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Abstract—Properties of the solutions to differential equations on the torus with a complete
set of multivalued first integrals are considered, including the existence of an invariant measure,
the averaging principle, and the infiniteness of the number of zeros for integrals of zero-mean
functions along trajectories. The behavior of systems with closed trajectories of large period is
studied. It is shown that a generic system acquires a limit mixing property as the periods tend
to infinity.
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1. INTRODUCTION. MULTIVALUED INTEGRALS

Let T" = {x1,...,2, mod 1} be the n-torus with angular coordinates (z1,...,x,) = x, and let

.’/‘61 :’1)1({1?1,...,%'”), ey {i?n = vn(xl,...,xn) (1.1)

be differential equations on T" (the functions vy, ..., v, are l-periodic in each coordinate 1, ..., x,)
with sufficiently smooth right-hand sides. The meaning of “sufficiently” is to be rendered more
precise; at least, the results stated below are valid for infinitely differentiable functions vy, ..., v,.

By a multivalued integral of system (1.1) we understand a closed (but not exact) 1-form ¢ on T"
such that

iy =0, (1.2)

where v = (v1,...,v,). Locally, ¢ = dH, and
. 0OH ,
H:Z%jvj:zvdﬂzo

according to (1.2). Thus, locally, the function H is an ordinary integral of system (1.1). On the
n-space R" = {z1,...,z,} covering the torus T", the closed 1-form ¢ is exact, i.e., ¢ = dH, where
H is a single-valued function on R™.

Example. Suppose that n = 2 and system (1.1) has an integral invariant

// p(z1,w2) dry dzo,

where p is a positive smooth function on T?. The invariance condition reduces to the Liouville
equation
Olpvr) | 9(pu2)

= 0.
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DYNAMICAL SYSTEMS WITH MULTIVALUED INTEGRALS 189
For this system, the differential 1-form
@ = —puadxy + pv1 dxo (1.3)

is a multivalued integral. As a rule, one considers the case when system (1.1) has no equilibrium
states; then, the 1-form (1.3) is never exact on TZ.

Differential equations on the two-dimensional torus with an integral invariant and without sin-
gular points were studied by Poincaré [1] and Kolmogorov [2, 3]. The purpose of this paper is to
extend their classical results to the multidimensional case. The first results in this direction were
obtained by Arnold [4]. In [5, 6], Hamiltonian systems with complete sets of multivalued integrals
were considered.

Let I'1,..., I, be a “canonical” system of basic 1-cycles on T", each of which once encircles the
torus:
/ d$z = 6ij7
Ly

where §;; is the Kronecker delta. It is natural to call the numbers

aj_/(pv 1<j<mn,
Ly

the periods of the multivalued “function” ¢. If ¢ = dH, then
H=a1z1+...+apzy + h(z1,...,2,), (1.4)

where h is a function on T™ (which is 1-periodic in x1,...,x,). We refer to the function H as a
multivalued integral of system (1.1) on T" as well.

We study systems (1.1) that have n — 1 independent multivalued integrals Ha, ..., H,. Such
systems are called polyintegrable in [4]; physicists call them Nambu systems [7]. As S.P. Novikov no-
ticed, studying the so-called geometric limit of a strong magnetic field reduces to the analysis of some
special Hamiltonian systems with a multivalued Hamiltonian on Fermi surfaces (see surveys [8, 9]).

According to (1.4), we have

HZ(.’/U) :ailxl+...—I—amxn—i—hi(xl,...,:cn); (1.5)
here,
Qi5 = / dHZ‘.
Ly
Let H; be another multivalued function on T", and let A = ||la;;|| be the period matrix of
the 1-forms dH1,dHs,...,dH,. The matrix A is obtained from the Jacobi matrix of the functions
Hq, H,,..., H, by averaging over T". The further considerations are based on the following theorem.

Theorem 1. Suppose that det A # 0 and

0(Hy,Hs, ..., Hy)
O(x1,x2, ..., 2y)

£0 (1.6)

everywhere on T™. Then, an invertible change of variables x — u mod 1 transforms system (1.1)
into the system

Uy = or(u, ..., up), 1<j<n, (1.7)
where oj = const and r: T" — R.
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190 V.V. KOZLOV

Proof. We set
up = o Hy + BiHa+ ...+ 1 Hy,

........................... (1.8)
Up = anHl + ﬁnHQ +...+ Vana
where the vectors
&1 = (Cll,/Bl,...,’Yl)T, ey Ep = (anu/BTH’” 7/-YTL)T

are defined by the relations

ATe; =e, ..., ATe, =¢, (1.9)
with e; = (1,0,...,0)7, ..., e, = (0,0,...,1)T being the basis vectors in R™. Since the period
matrix A is nondegenerate, the coefficients in (1.8) are determined uniquely.

Taking into account formulas (1.5) and (1.9), we can represent the transformation (1.8) in the
form

up =1 +ortht + ...+ y1hy,
....................... (1.10)
Up = Ty + @nh1 + ... + Yl

Using (1.5) and (1.9), it is easy to prove that the transformation (1.8) (or, equivalently, (1.10)) is
nondegenerate:
8(u1, ce ,un)

L O(H,... H,)
8(21?1, Ce ,:L'n)

- (det A) 8(.’/61 N :L'n)

#0 (1.11)
(see the assumption (1.6)). In particular, (1.10) defines a locally invertible mapping of T™ onto itself.
Note that the transformation (1.10), when treated as a self-mapping of R", takes the lattice Z" to
itself (up to a translation). Therefore, formula (1.10) specifies an automorphism of T".

Since Ho,...,H, are first integrals of (1.1), it follows that, in the new variables uq, ..., uy,
mod 1, equations (1.1) take the form

ij = a;Hy = ajr(u),

where
T(u) = Iy dHl‘ua (1'12)

as required.

The degree of smoothness of the transformation rectifying the trajectories of system (1.1) co-
incides with that of the periodic functions hq,...,h,. The rectifiability of the trajectories of a
polyintegrable vector field on the three-dimensional torus was proved by Arnold under the assump-
tion that there are no singular points [4]. For n = 2, the condition v # 0 implies that, in some
angular coordinates on T?, we have

vi(z) # 0. (1.13)

This fact is usually proved by applying the well-known Siegel’s theorem about integral curves on
the 2-torus [10] under the assumption that the system has an integral invariant. For n = 2, the
rectifiability of trajectories was proved in [2]. In the multidimensional case, Siegel’s theorem is, of
course, false. We emphasize that the absence of singular points is not assumed in Theorem 1.
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DYNAMICAL SYSTEMS WITH MULTIVALUED INTEGRALS 191

In what follows, we study system (1.1) under the assumption that v(z) # 0 everywhere on T". If
the conditions of Theorem 1 hold, then the vector field (1.7) has no singular points either. Therefore,
> oz? # 0, and the function r = i, dH; vanishes nowhere. This implies, in particular, that (under
the conditions of Theorem 1) in the absence of singular points, there exist angular coordinates on T"
in which (1.13) holds.

It turns out that system (1.1) has an integral invariant

/p(rr) d"z (1.14)

with density

1 O(H,..., Hy)

= . 1.1
P iUdHl 8(x1,...,:cn) ( 5)

Let us prove this simple fact. Consider the differential n-form

1
1, dHq

Q= dHi NdHy N ... NdH, = pdx1 A ... Ndzxy,.

Since it is closed (as any n-form on n-space), its Lie derivative equals di,{2. On the other hand,

1

iwQ=dHy A ... NdH, — -
Zvd 1

dHy N\ (i, dHo) A ... NdH, + ... =dHy A\ ... NdH,,.

It remains to note that this form is closed.
Having the invariant measure (1.14), we can average the right-hand sides of system (1.1). As a
result, we obtain a simplified averaged system with constant vector field

T; = wi, w; = /vipd”x//pd”x. (1.16)
Tn

T”l
Of course, the averaging principle, which consists in replacing (1.1) by (1.16), must be justified.
Theorem 1 can be refined as follows.

Theorem 1'. Suppose that the conditions of Theorem 1 hold and i, dH # 0. Then, aj = cwj,
where ¢ = const # 0.

Curiously, in the first work by Kolmogorov [2] (where the case n = 2 was considered), nothing
was said about this. However, in [3], Kolmogorov stated a theorem on the rectification of trajectories
together with the equality o; = cw;.

Proof of Theorem 1. We use the simple formula

vjzz%ak: < %ak> T (1.17)

8uk 8uk

On the other hand, relation (1.11) readily implies
d"x = —— d"u. 1.18
pz)d"z ) 4 (1.18)

Therefore, substituting (1.17) and (1.18) into (1.16), we obtain
0z d"u
;= — da" . 1.19
s /<Z Ouy, ak) u//r(u) (1.19)
Tn Tn
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192 V.V. KOZLOV

Inverting (1.10), we obtain simple formulas z; = u; + X, where X; are 1-periodic functions of

Uy ooy Up. SiNCE

0X;

—d"u=0

Ouy, Y ’

’]I‘n
it follows that
0x; o
/( a—uiak)d udejkak:aj.

T

Thus, (1.19) implies the required formula

d"u
Tn

which proves the theorem.

Formula (1.20) allows us to reformulate Theorems 1 and 1’ as follows: System (1.1) reduces to
the system

Uj = wjT(Ut,. .., Up), 1<j<n,

and the invariant measure d"u/|r| is a probability measure:

dTL
cu_.
|7

T

2. GENERAL PROPERTIES OF SYSTEMS WITH MULTIVALUED INTEGRALS

We will examine the system of differential equations (1.7) under the condition r # 0. For n = 2,
these equations have long been studied by many authors, including Poincaré [1]. System (1.7) has
an integral invariant with density

1
(u) = W .
We say that “frequencies” wy, . ..,w, are incommensurable if the resonance relation
Z kjw; =0
with integer k; holds only for k&1 = ... = k, = 0. These frequencies are said to be strongly

incommensurable if, for all integer vectors k # 0, we have
[(w, k)| = Alk[™", (2.1)

where A\ and v are positive constants. It is well known that the power estimate (2.1) is valid for
almost all vectors w € R™.

Theorem 2. Suppose that R: T" — R is an infinitely differentiable (analytic) function and
the frequencies wj (or ay) are strongly incommensurable. Then, there exists an invertible infinitely
differentiable (analytic) change of variables uw — w mod 1 that reduces system (1.7) to the form

U]j = wj, 1 S j S n. (22)

This is an extension of the well-known Kolmogorov’s theorem [2, 3| to the multidimensional case.
Theorem 2 justifies the averaging principle from Section 1 in the case of strongly incommensurable
frequencies.
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DYNAMICAL SYSTEMS WITH MULTIVALUED INTEGRALS 193

Theorem 2 was proved in [11] in a somewhat different form. A similar assertion for flows of
finite and infinite smoothness was proved later by Herman in [12]. The proofs given in [11] and [12]
are conceptually the same.

We say that system (1.7) reduces to the form (2.2) by an invertible continuous transformation
if there exists a homeomorphism : T™ — T" such that the diagram

t
T v T
wl lw (2.3)
UINE 9w T
is commutative for all values of time t. Here, ¢! and ¢!, are the phase flows of the differential
equations (1.7) and (2.2), respectively.

If 9 is a continuously differentiable transformation, then the commutativity of diagram (2.3)
means that the substitution w = ¥ (u) transforms the system of equations (1.7) into system (2.2).

Theorem 3. Suppose that the frequencies wi,...,wy are incommensurable and system (1.7)
reduces to the form (2.2) by an invertible continuous transformation. Then, the integral

/[R(wlt, cooywpt) — (R)] dt, (R) = /R(u) d"u, (2.4)
0 'I[‘n
is bounded as a function of the upper limit 7.

It is well known that in this case (2.4) is a conditionally periodic function of 7. Otherwise,
the required reduction is impossible. It is this form in which Poincaré stated his conjecture on the
irreducibility of system (1.7) [1].

The irreducibility condition can be formulated in a somewhat different form. Let

ZRme%ri(m,u)’ meZ",

be the Fourier series of the invariant-measure density R.

Theorem 4. If wy,...,w, are incommensurable and
2
| R
d =] = oo, (2.5)
(m,w)

then there exists no invertible continuous transformation that would reduce system (1.7) to the
form (2.2).

Condition (2.5) is a continuous analog of the divergence condition for series (8) from [2|. Re-
finements and strengthenings of Kolmogorov’s reducibility theorem (for n = 2) are given in [13-15].
Conditions for the reducibility and irreducibility of system (1.7) to the form (2.2) (and their discrete
analogs) in the case of strongly incommensurable frequencies (to be more precise, in the case when
the vector with components (w;/wp,...,wn—1/wy) is Diophantine) can be found in [16, 17].

Let us return to the initial system (1.1) with multivalued integrals. Suppose that the conditions
of Theorems 1 and 1’ hold. Let g* be the phase flow of system (1.1), and let p again denote the
density (1.15) of the integral invariant.

Theorem 5. If wy,...,w, are incommensurable and f is a Riemann integrable function on T",
then

dm = [ pandt = [ foaa/ [paa (26)
0

uniformly in x.
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194 V.V. KOZLOV

This is a simple generalization of the classical Weyl’s theorem on uniform distribution. Of
course, it is assumed here that the function ¢ — f(g'(z)) is Riemann integrable for ¢t > ¢y and all
z € T™. Among other things, Theorem 5 implies that for incommensurable wy,...,w,, the phase
flow of system (1.1) is strictly ergodic. If the frequencies wy,...,w, are commensurable, then the
limit on the left-hand side of (2.6) exists for all z; this limit is a Riemann integrable function f(x)
invariant with respect to the phase flow g* and satisfying the relation

/fpd"x—/fpd"x.
T T

Theorem 6. Let f be a continuous function on the torus and (f) be the mean on the right-hand
side of (2.6). Then, there exists an x € T" such that

(1) fl@) = {F);
(2) J7 Flgh(@))dt — ()7 > 0 (< 0) for all 7 € R.

We emphasize that the frequencies wi,...,w, are not assumed to be rationally incommensu-
rable. Theorem 6 generalizes and strengthens the well-known Bohl’s theorem on the integrals of
conditionally periodic functions [18].

Theorem 7. Suppose that f,hi,..., hn, i, dH1 are infinitely differentiable functions on T,
the frequencies wi, ... ,wy are incommensurable, and f(x) # (f). Then, the function

e [ fgande - (1)r (2.7
0

has infinitely many zeros as T — 0.

Apparently, Theorem 7 is also valid for functions with a finite smoothness degree that depends
on n. For example, in the case of n = 2, C'! smoothness is sufficient. However, for continuous f
Theorem 7 is false. In [19], a counterexample for n = 2 was constructed, in which system (1.1) has
a very simple form: &; = 1, &9 = /2.

For completeness, we state another theorem on the oscillations of the function (2.7).

Theorem 8. Suppose that f is a Lebesque integrable function and the frequencies wq, ..., ,wn
are incommensurable. Then, for almost all (with respect to the Lebesque measure) x € T™, the
function (2.7) changes sign infinitely many times as T — oo in the weak sense, i.e., this function
cannot be positive or negative starting from some T.

An example constructed in [19] shows that even for a continuous function f, the exceptional set
of points in T” may be dense in the torus.

3. DIFFUSION AND LIMIT MIXING

In this section, we continue the study of system (1.7) to which the original system (1.1) reduces
under the assumptions of Theorem 1. Let F' and G be arbitrary square integrable (with respect to
the invariant measure du = R(u) d"u) functions on T™, and let g' be the phase flow of system (1.7).
We set

K(t) = / Plg! (u)G(w)R(u) d"u. (3.1)
Tn

If this function tends to

/FRd”u/GRd”u//Rd”u (3.2)
Tn Tn

T

as t — oo, then system (1.7) has the mizing property.
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DYNAMICAL SYSTEMS WITH MULTIVALUED INTEGRALS 195

The mixing properties of system (1.7) for n = 2 were studied already by Poincaré [1], who gave,
in particular, a precise definition of systems with mixing. He also conjectured that the system has
the mixing property if the integral (2.4) is unbounded. In this case (by Theorem 3), system (1.7)
cannot be reduced to a system of the form (2.2), and the latter is obviously not mixing.

Poincaré’s conjecture was disproved for n = 2 in [20, 21| by using cyclic approximations. The
stronger assertion that the system has the uniform recurrence property in the two-dimensional case
was proved in [19]: If R € C! and ag/a; is irrational, then there exists an unbounded sequence of
time points t,, such that

lg" (x) — @[l — 0 (3.3)

as n — oo uniformly in . On the other hand, if the function 7 in (1.7) has a singularity, then
mixing may occur even for n = 2 [22, 23|.

We say that system (1.7) has the diffusion property if, for all F,G € Ly(T"™), the function (3.1)
has a limit as ¢ — oo (which does not necessarily coincide with (3.2)). To better understand this
definition, consider the case when F' is the density of a probability distribution on the torus, i.e.,

F >0 and
/FRd"u— 1.
Tn

Let G be the characteristic function of a measurable domain D C T™. Then, K (t) is the probability
that the system is in the domain D at time —t. For systems with mixing, this probability tends
to the proportion of D as t — oo, namely, to u(D)/u(T"). For systems with diffusion, the prob-
ability simply tends to a certain limit, and therefore one can speak of the limit state of statistical
equilibrium.

In system (1.7), each point has an individual recurrence property (this is the Kronecker theorem).
The presence of diffusion implies that the recurrence property is nonuniform. For n > 3, (3.3) does
not hold. In relation to this remark, we mention the following important result from [24]: There
exist incommensurable numbers aq, . .., a,, where n > 3, and an analytic function R: T™ — R such
that (1.7) is a system with mixing.

If the numbers «s,...,a, have rational expressions in terms of «j, then all trajectories of
system (1.7) are closed and the system cannot therefore be ergodic. In particular, mixing is out of
the question. However, since the rotation periods on different trajectories do not coincide in the
general case, there is no uniform recurrence and so diffusion may occur.

Thus, suppose that

Mg = —Q1, ..., Qp = — 7, (3.4)
q2 qn

where p; and ¢;, 7 > 2, are coprime integers. All trajectories are periodic; they can be indexed
by the points of the (n — 1)-torus T"~! = {u; = 0} C T™, which intersects all the trajectories.
Each closed trajectory has countably many periods, but all of them are multiples of one period.
In general, the periods P of closed trajectories can be chosen so that they smoothly depend on
the trajectories. Thus, we have a positive period function P: T"~1 — R for closed trajectories. If
the function R is infinitely differentiable (analytic), then so is P. Of course, the function P has
critical points (e.g., points of maximum and minimum). The further results substantially depend
on whether these points are nondegenerate or not.

Theorem 9. If the integers qo,...,qn are pairwise coprime and P: T" 1 — R is a Morse
function (all of its critical points are nondegenerate), then system (1.7) has the diffusion property
(i.e., for any F and G in Lo, (3.1) has a limit as t — 00).
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Remark 1. It is unclear to what extent the assumption that (g;,q;) = 1 for i < j is essen-
tial. For n = 2, it holds trivially. Apparently, the assumption that the critical points of P are
nondegenerate can be replaced by the requirement that they have finite multiplicity.

Now, take functions F' and G in Lo(T™) and consider the sequences of rational numbers

<12) (@> . s>, (3.5)
q2 ) qn /) ¢

determined by (3.4), which converge to vs,...,v,, respectively, as s — oo. Obviously, for any
Va,...,Vn, the convergent sequences (3.5) can be selected so that the denominators are pairwise
coprime. Then the function K (¢) defined by (3.1) depends on s (to be more precise, the phase flow
of system (1.7) with the coeflicients a; defined by (3.4) and (3.5) depends on s); we denote this
function by K,(t). Each set of rational numbers (3.5) corresponds to its own period function Ps of
closed trajectories. If the critical points of Ps are nondegenerate, then (by Theorem 9) K (t) — s,
where 3, = const, as t — oco.

Theorem 10. If the numbers 1,vs,...,v, are incommensurable and Py is a Morse function
for all s > 1, then

lim s, = / FRd™ / GRd™u / / Rd"u. (3.6)
Tn Tn Tn

This property can be called limit mizing. It is observed in computer simulations: when incom-
mensurable numbers o /oy, j > 2, are replaced by irreducible fractions p;/q; with large p; and g,
system (1.7) becomes virtually indistinguishable from a system with mixing.

Theorems 9 and 10 were stated in [25] for n = 2. To conclude this section, we make a few
remarks.

A. The period function P can be obtained by averaging the function R over the closed trajec-
tories of system (1.7). Indeed, we have

R(u)duj = o dt, j>1.
Since duj/oj = duy /o, these relations are equivalent to the single equation
R(u) du; = aq dt. (3.7)
Taking into account (3.4), we see that the closed trajectories of system (1.7) have the form

_bj

u; = == uy + ¢j, cj = const, j > 2.
45

According to (3.7), we have

/R(u,@u—l—c%...,&u—i—cn) du = a1 P, (3.8)

q2 dn

where P is the period of a closed trajectory and k is an integer equal to the number of rotations of
closed trajectories along the cycle I';. Clearly, the numbers ca,...,c, mod 1 (the points of T"~1)
index closed trajectories, and the period is a function of co, ..., ¢,.

B. Is there a relationship between the limit mixing property (see Theorem 10) and the conditions
for system (1.7) to be irreducible to system (2.2) (Theorems 3 and 4)? To better understand
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this question, consider the case in which R is a trigonometric polynomial (i.e., the Fourier series
of R contains only finitely many harmonics). In this case, equations (1.7) reduce to (2.2) for any
incommensurable set of ay,...,a,. Now, let us approximate the ratios as/ag,...,a, /a1 by a
sequence of rationals (3.5). It is easy to show that if a, ..., o, are incommensurable, then, starting
with some s, the period function (3.8) is identically constant. Therefore, if R is a trigonometric
polynomial, then the conditions of Theorem 10 are surely violated. Roughly speaking, Theorem 10
is valid only for those functions R whose Fourier series contain “almost all” harmonics. Precisely
for such R, equations (1.7) do not reduce to (2.2) for an appropriate nonresonant set of o, ..., ay,.
However, this statement needs to be rendered more rigorous.

In any case, Theorem 10 does not contradict the absence of mixing in system (1.7) for strongly
incommensurable sets of a, ..., a,. If (1.7) reduces to (2.2), then the function (3.1) oscillates and,
therefore, has no limit as ¢ — oo in the standard sense. However, it converges to (3.2) in the sense
of Cesaro. Theorem 10 shows that under some additional conditions, the Cesaro convergence can
be replaced by the convergence for a sequence of systems of the form (1.7) with rational a;/a;.

C. A similar object is encountered in the Poincaré theory of birth of nondegenerate periodic
solutions under perturbations of nondegenerate completely integrable systems with compact level
surfaces of the first integrals [26]. The key idea is to average the perturbing function over the closed
trajectories of a completely resonant invariant torus of the unperturbed system. If the result of
averaging is a Morse function on the family of closed trajectories, then, under perturbation, this
family gives rise to a pair of nondegenerate periodic trajectories.

D. Theorems 9 and 10 can be somewhat generalized. To this end, consider a sequence of
special resonant tori that tend to a torus with incommensurable a;,...,a,. The resonant tori are
determined by [ relations of the form

kiioqg + ...+ kipan=... = kpog + ...+ ko, =0 (39)
with linearly independent integer vectors

(k‘ll,. . .7k‘1n)’ ey (kl:L’ .. '7kl’ﬂ)‘

Using (3.9), we can linearly express n — [ frequencies o in terms of the remaining frequencies; the
remaining [ frequencies are assumed to be strongly incommensurable. Under these conditions, the
torus T" is fibered into an (n — [)-parameter family of invariant {-tori, and equations (1.7) can be
reduced to the form (2.2) on each of these tori.

Next, we average the function R over the strongly nonresonant [-tori. The most important
condition for what follows is that, after averaging, we obtain a Morse function on the (n —)-torus.

Under the above assumptions, equalities (3.9) imply that system (1.7) has the diffusion property
(this is a generalization of Theorem 9). Moreover, if each of the resonant tori in the sequence specified
above satisfies these conditions, then the limit equality (3.6) from Theorem 10 is valid.

4. PROOFS
1°. To prove Theorem 2, consider the transformation w1, ..., u, — w1,...,w, mod 1 defined by
Q; .
wj:uj+<—};>f(u1,...,un), 1<j<n, (4.1)

where (R) is the mean value of the periodic function R(u) = 1/r(u) over the torus T" = {u mod 1}
and f: T" — R satisfies the linear partial differential equation

af

8uj Oéj =R-— <R>
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This equation is easily solved by the Fourier method:

_ ! R, 2mi(m,u) n
f(u) _; 2m’(’m,a) € ’ mGZ \{0}7

where R, are the Fourier coefficients of the function R. Since the numbers |(m, «)| obey the power
estimate (2.1) and the Fourier coefficients of an infinitely differentiable (analytic) function decrease
faster than any degree of |m| (at an exponential rate), it follows that this series converges to a
smooth (analytic) function.

In the new variables w mod 1, equations (1.7) take the form

o a] Of - % o R=(R) _ o5
i Z@uk R ® R (R
The last equality follows from (1.20).

It remains to be shown that the change of variables (4.1) defines a diffeomorphism of the torus.
It is easy to calculate the Jacobian of the transformation (4.1):

O(wi, ..., wy) R

8(u1,...,un) _E'

Therefore, the change (4.1) is nondegenerate. Let us prove that it is one-to-one. First, the trans-
formation (4.1) leaves all lines on T™ of the form

t—u’ + at, teR,
invariant. Second, the components of the vector function

w(t) = u’ + at + 2 (u’ + at)

(R)

monotonically depend on ¢:

This completes the proof of Theorem 2.

2°. Let us prove Theorem 3. For simplicity, we assume that o; = 1. Consider a solution of (1.7)
with zero initial condition for ¢ = 0. Obviously, u; = aju;. Since @ = R™!(u), we have

dt

— = R(aquy, agua, ..., apty)
dU1

on this solution. Let R = (R) + R, where (R) = 0. Then,

u1

t— (Ryus + / Rlawr,... an)dr. (4.2)
0
Since the numbers aq, ..., a, are incommensurable and <]?2> =0, it follows from the Weyl theorem

that the integral on the right-hand side of (4.2) is o(u1).
Now, suppose that there exists a continuous invertible transformation ¥ : u — w of the torus

(with a continuous inverse ¥~1) that conjugates the phase flows of the systems of differential equa-
tions (1.7) and (2.2). Then,

gt =gl
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and
u(t) = gy(u) = ¥~ ghp(u) = = gl (w) = ¢~ (w(t)).

Since v is a self-homeomorphism of T", exp{2miu(t)} are single-valued continuous functions of
wy = wi +wit, ..., w, = wd + w,t. Applying the theorem about the argument of a conditionally
periodic function, we obtain, in particular,

up = Mt + f(t), ft)=0(1).

Since 17 # 0, there exists an inverse function ¢ = t(uy), and

t = % +0(1). (4.3)
Indeed, let t = u1 /A + g(u1). Then,
- A”ff(t) + g\ + £(1)).
This implies
ORI (. SO0 NP

Comparing (4.2) and (4.3), we obtain A = (R)™!, and the integral in (4.2) is bounded, as required.

3°. If the integral in (4.2) is bounded, then it is a conditionally periodic function of u;. Therefore,
its Fourier coefficient corresponding to the harmonic

exp{2mi(miay + ... + mpay)uy }, Z m? 70,

is equal to
Ry,

2mi(m, )

The inequality
2
"l R
| B
(m,a)

which is a necessary condition for reducibility, is the Bessel inequality for the Fourier coefficients of
a conditionally periodic function. To complete the proof of Theorem 4, it suffices to recall that the
sets of numbers aq,...,a, and wy,...,w, are proportional.

4°. Theorem 5 easily follows from Weyl’s uniform distribution theorem. By virtue of (1.20), it
is sufficient to consider differential equations of the form (1.7). Let us perform a change of time
t — 7 along trajectories of (1.7) by the formula

dt
dr = . 4.4
Then system (1.7) takes the form
du;
el

A general solution to this system is given by u; = ug + a;7. Therefore,
T
t= /R(u(l]—l—oqs, VN ug—i—ans)ds.
0
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Since the numbers ajq,...,q, are incommensurable, it follows from Weyl’s theorem that ¢t =
(R)T 4 o(7). Therefore,
t
T = — +o(t).
(R)
Next,
T T’ T’
1 1
T/f(u(t,uo))dt— T/f(ozT—l—uO)R(aT—i—uO)dT, T—/R(aT—i—uO)dT. (4.5)
0 0 0

This equality does not change when both integrals on its right-hand side are divided by T”. Clearly,
T' — oo as T — oco. Applying again Weyl’s theorem, we obtain

T
lim ~ flu(t,u®))dt = | fRd" Rd"u,
T1—1>r<l>oT0/ u(t,u / u/ll U

T

as required.

5°. Let us prove Theorem 6. First, suppose that (f) = 0. By (4.5), we have

T T’
/f(u(t,uo)) dt = /go(on' + uo) dr, (4.6)
0 0

where ¢ = fR. Since (f) = 0, it follows that

/gpdnu:/fRd”uzo.
Tn

Tn

According to the generalized Bohl theorem proved in [19], there exists a u® € T™ such that

(a) p(u®) =0;
(b) the integral (4.6) is a nonnegative (nonpositive) function of 7".

Since R # 0, property (a) is equivalent to the condition f(u") = 0. On the other hand, since
T is a monotone function of T’ the integral on the left-hand side of (4.6) is also nonnegative
(nonpositive) for all values of T'.

If (f) # 0, then f should be replaced by f — (f).

6°. Theorem 7 follows from the well-known results on the integrals of conditionally periodic
functions (see [19]| for n = 2 and [27] for n > 2) and from the arguments used in the proofs of
Theorems 5 and 6.

7°. Theorem 8 follows from a general result on ergodic transformations [28]. This result was
stated and proved in [28] for discrete transformations, but the proof for continuous flows is based
on the same ideas.

8°. Let us prove Theorem 9. Suppose that the numbers ay, ..., «, satisfy (3.4). We pass to
new variables 21, ..., 2, by making the change

21 = paul — q2u2, ..., 2Zp—1 = PpUl — Qplyn, 2Zp = S1U1 + SoU2 + ...+ SplUn,
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where s; are integers and the n x n matrix

p2 —q2 O 0
P 00 .. —g 4.7
S1 S92 S3 Sn,

is unimodular.
Let us show that if (p;,¢;) = 1 and (g;,q;) = 1 for all ¢ < j, then we can indeed render the
matrix (4.7) unimodular by suitably selecting the integers s;. The determinant of this matrix equals

s1k1 + soko + ...+ spkn,

where

k1 =qoq3...qn, k2=p2g3...qn, ..., kn=D0nG2...Gn-1.

It is sufficient to show that the integers ki,...,k, are coprime. Suppose that a prime p divides
all k;: p|k;j. Since p|kq, one of the numbers g, ..., qn, say go, is divisible by p. Since p| ks and
q3,--.,qn are coprime to g, it follows that p|pe. But this contradicts the assumption that the
fraction py/qo is irreducible.

In the new variables, system (1.7) takes the form

2=...= én—l = 0, Z"n = Q/R(Z), (4.8)

where Q = > sja; # 0 and R(z) is the density of the invariant measure in the angular variables
Zlye+vsRn-
e can further simplify system (4.8) by eliminating the dependence of the right-hand side on

the coordinate z,. For this purpose, we introduce new angular variables yi,...,y,—1, mod 1
defined by
Zn
1
Yy = 21, sy Yn—1 = Zn—1, x:X R(Suylu"'uynfl)dsu
0
where

1
A= [ Rls.ne i) ds 20
0

This change is nondegenerate because

8(?/17"'73/71717'%) R

= . 4.9
0215y 2n—1,2n) A (4.9)

In the new variables, equations (4.8) take the form
y=0, T =w(y), (4.10)

where y = (y1,...,Yn—1) is a point of the (n — 1)-torus and

w(y) = Q/AY).

According to (4.9), the invariant measure R(z)d"z is expressed as A(y) d" 'y dx in the variables
2,y mod 1, the points y € T"~! index the closed orbits, and the period function P of the closed
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orbits equals A(y)/Q. Clearly, the smooth functions y — P(y) and y — w(y) are Morse functions
simultaneously. A general solution to system (4.10) has the form

T = W(y)t +Zo, Y= Yo, xo, Yo = const.

Let A and B be functions on T" = {x,y mod 1} that are square integrable with respect to the
invariant measure A d" 'y dx (for definiteness, we assume that A > 0). Set

1 1
a(y) = /A(:c,y) dx and b(y) = /B(w,y) dzx.
0 0

Clearly, the functions a and b belong to La(T™!). By Fubini’s theorem, the functions A and B (as
functions of x) are square integrable for almost all y € T*~!. Let

Zam(y) €2m'mx and Z bm(y) e27rimac

be their Fourier series. Obviously, @, by, € La(T" 1) for all m € Z.
We will prove an assertion somewhat stronger than that of Theorem 9, namely,

tlim Az — w(y)t,y)B(z, y)My) ded"ty = / abhd" . (4.11)
T Trn—1

The integral on the left-hand side of (4.11) equals

/ Z a_mbmAe 2Tim @)t gn=1,, (4.12)
Trn—1

First, let us show that this series converges (uniformly in ¢). For this purpose, it suffices to prove
that

> / |a_mbm| X d" Ly < oco. (4.13)
m 'H‘n—l

Indeed,
|a—mbm| + |amb_m| < a—mam + by,
On the other hand, the Bessel inequality for functions in Lo implies

1

1
Z AU, < /A2 dx and Zb,mbm < /32 dx.
0

0

Therefore, the left-hand side of (4.13) cannot exceed

/(A2 + BH)Ndxd"y.
'H‘n

By the Lebesgue theorem (in view of (4.13)), the integrand in (4.12) is indeed integrable, and
the integral (4.12) can be represented as

/ abAd"ly+ ) U mbm A e 2T et gn=l,, (4.14)

m#£0

Trn—1 Trn—1
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Each term in the second sum tends to zero as ¢t — oo. Indeed, the product a_,,b,, A is an
integrable function on T"~!, and the function y ~ w(y) has only nondegenerate critical points
on T"!. Therefore, the required assertion follows from a well-known general result of the theory
of Fourier transforms (see, e.g., [29]).

Since the series (4.13) converges, the infinite sum of the terms with numbers |m| > N(¢) in (4.14)
can be made smaller than €/2. The remaining terms with m # 0 and |m| < N(e) tend to zero as
t — oo, and their sum is therefore less than €/2 for sufficiently large ¢, as required.

9°. It remains to prove Theorem 10. Using formula (4.9) for the Jacobian of the transformation
ZlyeeeyZn Y1y, Yn—1, 2 mod 1 and equations (4.10), we obtain

Kolt) = [ Pl = atn)Gla (o) do ™y,

where ws(y) = Qs/As(y) with Q5 = const # 0. Since s is a Morse function, it follows from
Theorem 9 that

Ko(t) — 560 = / F(0)gs () As () A"y (4.15)

as t — oo. Here, f; and g5 are the mean values of F; and Gy along the closed trajectories of
system (1.7) in which the coefficients a, ..., a, satisfy (3.4) with rational coefficients (3.5). We
also use the fact that A\s do not depend on x. Moreover, A; are uniformly bounded, and

/ As(y) d"ly:/R(u) d"u. (4.16)
Tn—1 Tn

Let us show that

G) | Rd"u (4.17)
/

as s — oo. It is well known that continuous functions are everywhere dense in L. Therefore, the
functions F' and G can be approximated with any accuracy by continuous functions F and G.

As s — oo, the numbers as/a1 = (p2/q2)s, -+, /a1 = (Pn/qn)s tend to va, ..., vy, and the
numbers 1,1y, ..., v, are incommensurable; hence, according to [11, Chapter VII|, fs and g5 tend
to the spatial averages of the continuous functions F and CNJ, respectively; i.e.,

fsly /FRd" //Rd” and  Ga(y /GRd" //Rd" (4.18)

uniformly in y € T?~ 1.
Let us estimate the difference of the integrals

/fsgsAsd”_ly and /fsﬁs)\sd”_ly (4.19)
n—1 ’]I‘nfl

using the identity fsgs = fsgs — fsgs + f;gs — ﬁﬁs + fsﬁs. By the Cauchy—Schwarz inequality,

2

/ (fo = F)gshedy| < / (fo = F)Aed™ 1y / A dy. (4.20)

Trn—1 Trn—1 Trn—1
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Since f5, J?S, and g, are obtained by averaging the functions F', F , and G along closed trajectories,
it follows from the Bessel inequality that the integrals on the right-hand side of (4.20) do not exceed

/(F —F)’Rd"v  and /GQRd"u,
T T

respectively. Therefore, the integrals of the functions f;gs and fsgs with respect to the measure
s d" 1y differ little from each other (uniformly in s) provided that F' and F are close in the metric
of Ls. The integrals of the functions f;gs and fsgs with respect to the same measure have the
same property. Thus, if F and G tend to F and G (in the metric of L), then the difference of the
integrals (4.19) tends to zero uniformly in s.

According to (4.16) and (4.18), we have

lim FsGshs "Ly = (F)(G) / Rd"u. (4.21)
Trn—1 Tn

By the approximation assumption, (F) and (G) can be made arbitrarily close to (F) and (G).

Therefore, the required relation (4.17) follows from (4.21). This completes the proof of the theorem.
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