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PERIODIC ORBITS IN MAGNETIC FIELDS
AND RICCI CURVATURE OF LAGRANGIAN SYSTEMS

ABBAS BAHRI AND ISKANDER A. TAIMANOV

ABSTRACT. A Lagrangian system describing a motion of a charged particle on
a Riemannian manifold is studied. For this flow an analog of a Ricci curvature
is introduced, and for Ricci positively curved flows the existence of periodic
orbits is proved.

1. INTRODUCTION

Let M™ be a differentiable n-dimensional closed manifold endowed with a Rie-
mannian metric g;; and with an exact 2-form F.
We will consider the problem of existence of closed extremals of the functional

S(y) = / (\Jguiidd + Agit)dt,
. J

where dA = F, on the space of closed curves on the manifold M™. Here A is a
1-form (i.e., F' is an exact 2-form).

This functional is a natural generalization of the usual functional of length, and
its closed extremals correspond to periodic trajectories of the motion of particles
on the Riemannian manifold M™ when the kinetic energy is defined by the metric
tensor and the form F' defines a magnetic field. Also this functional corresponds
to the periodic orbits for other problems of classical mechanics and mathematical
physics, as it was shown in [N2], [N3], [NS].

When the Lagrangian function

\/gijiiiiij + AliZ?l

is everywhere positive we obtain a Finsler metric, and the periodic problem can be
studied by the methods of classical Morse theory. This case is very well understood.
But otherwise we cannot use these methods, because this functional is not bounded
from below and also does not satisfy the Palais-Smale conditions or their analogues.

Its investigation was began by Novikov ([N1], [N2], [N3]) who, in particular,
introduced a method of throwing out cycles for overcoming topological difficulties.
He also considered the case when the functional S is multi-valued. This happens if
a magnetic field is a closed but not exact 2-form.

Some results about the existence of non-selfintersecting closed extremals on two-
dimensional manifolds were obtained in [T2], [T3] for strong magnetic fields. A
proof of the first result was sketched in [NT]. Later its generalizations were proved
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by using other methods in [T2], [T3]. The methods of these papers make strong
use of special properties of the two-dimensional case.

Arnold ([A]) and Kozlov ([Ko]) suggested using for this problem methods of
symplectic topology (the generalization of the Poincaré theorem which was proposed
by Arnold and was proved by Conley and Zehnder ([CZ])). They carried out their
program for a positive magnetic field on the flat two-dimensional torus. Notice that
Grinevich and Novikov proved that the principle of throwing cycles holds in this
situation ([GN]).

Symplectic methods were developed by Ginzburg, who obtained analogous esti-
mates for very strong positive magnetic fields on arbitrary orientable two-dimen-
sional manifolds ([G1], [G2]).

Notice that these results relate to the case then the functional S is multi-valued,
and their proofs also used specific properties of the two-dimensional case.

As Ginzburg also noticed, there are no periodic trajectories on two-dimensional
Riemann surfaces with genus > 2 and constant negative curvature, in the magnetic
field which is given by an area form on this manifold ([G2]). M. Ratner later pointed
out that the paper of Hedlund ([H]) contains a complete description of such flows
on the Lobachevski upper half plane, for which the magnetic field is proportional
to an area form.

We also notice that in the case of exact magnetic fields negative results are not
known.

In this paper we suggest another approach to this problem and prove the main
theorem which will be formulated below. We give a method of proving existence
of periodic orbits on manifolds of arbitrary dimension. This method is based on
approximation of the functional S by auxiliary functionals which satisfy the Palais-
Smale conditions, and on getting closed extremals as limits of sequences of closed
extremals of auxiliary functionals. This works under an additional condition, i.e.,
in the case when the “Ricci curvature” of this Lagrangian system is positive. One
can see that this approach uses ideas of the seminal paper of Sacks and Uhlenbeck
(ISu)).

Similar phenomena have been studied in the framework of contact forms, when
one has to extremize on Legendre curves for a form 3, the L?-norm of a(z), where
« is another contact form (see [B]).

But first let us introduce some definitions.

Let R;; be a Riemann curvature tensor and {ey,...,en} be an orthonormal
basis in a tangent space T, M™. Then a Ricci curvature tensor is defined by the
formula

K(u,v) = — Z(R(u, €a)U,sEq).
a=1
Now we introduce in the same manner the tensor
H(w) = Z G(ea;ea,w),
a=1

where
G(u,v,w) = (VuF)ijvjwk.

Those definitions, as it can be proved, do not depend on the choice of the or-
thonormal bases {e;} in tangent spaces.
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Main Theorem. Let M™ be a closed Riemannian manifold endowed with a Rie-
mannian metric g;; and an exact 2-form F which satisfy the following condition:

win (7o) = 1~ A0} > 0.

Then there exists a closed non-one-point extremal of the functional

S(y) = A(,/gijfiij + Agit)dt

where dA = F.

This theorem will be proved in §3.

Indeed, the method introduced in the present paper gives more: one almost can
derive the Morse inequalities for everywhere positive functionals and get the Morse—
Novikov inequalities for a functional which is somewhere negative (see Theorem 1).
This needs some additional work.

We mention that the function f(v) for the case of such Lagrangian systems is
the analogue of the Ricci curvature tensor. So, if one can treat a Ricci curvature as
an indefinite Riemannian metric tensor, a Ricci curvature of general homogeneous
Lagrangian system ought to be treated as an indefinite Finsler metric.

2. FUNCTIONAL SPACES, AUXILIARY FUNCTIONALS,
AND THEIR ANALYTIC PROPERTIES

Let M™ be a differentiable n-dimensional closed Riemannian manifold. We de-
note by g;; a metric tensor on M"™, and by F' a closed 2-form on M™".

Assume that this form is an exact form, i.e. there exists a 1-form A;dz* such
that dA = F:

_04; 04
R T

We denote by V the Levi-Civita derivation, i.e. the covariant derivation which
is compatible with the metric and has vanishing torsion. The scalar product of
tangent vectors ny, 172 € T, M™ we denote by (11, 72).

Let us denote by H(S', M™) a Hilbert manifold which is formed by maps ~ :
[0,1] — M™ such that v(0) = v(1). The mapping v is an H'-mapping ([K1], [K2]).
The tangent space T, H (S, M™) of H(S', M™) at ~ can be identified with the space
of H'-vector fields £(t) along the contour 7.

We denote by |%| a norm of the tangent vector dv/dt, and by 5; the covariant
derivative along the contour v. Now we can introduce the Rlemann metric (§,1)u
on fibers of the tangent bundle T, H (S, M™):

€= [ ooy + Gea, 2

where &, € T, H(S', M™).

We see that the group G of orientation-preserved H'-homeomorphisms of the
circle S! acts naturally on H (S, M™). Let us denote by Gy its subgroup which
is formed by orientation-preserved H!-homeomorphisms of the interval [0,1]. The
factor-spaces H(S*, M™)/Go and H(S*, M™)/G we denote by Q(M™) and P(M™)
respectively. They can be identified with spaces of oriented non-parametrized H'-
contours with based point and unbased point respectively.

(t))ydt

t
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We denote by Ho (S, M™), Qo(M™), and Py(M™) the components of these spaces
formed by the contours homotopic to zero.

The scheme of the proof of the main results is as follows. First we will introduce
the auxiliary functionals S. » which become the functional

S(y) = / (B + A,

when e,7 — 0. These functionals will satisfy the Palais-Smale conditions. After
that we will show that, for sufficiently small positive values of € and 7, to every
nontrivial cycle H.(Ho(S*, M™),{S < 0}) there corresponds a critical point of
bounded Morse index of the functional S .. We will find conditions, on metrics
and 2-forms F', which will imply

length(vy) < const index(vy)

for critical points of the functionals S, . for sufficiently small values of ¢ and 7.
Under these conditions we will prove that there exists a sequence of critical points
Yer,m., Of the functionals S, -, , such that their indices and the lengths of these
extremals are uniformly bounded from above, e, 7, — 0 as k — oo. In the space
of contours on M™ these extremals tend to closed non-trivial extremals of the
functional S.

Let introduce now the main functionals:

1
B(y) = / A,
0

Ep: H(S', M") — R, 0<h<1,

where

1
Bo() = [ it
0

Ejy is the usual functional of length which is G-invariant.
The main auxiliary functionals which we will consider are the following function-
als:

Sa,r =eb1 +E; + 9,

where € > 0,0 < 7 < 1.

Given a functional D € {Ey, ®}, we denote by §D(v) and §2D(v) its first and
second variational derivatives at -y, respectively.

The method of computing of these derivatives is very useful ([K1], [K2], [M]).
Let us denote by exp : TM™ — M™ the exponential mapping : (z,v) — exp(z,v) €
M" x € M", v €T, M", which corresponds to the Riemannian metric g;; on M".
By V¢ (7, s) we denote the following two-dimensional family of contours:

1) Vyen(r,s) :[0,1] = M7,V g0 (r,5)(0) = Vs (1, ) (1)

2) Vi en(r,)(t) = exp(1(£), 7E(E) + sn(t),
where &, € T, H(S', M™),r,s € R.

Since any closed curve which is sufficiently close to = is represented in the form
Vy.60(1,0)(t) and since the exponential mapping determines local charts in the
Hilbert manifold H(S*, M™), we have the following lemma.
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Lemma 1.

6S(M)(E) = (95(V5 £,0(r,0))/0r)lr=0,

2S(7)(&,m) = (9%S(Vy,,4(r, 5)) /07 05) | r—s=o.

Now we are able to compute variational derivatives of the functionals S; .

Lemma 2. Let 0 > 0. Then Ey € CY(H(S',M™),R) and

PDE e
SO = (1+0) [ (GEABI
If also v € C*(S, M™) and the vector-field £(t) is of class C1, then the formula

sEa)(©) =~ + 0 [ (& 2tk 0 -1 [ €S e
holds.

Proof of Lemma 2. For the sake of simplicity, let us denote V, ¢ o by V-
Since the covariant derivation is compatible with the Riemannian metric (Vg;; =
0),
D Da DB
5 (@ B) = (5 B) + (0, )

for every pair of H'-vector-fields o and 3 along ~. In the sequel we will use this
formula for vector-fields along curves of the form r — exp(y(¢),r&(t)). Since
V,.¢,0 can be considered to be a surface parametrized by ¢ and r, the Lie bracket
[%,ﬁ] is zero for a suitable parametrization. Therefore, the covariant derivation
has vanishing torsion, and we derive
ov, DIV, D¢
ot ar ot ot
Now by using Lemma 1 we obtain
1
SEE) = 5| (7, 75) O 2]
T Jo
1 o o ' DE Ll
= @+0) [ (Ve Dol = 1+0) [ (GBI

where we denote by Vv the covariant derivative %.
v € C?(S*, M™) and the vector-field ¢ is of class C'. We integrate by parts, and
derive

1+0) [ (GrAnrtaa o) [(Ges) - € Zanla

1 1
~1+0) [ (e APt a = +0) [ @GR
We have
S = 0 - D DI

The claim about the smoothness of Ey follows from the formula for 6 Ey imme-
diately.
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Lemma 2 is established. O
Lemma 3.
1
s00)(€) = [ Py
Proof of Lemma 3. Let us divide the contour v into arcs v,,1 < a < k, such that

in a neighborhood of every arc -, it is possible to introduce local coordinates and
make sense of expressions of the form 9&7 /9t which are not covariant. We have

d, [t .
([ Avieol—

6@(7)(§) =
1 . 1 ..
_ / (VeAi)iidt + / A(VeVi(r, 0)|rmodt
0 0
k [
=24 / (04, — TX AQEI3 dt + / Aig—f at}
_Z{/ ;A — %, Ay)€7 Zdt—i—/ Ai( +kafj *)dt}
_ aeinia 298
—;/a(ajAlg'Y + A; ot )dt

where I‘;-k are the Christoffel symbols which correspond to the connectedness V.
Using integration by parts, we obtain

k 1
()€ = [ 0 - a0t = [ Fygiian
Yo e 0
Lemma 3 established. (|

To compute the Morse indices of the extremals of functionals S¢ ; it is sufficient
to find the second derivatives of these functionals at the critical points.

We start with the following fact. If v is a critical point of the functional S. ,,
then the motion of a point along this contour is determined by the Euler-Lagrange
equations with the Lagrange function

Le(z,3) = e|@|® + |27 + Ai(z)d*
The following lemma holds.

Lemma 4. If z(t) is a trajectory of a system with the Lagrange function L. ,,
where e, 7 > 0, then |&| = const.

Proof of Lemma 4. By the Euler-Lagrange equations, the function I = xl 6L —Lis

constant along the trajectories. In our case I = ¢|@|? + 7]2|'*7, and thus we obtain
that |#| is constant along the trajectories.

Lemma 4 follows. O

The following lemma now immediately follows from Lemmas 2, 3, and 4, which
give this form for the Euler-Lagrange equation.
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Lemma 5. The extremals of the functional S. ; satisfy the following equation:

Dy\; 0 GIF iyt
2.1 = 7 =
(2.1) (8t) 8t7+ “”7 2+ (1)

Let us now recall the definition of the Riemann curvature tensor:

Ri€n*¢! = [R(&,)C]" = (VeViC = Vi Vel = Vig0)'

where £, n and ¢ are smooth vector-fields on M™.

Lemma 6. Let v be a nontrivial critical point of the functional S . Then at the
point v € H(S', M™) the second variational derivative of the functional S. , exists,
and

5. 0)(Em) =2 [ (G G) + (ROn9)eA)ae

Dn .
T ARG i e Ce )

28 ) 1 (R, e, ) et

(2.2)
+ 31T

/ (T F)&5" + Find (1)t

Proof of Lemma 6. By Lemmas 1 and 2, we have

'D D¢

8" Ep(v)(&,m) = (1+0) . s -5 VIV ™) lsmrodt

ot
1+9/{9—1|7|9 LEAROICLR
16-1 D{ D
(2:3) F R (o 6 A) + (o V) bl mrmo
o) [ (0= DR o)
FB D e R, )6 9) + B e, D0yt

Here we use the following fact: if we introduce the coordinates s and ¢ on a surface
immersed into M™ (in our case (s,t) — exp(y(t), sn(t))), then, by definition of the
Riemannian curvature, we have

D D D D
dst> Ot s

By Lemmas 1 and 3, we also have

1 .
0)(Em) = | e Fu V)" omradt

&= R(n,¥)¢.

(2.4) X
Z/O {(Vo F) 5" + Fin (V&) 4" + Fjr? (V) .
But

. D
Vpy = an.



2704 ABBAS BAHRI AND ISKANDER A. TAIMANOV

We obtain the formula for the second derivative of S; - by adding the formulas
for the second derivatives of e Fy, E; and ®. We do not give this formula here, but
show how it reduces to (2.2).

Let us consider terms in this formula that contain V,§ = %5 :

! D 1 ‘
@5 J= [t 0BG+ [ B0

Integrating the first summand by parts and using (2.1), we derive that J = 0.
The sum of the other terms gives (2.2).
Lemma 6 follows. |

The following lemma is a consequence of Lemmas 4 and 6.

Lemma 7. Let v be a nontrivial critical point of the functional Se .. Then there
exists a neighborhood of v such that in this neighborhood the second derivative of the
functional Se ; exists and is defined by formula (2.2) on this whole neighborhood.

It is easy to see that the neighborhoods formed by contours which are close to
~ and which have a never vanishing tangent vector satisfy the requirements of this
lemma.

3. PROOF OF THE MAIN THEOREM
A) Preliminaries. First let us prove the following fact.

Lemma 8. The subset of H(S', M™) formed by one-point-contours is a manifold
of local minima of the functional Sc -, 0 <7 < 1.

Proof of Lemma 8. Using the Holder inequality, we get

' 1+7 ' 1+7
%f@@*é%f@*ﬁ

for f € Ls[0,1], f > 0. Substituting |¥| for f(¢) and taking into account that by
well-known results from the theory of isoperimetric inequalities the inequality

(3.1) / F < c length(v)?,
I

holds for sufficiently small contours v, where II is a sufficiently small surface having
v as boundary, and c is a positive constant which depends on the metric g;; and
the 2-form F', we obtain the inequality

(3.2) Se.r > length(y)'t" — ¢ length(v)?,

which holds for all sufficiently small contours from Hg(S!, M™) since every such
contour can be transformed into a smooth contour by a perturbation as small as
we may wish. Lemma 8 follows from the equality (3.2). |

Definition. A nontrivial cycle @ € H.(M™) can be thrown out into the domain
{5, < 0} if and only if there exists a continuous mapping

¢: K x[0,1] — Ho(S*, M™)

such that

1) K is a polyhedron and [¢(K x 1)] = a, i.e. an image of K X 0 realizes a cycle
a; and

2) (K x0) C {S.- <0}



PERIODIC ORBITS IN MAGNETIC FIELDS 2705

The following lemma holds.

Lemma 9. If 7 <1 and a cycle « € H(M™)\ {0} can be thrown out into {S¢ <
0}, then

1) there exists a positive constant c. -(a) (the “critical value” of the functional
Se.+) defined by the formula

Cer(a) = ¢Ei£1fa) max{S: -(y) : v € Im¢} >0,

where A(a) is the set of all possible throwings out of a cycle «;

2) Hk+l(H0(Sl7Mn)7 {Saﬂ' < O}) 7& O)'

3) if Dy is the linear span of k-cycles (with coefficients from the field E) which
can be thrown out into {S; ; < 0}, then

dimpg Hy 1 (Ho(S*, M™),{S., <0}; E) > dimg Dy,.

For proof of this lemma see [T1], [T2]. We also will use the results of these
papers in the sequel.

Lemma 10. Let there exist a contour v € Qo(M™) such that (Ey + ®)(v) < 0.
Then there exist positive constants €9 and 19 such that all the manifold M™ is
thrown out into Se » < 0 for e < eg, 7 < 7.

Proof of Lemma 10. By the construction of the throwing out given in [T1], the
contours from ¢(M™ x [0, 1]) are piecewise-smooth and we can assume that they lie
in Ho(S*, M™).

Since the subset ¢(M™ x 0) is the continuous image of the compact space, there
exist sufficiently small positive constants g and 7y such that for € < 9,7 < 79 and
for any contour v € ¢(M™ x 0) the inequality

(eE1+E;+®)(v) <0

holds.
Lemma 10 is proved. O

Lemma 11. Let the conditions of Lemma 10 hold. Assume that the manifold M™
can be thrown out into {Ser < 0} for 0 < ¢ < g9 and 0 < 7,79. Then we can
define a map which corresponds non-zero cycles of H,(M™) to critical values of the
functional S¢ ;:

ae€ H (M™")\ {0} = cer(a).
This mapping is semicontinuous above with respect to the variables € and 7.

Proof of Lemma 11. Tt is sufficient to prove that for any constants e, 7 such that
e € (0,e9),7 € (0,70) and for any w > 0 there exist positive constants A and p such
that

CEI)TI(Q) — 0577—(0() < w

for e —&'| < Xand |7 — 7’| < p.
By the definitions of the throwing out of cycles and critical values c. (o) corre-
sponding to them, there exists the continuous mapping

¢: K x[0,1] — Ho(S*, M™),

such that
1) [p(K x 1] = o
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2) ¢(K x 1) C {S:r <0}

3) ce,r <max{Se.(y):y€Imo} <ec.r +w/2.

Since the subspaces Im ¢ and ¢(K x 0) are continuous images of compact spaces,
it is evident that such constants A and p exist.

Lemma 11 follows. O

Lemma 12. Let e and 7 be sufficiently small. Then there exists a positive constant
Jo such that the lengths of extremals of the functionals S, which are not points
are not less than Jy.

Proof of Lemma 12. By Lemma 5, extremals of the functional S, , satisfy the
FEuler-Lagrange equation

0 . g e 1 . g =
(3.3) 51+ ThA't = ¢/ B /(2 + (L4 1A,

By Lemma 4, these extremals are naturally parametrized and
length(y) = |y| = const.

Let A be sufficiently small and let an extremal -y lie in a small neighborhood of the
contour (0) endowed with local coordinates (z?,...,z") with ¥ = (A,0,...,0),\ =
9] By (3.3),

3(t) = 4(0) +o(X*/?)

for 7 < 1/2, and, thus, if A is sufficiently small, then 4! is nowhere equal to zero
and an extremal v cannot be closed.
Lemma 12 follows. O

B) Validity of the Palais-Smale conditions for the functionals S. .

(PS) Condition ([PS]). A C-functional S on a Hilbert manifold X satisfies the
(PS) condition if and only if for every subset W C X on which the functional is
bounded from above and the norms of its first derivatives ||S|| are not bounded from
below there exists a point x in the closure of W satisfying 6S(xz) = 0.

First let us mention very simple fact.
Lemma 13. EZ(y) < E1(vy) for v € Ho((S*, M™).

This lemma is an immediate consequence of the well-known inequality
1 1 1
/ fgdx < / f2dzx / g2dx,
0 0 0

Lemma 14. There exists a positive constant T such that

Er(y) < (T +4/T? + 4eS. ;)? /4e>.

Proof of Lemma 14. Since the manifold M™ is compact, there exists a constant T’
such that

where f, g € L2[0,1].

| Aj07| < Tl
foranyz € M™",v € T,M™.
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Since the functional E; is non-negative,
eB1+® < b+ B +® =5,
Now it is easy to see that
eEy —TEy <eEy —|®| < S -,
and, by Lemma 13,
eBy —TEy<eBE, —T\/E1 <8.,.
Lemma 14 follows from the last inequality. O

Lemma 15. Let € > 0,0 <7 < 1. Then the functional
S.,: Ho(S', M™) — M™
satisfies the (PS) conditions.

Proof of Lemma 15. It is sufficient to show that for every given sequence {7;} C
Ho(S*, M™) such that
1) there exists constant K such that S. -(v;) < Ko < 400 for j =1,2,..., and
2) [|65e,-(35)]| — 0 as j — 400,
there exists a subsequence {+;} which converges to a critical point of S, ;.
Here we denote by ||6Se -|| & norm of the variational differential:

18Se.- (NIl = sup{|65e,-(v)]| - v € Ty Ho(S", M™), ||| = 1}.

Let us consider such a sequence {7;}.

By Lemma 14, there exists a constant K; such that By (7;) < Ky for j =1,2,....

Let us denote by d = djs the distance function, on M™, generated by the Rie-
mannian metric g;;. By the Cauchy-Schwarz inequality,

d(7;(to),7:(t1)) < V/2[to — 1l E1(7;) < V2Kilto — ta].

The last inequality implies the sequence {Wj} is equicontinuous and, since the
sequence {7, (to)} is relatively compact for any o, then, by the Arzela-Ascoli the-
orem, there exists a subsequence {7z} C {7;} which converges to some contour
v* € CY(St, M™) in the space C°(St, M™).

It remains to prove that this v* € H(Sl, M™) satisfies

165, (v)Il = 0.

Let us consider a small perturbation w of the contour v* such that

1) w e C(S, M™);

2) v;(t) = exp(w(t),&;(t)) where & € T, Ho(S*, M™) and [¢;(t)|m < Ko for any
te [Ovl]v ] Z.j();

3) the exponential mapping exp : T,y M"™ — M™ is a diffeomorphism onto its
image on balls |n|y < 10K, < inj(M™) for any ¢ € [0,1], and on every such ball
the mappings

0 eXp(w(t)a 77) n "
T : Tw(t)lw - Toxp(w(t),n)M ’
and

9 _exp(w(t), n)

5 Ty Ty M™ = Texp(o)mM"

are invertible.
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Without loss of generality, we assume that j, = 1.
Since y; — v* in CO(S1, M™), £ — £* in the space of C%-vector-fields:

p; =max |§;(t) — & ()| — 0
as j — 400, and we derive now that
1
| 160 ¢ 0P —o
0

as j — 4o0.
It remains to prove that

1
/O [Vwéi(t) — V& (t)2dt — 0

as i,j — 400, where V,, is a covariant derivation along the contour w.
For the sake of simplicity, let us put

Ans(t) = 9 exp(w(t),&;(t)) Ao (1) = 9 exp(w(t), &(t))

Ox ’ ov ’
i = LOPOLW) ) 0 el 0)

Let us represent 4;(¢) in the following form:
Yi(t) = A1 (8)a(t) + Az (1) Vu&;(0)-
It follows from this representation that
Vo = Az (3 — ALw).

Since the right-hand side of this equality is square integrable (i.e. € Lo) and since
Se,r(7;) are uniformly bounded (< Kj), using Lemma 14 and the representation of
~; in the exponential form (y; = exp(w,§;)), we conclude that

1
&l = / (I5(0)2 + [V (1) P)dt < K < +oo,

where K3 is some constant.
Let us introduce the vector-fields u;; along +y;, defining them by the following
formula:

75 () = exp(vi(t), uiz (1))
We obtain that
9 exp(yi, uiy)\ 0 exp(7i, uij)
VZU” = <TJ (AQvafj — TJAQ,ivwfi) + Vij,
where

—1
vij — (a exp(717u1]>> (Al,j _ 8 eXp(%’u”)Al,i)d)

v Ox
and V; is the covariant derivation along ;.
Since by the construction the contours ~; lie in a sufficiently small neighborhood
of w, we assume that the norms of the mappings

0 exp(vi,uij) O exp(vi,uij)
Ox ’ ov
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and others which are inverse to them are bounded by some constant. Let us note
also that

vij = O(pij) = max |§(t) — &;(t)],
and, thus, there exists a constant K4 such that

1
/ (lusg () + [ Viugg (8)*)dt < Ky < +00.
0
Let us find an explicit formula for
wij = 0S¢ 7 (Vi) (wiz) + 6.8+ () (uji)-
By Lemmas 2 and 3,
1
55 () (usy) = / (26 + (1 + )| Ario + A0 V&™)
0
X (ALZ'LU + Az)ivwfi, Vz-uij) + Fklufj"yf}dt.
Since |u;j| = O(p;j), we assume that
1
655,7-(’}/1')(’&1']‘ = / (26 + (1 =+ 7')|A1w =+ Ang&r_l)
0
X (Alw + Angfi, Az(ngj — Vw&))dt + O(pU)

Now let us prove the following auxiliary proposition.

(3.4)

Proposition 1. If u,v € R™\ {0} and 0 < 7 < 1, then

(3.5) (Jul® = (w,0)|ul ™™ + (jo]* = (u,))[o] "~ > 0.

Proof of Proposition 1. If (u,v) < 0 then the claim of proposition is evident. We
are left with the case when (u,v) = Slullv], 0 < 8 < 1. Without loss of generality,

we assume that |u|/|v] = k > 1. Let us divide the left-hand side of equality (3.5)
by |v|7*! and reduce our problem to proving the inequality

YT — k"3 > kB — 1.

But k7 (k— ) > (k—3), and, thus, it is sufficiently to prove that (k—38) > (kG—1).
The last inequality is equivalent to the following:

k(1=p)=(B-1),

which holds since £ > 1 and 0 < 3 < 1.
Proposition 1 follows. O

Let us apply inequality (3.5) to vectors u(t) = Aq(t)w(t) + A2(t) V& (t) and
’U(t) = A; (t)w(t) + Ay (t)ngj (t) from Tv*(t)Mn. ‘We obtain that

1
Dyij = / (Ju|™ " (u, v — w) + |v|" v, u —v))dt < 0.
0

By (3.4),
wij = D1ij + D25 + O(pij),
where
1
D27ij = / 28{(141(,4) + AQwai,AQVW(fj — 51)
0
+ (A1w + A Vg, AoV (& — &) Yt
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From the expression for Dy ;; we conclude that

1
—D27ij = 28/ |A2Vw(€l — fj)let.
0

Now it follows from (3.4) that
1
25/ |42V (& — &)t < —wi; + O(pij)
0

< Rij = Ka([|65e, (va)ll + 16Se,-()1]) + O(pij)-
But R;; — 0 as 4,5 — +00, and, thus,

1
A|&V¢&—@Wﬁ—m

as i, j — 400, which in turn leads to

1
/Wv&—v&#weo
0

as t,j — +o00.
Using that and the fact that

1
0

we deduce that the sequence {¢;} is convergent in T, Ho (S, M™) and, thus, con-
verges to the vector-field £* € T, Ho(S*, M™) such that

~v* =exp(w,&*) € Ho(Sl,M") and [|6S:-(v")| =0,

i.e. the contour v* is the extremal of the functional S. ..
Lemma 15 is proved. O

C) Existence of critical points. First we recall the definition of the Ricci cur-
vature tensor and introduce its analogue for fields defined by 2-forms F'.

Let R;  be the Riemann curvature tensor and {e, ..., e, } an orthonormal basis,
in the tangent space T, M™. Then the Ricci curvature tensor is defined by the

formula
n

K(u,v) =— Z(R(u, €a)V, €q)-

a=1
This definition does not depend on the choice of such a basis, because this tensor
can be interpreted as the trace of the linear transformation

¢ — R(u, Q)v.
Let us also consider the tensor
Gu,v,w) = (Vo F)ijviwk.

We can now obtain another tensor,

G(u,v,w) = (G(u,v,w) + G(v,u,w))/2,
which is symmetric with respect to pair (u,v) and satisfies

G(u, u,w) = G(u, u,w).
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Now we introduce the tensor
n
E G eou eOﬁ

in the same manner which we used to mtroduce the Ricci curvature tensor. This
definition is also independent of the choice of basis {e,}, because this tensor can
be interpreted as the trace of the linear transformation

¢ = g Gt
where
G vPw! = Glu, v, w).
Lemma 16. Let the function
f(v) = K(v,0)/|v] = H(v)

be positive on the subset of non-zero vectors, let vy be a critical point of the functional
Se.r where T < 1, and let p(7y) be its Morse index. Then

length(y) < max{l, Mﬂ},
where
A= min  (K(v,v)/]v| - H(v)).

veETM™,|v|=1

Proof of Lemma 16. Let k > (7).

Let 01(t),...,0,(t) be a family of parallel orthonormal vector-fields along ~.
Since in general 0;(0) # 6;(1), let us define for every natural number k the family
Bk (t) by the following formulas:

ﬂjk (t) = sin(wkt)ej (t)

and

0, otherwise.

Bint) = {ﬂw% miciom

These vector-fields lie in Ho(S', M™) (i.e. in T, Ho(S', M™)).
By using elementary computations we obtain that

1
B By )in = [ (B Baons) + (5 B 37 Bt = 0

if the triples (4, k,m) and (j', k', m’) do not coincide.
Since

D
aﬁjk(t) = km cos(mkt)0;,
we conclude that

(%(@k(t), %ﬂjk(t)) = (km)? cos®(mkt),
(2 334(0), (1)) = b cos(mht) (05(0) 4(1),

(D s Do, s
F.s ik <§ﬁjk) o Slnﬂ-ktFTSﬁ ( ) +7rkFrsﬁ7kﬂ-7k =0.
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With the help of these formulas let us compute
Crm = > 8*Se.+(7) (Bjkm: Bjkm)-
j=1

For the sake of simplicity, let us denote by L the length of the contour 7.
By Lemma 6,

m/k
Clom = 2 / (n (k)2 cos?(mkt) — K (3, 4))dt
(m—1)/k
m/k
+ 1+t / (1 — 1)(kn)? cos(mkt)? 4 n(km)? cos? (rkt)
(m—1)/k

— K(%,%)sin?(rkt))dt

+ / () sin®(wkt) (Vi F),o05074° ) dt
(m=1)/k 5=
~ 2ne(km)? 4+ (14 7)(n — 14 7)(km)2L7*
N 2k
m/k
e+ (14 7)Y / sin? (wkt) K (3, 4) dt
(m=1)/k

+ / (Z sin2(ﬂ'kt)(ViF)rsa;o;“‘YS)dt-
( Y.

m—1)/k j=1

Since ¢, 7 < 1, we conclude that if L > 1 then

on(kw)? m/k
Cho < KT s / sin®(rkt) K (7, ) dt
k (m—1)/k

m/k n )

- / sin®(mkt) (D (ViF)rsl50755°),
(m—1)/k =

i.e.

sin? (7kt) K (¥, 4)dt + / sin?(rkt) H (¥)dt

Com < 2nkm® — L1 /
(m—1)/k

(m—1)/k

m/k
— 2nkn?® — /( | SRR (K G 3) 5]~ HE)l
m—1

LA
< 2
< 2nkmw o
Thus, if
4n(km)?
A b

L > max{1,

then Cky, < 0 for every m=1,... k.
Therefore for every m there exists j(m) such that

628 +(7) (U, V) < O

where Um = Bj(m)km'
Now it is easy to see that

1) (5285,7-(’}/)(111-,1;]4) =0fori+#j;
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2) (vi, vj)m = b5

From the existence of such a family {v;} it immediately follows that the Morse
index v is not less than k, which contradicts the definition of u(v).

Lemma 16 is proved. O

Lemma 17. Let {eg, i} be a sequence of pairs of positive sufficiently small num-
bers such that

klim (Ek,Tk) = (0,0)

and {7%} be a sequence of points from Hy(S*, M™) such that

1) 0 < Ko < E1(7) < K1 < 00 where Ko, K1 are some constants that do not
depend on k;

2) 655k77'k (/7_16) =0.

Then there exists a subsequence {v} C {7k} which converges in Ho(S1, M™) to
the critical point of the functional S = (Ey + ®):

lim v = Yoo,
l—o0

6(Eo + ®)(7e0) = 0.

Proof of Lemma 17. By Lemma 4, the contours 7 are naturally parametrized, and,
since the manifold M™ is compact, we can pick a subsequence {7;} such that, as
J — 00,
1) the lengths of v, converge to some constant C' > 0:
length(v) = C; — C;

2) ~(0) converges to some point xy € M™;

3) 41 converges to some vector v € T,  M™.

By Lemma 5, the motion of the point along every contour +; is a periodic solution
to the equation

D .. o
pradl = ¢ " Fudi/(2e0+ (L + 7)™ ).

It follows from well-known theorems on the continuous dependence of solutions
of differential equations on the initial data and coefficients that for every ¢ the
sequence of points ;(t) converges to a point v (t) where the curve v, satisfies the
equation

D . ; i
(3.6) avgo = CngFki'yoo

with the initial data
700(0) = Zo, 'YOO(O) =v.

Since the curves ; are closed, we may conclude that the curve 7 is also closed; and
since it satisfies equation (3.6), this closed curve is a critical point of the functional
S=(Ey+ P).

Lemma 17 is proved. O

Theorem 1. Let there exists a contour v € Ho(S', M™) such that

S(y) = /(\/giﬂi’w + AiAN)dt < 0.
v
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Let also
(3.7) fw)=K(v,v)/|v] — H(v) >0

for v #0. Then for every cycle o € H(M™) \ {0} there exists a sequence {ve, =}
of critical points of the functional Se, -, such that

1) e, — 0 as k — oo;

2) S(’yEkﬂ'k) = CE;k;Tk(a);

3) index Yep.r < (1+1);

4) the sequence e, 7, converges to a non-point extremal of the functional S as
k — oo.

Proof of Theorem 1. By Lemmas 9 and 10,
dim Hy 1 (Ho (S, M™),{S., <0};R) #0

for sufficiently small values of €,7. By Lemma 15, the functionals S. . satisfy the
Palais-Smale conditions, and, therefore, there exists a critical point 7. , such that
its Morse index is less than or equal to (I +1) and Se (7e,r) = ¢e,- (@) (the critical
values c. , were defined at Lemma 9).

By Lemma 12, there exists a positive constant Ky such that

El(’)/s,f) Z K()a
and, by Lemma 16, there exists a positive constant K; such that
Ev(Ve,r) = Eg(’ysn') > K.

Here we ought to take into account that all contours v, » are naturally parametrized
(see Lemma 4).

Now it immediately follows from Lemma 17 that there exists a sequence of
{Yep.7 } which converges in Ho(S1, M™) to a critical point v, of the functional
S = (Ey+®) as k — o0, and F1(ys) > Ko > 0 (i.e. the extremal 7., is not
one-point).

Theorem 1 is proved. a

Let us notice that the problem of distinguishing between critical points which
we have obtained can be solved under additional conditions involving the Morse
type of these critical points.

D) On applications of Theorem 1.

Definition. Let (M, g™, FM), ... (M, g®, F(*)) be Riemannian manifolds en-
dowed with Riemannian metrics ¢ and 2-forms FU) respectively. We call the
direct product of the Lagrangian systems (My, g™, FM) ... (Mg, g™, F(*)) the
Lagrangian system of the same type defined on the direct product of these manifolds

M* =My x -+ X My

with the product metric and the 2-form F* defined by the formula
=3 ),
J

where p; : M* — M are natural projections on the factors.
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Lemma 18. Let M"™ be a Riemannian manifold endowed with an exact non-zero
2-form F such that inequality (3.7) holds. Then there exists an integer k such that
1) the product of k examples of the Lagrangian systems (M™,g;;,F) satisfies

(3.7);
2) on (M™)*, there exist closed smooth contours at which the functional

S(y) = / (] + AT3)dt

(where dA* = F*) takes negative values, i.e. this system satisfies the conditions of
Theorem 1.

Proof of Lemma 18. Since the form F' is non-zero, there exists a loop v on M™ such
that

/Amidt =R <0.
,

Let k > (length(y)/R)? We consider a contour v* on (M™)*¥ which projects
onto the contour v under the projection onto every factor. It is easy to see that

length(v*) = Vk length(7),

/ Aﬁ*idt:k/Anidt.
v vy

S(v*) = Vk length(v) — k/Ap'yidt < 0.

Y

and
We then have

Lemma 18 is proved. a
E) On the existence of extremals of the functional S.

Theorem 2. Let M™ be a closed Riemannian manifold endowed with a Riemann-
ian metric g;; and an exact 2-form F which satisfy the following condition:

min {£(v) = K (v,0)/|o] = H(©)} >0.

Then there exists a closed nontrivial extremal of the functional

S(y) = / (\Jguyiidd + Agit)dt,
. J

Proof of Theorem 2. The real homologies of the pair (Ho(S', M™), M"™), where
M™ C Ho(S', M™), are nontrivial ([K1]). Let us pick some nontrivial cycle u €
H(Ho(S*, M™), M™; R).

It is evident that there exists a sequence of pairs of positive numbers {ey, 7}
such that

1) e, e — 0 as k — oc;

2) the functionals S, -, are positive outside of the set of one-point contours, or
for every one of them there exists a non-one-point contour v, € Ho(S!, M™) such
that Se, -, (’yk) =0.

where dA = F.



2716 ABBAS BAHRI AND ISKANDER A. TAIMANOV

These functionals S, -, satisfy the PS conditions (see Lemma 15). Thus, if
the first case holds for every one of them, there exists a non-one-point extremal
with a Morse index less than or equal to I (this extremal corresponds, in the usual
manner, to the cycle u); otherwise for every one of them there exists a non-one-point
extremal with Morse index equal to 1 (by Lemma 9).

We can then repeat the arguments of the proof of Theorem 1 and derive Theorem
2.

Theorem 2 is proved. O

The second author (I.A.T.) was supported by the International Science Founda-
tion (ISF) (grant no. M1E300).
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