|| (x)| for some adequate real-valued function f
in case (i). The proof uses very much the one-dimensional structure of R/Z as well as the
complex structure of C¢ or G(k, d). The statements are not valid for a higher-dimensional
base, e.g. RY/Z’, or when using real Grassmannian manifolds, like PR instead of PC¢.

Next we consider analytic dependent subspaces. We say that M(x), x e R/Z is an
analytic subspace if M € C*(R/Z, G(k, d)). We say that a family of subspaces V(x)
induces an analytic subspace if there exist k and M € C®(R/Z, G (k, d)) such that V(x) =
M(x) for almost all x.

LEMMA A.2. Let A(x) be an analytic matrix and V (x) and W (x) be analytic subspaces,
ie. AeC®R/Z,C¥>), VeC?R/Z, Gk,d), WeC*R/Z, Gk, d)). Then we
have the following.

(i) The image A(x)V(x) induces an analytic subspace. If rank A(x)V(x) is constant
then it is an analytic subspace. Particularly, ran A(x) induces an analytic subspace.

(i) The orthogonal projections P(x), Q(x) onto V(x) and V(x)t are analytic.
Particularly, V(x)* is an analytic subspace.

(iii) The pre-image A(X)"'V(x) induces an analytic subspace and it is an analytic
subspace if it has constant dimension. Particularly, ker A(x) induces an analytic
subspace.

(iv) The sum V(x) + W(x) induces an analytic subspace and it is analytic if it has
constant dimension.

(v)  The intersection V(x) N W(x) induces an analytic subspace and it is analytic if it
has constant dimension.

Proof. We let V(x) and W (x) be analytic d x k and d x k" matrices such that the column
vectors form an orthonormal basis of V(x) and W(x), respectively. These matrices exist
by Lemma A.1. Note that A(x)V (x) is an analytic d x k matrix; choosing column vectors
forming a basis of the range for almost all x and using Lemma A.l1 shows (i). Let
v; (x) be the column vectors of V(x) and P(x) =) v; (x)v;‘(x) the analytic orthogonal
projection onto V(x). Then Q(x) =1 — P(x) is analytic and so is V(x)* = Q(x)C?. For
part (iii) note that A(x) "'V (x) = (A*(x)V(x)1)*+, which, combining (i) and (ii), induces
an analytic subspace. Part (iv) follows from Lemma A.1(ii) applied to a matrix constructed
from column vectors of (V (x), W(x)) giving a basis of V(x) + W(x) for almost all x.
Finally, for part (v) note that V(x) N W(x) = (V)L + W)L, so it follows from (i)
and (iv). O
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A.2. Negative infinite log integral.

LEMMA A.3. Let X be a compact, connected, analytic manifold (over R) and n
a probability measure whose push forward has a continuous density with respect to
the Lebesgue measure for any analytic chart of X. Suppose that g € C®(X, C) and
fX In|g(x)| du(x) = —o0; then g =0, i.e. g(x) =0forall x € X.

Proof. Suppose that g € C®(X, C) and g is not the zero function. For any x € X such that
g(x) =0, we claim that there is an open neighborhood U, such that f U, In|g(x)| du(x)
> —00. Suppose that the claim is true; then there are finitely many of these open sets
U; € Xsuch that | J; U; D {g(x) = 0} (by compactness) and, for each i, fU,- In|g(x)| du(x)
> —o0. For x ¢ | J; U;, let |g(x)| > € and € < 1 and let f; : U; — [0, 1] be a partition of
unity on | J; U;; then

/Xlnlg(X)IdM(X) = /X\ Inlg(x)[ dpulx) +f Infg(0)]du(x)

i ; Ui

> Ine +Z/U fi@) In|g@)] dp(x) > —o0,

which contradicts our assumption.

Now we prove our claim. Let dimg X = ¢, g(x) =0 and without loss of generality
we may use a chart where x is represented by 0 € R¢. Using the chart map ¢ : X — U
we should technically have 0 = ¢(x) and work with the functions g(¢~'(x)) on U. But
for simplicity we will just write g(x) for x e U C R¢. Then we have £(0) =0 and,
by connectedness of X, g is not identically zero on this chart. Otherwise, g would be
identically zero on X. Moreover, g(-, 0, ..., 0) shall not be the zero function near O,
otherwise we replace g by g o A for A € GL(¢, R)¥. The density of (the push forward by
¢ of) the measure p with respect to the Lebesgue measure shall be given by the continuous
function (x) near 0, i.e. w o 9! = u(x) dx represents the measure in the chart.

Then there exists n €N such that for k <n, (Bkg/axll‘)(O, ..., 0 =0 and
(3"g/0x1)(0, ..., 0) #0. By the Weierstrass preparation theorem, on a neighborhood
of 0= (0, ..., 0) we have

gx1, x2, ..., xg) = W(xh(xy, x2, ..., X¢), (A.1)

where £ is analytic and 2(0) = h(0, . .., 0) # 0. Here W (x1) is a Weierstrass polynomial,
ie.
WD =x{" +guax] .+

where g;(x2, . .., x¢) is analytic and g; (0, ..., 0) =0. Letr;(x2, ..., xp), i =1, ..., n,
be the (possibly complex) roots of W(x1). Choose § > 0, C > 0 such that |x;| < § for all i
implies that

: |h(0)]
min(fh(0)], ) > ===, wx) <C, Inlx; —rilx, ..., x)| <0.

T If for any A € GL(¢, R), g o A(-, 0, ..., 0) is the zero function near 0, then g must be the zero function.
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Then
/ In|g(x)|u(x) dx
(=8,8)*

hO0)] | < )
> In——+ > Injx; —ri(x2, ..., x0)| Ju(x) dx
/(—5,a)f< C Z

i=1

|h(0)| .
> C(28)" In — f¢ ;/( Injx; — ri(xa, - . ., xp)| dx

5,8)¢
h(0
> c((za)‘Z In 1O +n(28)¢! min/ In|x; —r| dx1> > —00. O
C reC (=8,5)

COROLLARY A.4. Let X be a compact, connected, analytic manifold (over R) and u a
probability measure whose push forward has a continuous density for any chart of X.
Suppose that g € C* (X, C) is not the zero function. Then pu{x : g(x) =0} =0.

Proof. Assume that u{x : g(x) =0} > 0. Then clearly f In|g(x)| du(x) = —oo and hence
g = 0 by the lemma above, which contradicts the assumption. O
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