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Abstract

A useful tool for studying nonlinear differential equations is index theory. For symplectic paths on bounded intervals, the index
theory has been completely established, which revealed tremendous applications in the study of periodic orbits of Hamiltonian
systems. Nevertheless, analogous questions concerning homoclinic orbits are still left open. In this paper we use a geometric
approach to set up Maslov index for homoclinic orbits of Hamiltonian systems. On the other hand, a relative Morse index for
homoclinic orbits will be derived through Fredholm index theory. It will be shown that these two indices coincide.
© 2006 L'Association Publications de I'Institut Henri Poincaré. Published by Elsevier B.V. All rights reserved.
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0. Introduction

The Morse theory has widely been used in the calculus of variations to study the existence of multiple solutions of
nonlinear differential equations. For the first order time periodic Hamiltonian system

:=JH,(t,z), zeR™, 0.1)

a periodic orbit of (0.1) is an extremal of the functional
T
~ 1 .
I =/§(—Jz(t),z(t)) — H(t,z(1))dt 0.2)
0
over closed curves in the phase space; nevertheless, the strong indefiniteness of I causes substantial difficulties in

finding its critical points. Started with the pioneering work [33] of P. Rabinowitz, new techniques in critical point
theory, such as intersection of sets involving linking [8,34], saddle point reduction and Galerkin approximation, have
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emerged as existence tools for studying various types of solutions of Hamiltonian systems. The interested reader may
consult a survey article [34] for more complete references and related results.

The fundamental solution of a Hamiltonian system forms a path in the symplectic matrix group Sp(2n) ={M €
GL(R*") | MT J M = J}, where and throughout the paper

(0 —I,
()

I,, denotes the n x n identity matrix and M7 the transpose of M. It is known that the extremals of i always have
infinite Morse index. A finite index representation for solutions of (0.1) seems to be more useful in applications. In
1984, C. Conley and E. Zehnder [14] established an index theory for non-degenerate paths in Sp(2n) for n > 2, where
a path is said to be non-degenerate if its end points lie in Sp(2n)* = {M | M € Sp(2n) and det(M — I»,)) # 0}. The case
of n = 1 was settled by Y. Long and E. Zehnder [30]. The index theory for degenerate linear Hamiltonian systems was
accomplished in 1990 by Y. Long [26] and C. Viterbo [43]. Later on, Long and his collaborators established iteration
theory (cf. the book [27] of Y. Long and references therein) for the indices of symplectic paths on finite intervals. This
index theory revealed tremendous interesting information for studying periodic orbits of Hamiltonian systems.

In this paper, we are concerned with homoclinic orbits of Hamiltonian systems. It is assumed that the function H
satisfies the following conditions:

(H1) H € C>(R**+! R), lim,_,q H.(t,z) =0 and lim,_,¢ H.(t, z) = B, uniformly for ¢ € R.
(H2) The spectrum of J B, has no intersection with the imaginary axis; that is, o (J Byx) NiR = ¢.

In what follows, we use prime instead of subscript to denote differentiation with respect to z; that is, H' = H; and
H" = H_,. A homoclinic orbit of (0.1) is a critical point of I defined by

(e ¢]

1 .
1(z) = / 5(—Jz(t), z2(t)) — H(r,z(1)) dr.
—00
Applying variational methods, a number of authors proved [5,15-17,23,38-40,42] the existence of homoclinic orbits
of (0.1), under various conditions on H. Among these works, V. Coti Zelati, I. Ekeland and E. Séré [15] employed a
dual variational method, while H. Hofer and K. Wysocki [23] used Fredholm operator theory for the first order elliptic
systems to establish such existence results. In [38,39], E. Sere obtained the existence of infinitely many homoclinic
orbits which are geometrically distinct. The convergence of subharmonic orbits to a homoclinic orbit of (0.1) was
proved by K. Tanaka [42]. For the existence of homoclinic orbits of second order Lagrangian systems, may interesting
results can be found in the references of [12,13,34].

Although the index theory for periodic orbits of Hamiltonian systems has been extensively studied for many years,
analogous questions concerning index theory for homoclinic orbits are still left open. For a closed path rotating in
Sp(2n), it is a natural bridge to define index of a periodic orbit in connection with the winding number of a related
symplectic path. Since a homoclinic orbit is a symplectic path on an infinite interval, setting up a way to count its
winding number seems to be difficult.

A new approach is proposed in the paper to find a suitable way to define an index for homoclinic orbits of (0.1).
This seems to be a quite natural approach in view of some interesting geometric features revealed in connection with
the Maslov index. In 1965, V.P. Maslov [32] introduced an index for Lagrangian paths and it was interpreted by
V.I. Arnold [6] as the net number of times for path passing through the singular cycle. The assumptions (H1) and (H2)
indicate that O is a hyperbolic equilibrium. For the autonomous system, it will be seen that through the Hamiltonian
flow generated by (1.7) the stable and unstable manifolds with respect to the equilibrium 0 are Lagrangian manifolds.
Along the stable manifold of a homoclinic orbit, its tangent spaces forms a Lagrangian path. Likewise, the second
Lagrangian path can be induced from the tangent spaces of unstable manifold. Such two Lagrangian paths will be
used to set up a Maslov index for homoclinic orbits of (0.1). For a non-autonomous system, the index can be treated
in a similar way. Detailed derivation will be carried out in Section 1.

There are many ways to define index for the paths of symplectic matrices. For the periodic orbits of (0.1), a relative
Morse index has been studied in a number of articles [1-3,11,18-21,24,27,29,37,44]. Our aim in Section 2 is to derive
a relative Morse index for a homoclinic orbit of (0.1) by making use of index theory for the Fredholm operators [2,31]
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associated with the second Frechet derivative of 1. This kind of methods [1,2,20,41] have been successfully employed
to treat index theory for periodic orbits of Hamiltonian systems. Nevertheless, in stead of point spectrum in the case
of periodic boundary conditions, the spectrum of —J % in dealing with homoclinic orbits is the whole real line. A
different way to interpret the relative Morse index is to consider the spectral flow of a family of self-adjoint Fredholm
operators.

In Section 3, it will be shown that, for a orbit homoclinic to a hyperbolic equilibrium, its Maslov index indeed
coincides with the relative Morse index derived in Section 2. Such kinds of results have been well established in case
of periodic orbits (see e.g. [2,27]). Our results convince that both the analytic and geometric approaches can be unified
for possibly building up Morse theory for homoclinic orbits of Hamiltonian systems. In case of Lagrangian system,
the relative Morse index is not different from the Morse index. A verification will be given in Section 4.

To the best of our knowledge, the use of Lagrangian paths to study index theory of homoclinic orbits of (0.1) seems
to be new. It looks like to have great potential in solving related problems in the future.

1. A Maslov index for homoclinic orbits

In this section, we are looking for a geometric approach to set up an index for homoclinic orbits of the first order
Hamiltonian system

;=JH'(t,2). (1.1)
Let x () be a homoclinic orbit of (1.1) with the asymptotic behavior

lim x(¢) =0.
|t]— 00
Set wo (&, n) = (J&, n), the standard symplectic form on R2". Denoted by V; and V,, the stable and unstable manifolds
with respect to O under the linear Hamiltonian flow

2(t) = J Byz(1). (1.2)

It follows from (H2) that R" = V; @ V,,. Moreover, as an immediate consequence of Lemma 1, it will be seen that
both the stable manifold V; and the unstable manifold V,, are Lagrangian subspaces of (R2" wy).

Let Lag(2n) be the set of Lagrangian subspaces of (R%", wy). It is known that Lag(2n) is a manifold. For W ¢
Lag(2n), set

0;(W)={W; | W € Lag(2n) and dim(W; N W) = j},

a submanifold with codimension j(j + 1)/2. The union of all strata U?:l 0;(W) is the closure of O1(W). As
mentioned in [6], the closure of O;(W) is a singular cycle with codimension 1. The top stratum O{(W) has a
canonical transverse orientation. To be more precise, for each n € O1(W), the Lagrangian path {e'/n, t € (=8, 8)}
crosses O1(W) transversally, and as ¢ increases the direction of this path points out the desired transverse orienta-
tion. Thus this singular cycle is two-sidedly imbedded in Lag(2n), as stated in the fundamental lemma of [6]. Let
L(a,b) = C([a, b], Lag(2n)), the set of continuous Lagrangian paths on [a, b]. In [9] the Maslov index u(U;, Uz)
was defined as an integer invariant to a continuous one-parameter family {(U;(z), U»(¢)) | Uy, Uz € L(a, b)} of pairs
of Lagrangian subspaces; indeed, four equivalent definitions of (Ui, U,) were discussed in [9] and a systematic and
unified treatment has been worked out by the authors. An important property of Maslov index is homotopy invariance
stated as follows.

Proposition 1. Ler U (6, .), U»(0,.) € L(a,b) and {(U1(0,1),U(0,1)) | 0 < 0 < 1} be a continuous family of pairs
of Lagrangian paths. Suppose that both dim(U; (0, a) NU»(0, a)) and dim(U1 (6, b) NU»(0, b)) are independent of 0,
then w(U1(0, 1), U2(0, 1)) = w(U1(1,1), Ua(1, 1)).

The proof of Proposition 1 is omitted, since it easily follows from some basic properties of Maslov index [9].
To define the Maslov index of a homoclinic orbit of (1.1), we consider the Hamiltonian flow induced by

p=JH"(t,x(1))p, (1.3)
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where x(¢) is a homoclinic orbit under consideration. Let ¢ (¢, v) satisfy (1.3) and ¢ (v, v) = I,. Clearly ¢ satisfies a
semigroup property; that is, ¢ (¢, V)¢ (v, ) = ¢ (¢, 7). For v € R, define

Vs(v) ={& & e R* and Jim (1, v)§ = 0}, (1.4)
and

Vi(v)={& & eR*™ and im ¢, v)E = 0}. (1.5)
We remark that

Jim Vi) =Vyand lim V. (v) =V, (1.6)

Lemma 1. For each v € R, both V,(v) and V,,(v) are Lagrangian subspaces of (R*", wy).

Proof. For &, n € Vi(v), since ¢ (¢, v) € Sp(2n), it follows that

woE,n) = (J&E,n)=(Jp (1, v)E, ¢(t,v)n) forallt > v.

This together with (1.4) yields wo(&, n) = 0. With only ¢ being replaced by —¢, the above argument shows that
wo,n) =0 if £&,n € V,(v). Since dimVs; = dimV,, = n and ¢(¢,v) is a homeomorphism, we conclude that
both Vi (v) and V,, (v) are Lagrangian subspaces of (R**, wg). O

We are going to employ the pair of Lagrangian paths V;(v) and V,, (v) to define the Maslov index for the homoclinic
orbit x(¢); here an extra care is needed in dealing with Lagrangian paths on infinite intervals. To give a better insight
of its geometric interpretation, we treat the autonomous case first. Denoted by W, and W, the stable and unstable
manifolds with respect to O under the flow

z=JH'(2). (1.7
By Hadamard—Perron theorem, W, and W, exist in a neighborhood of 0. Moreover, they are C! Lagrangian
manifolds. For a homoclinic orbit x(¢), both Ty)Ws and Ty W, exist for all t € R, lim;—, o0 Ty Wy = Vs, and
lim;—, oo Tty Wy = Vi, where Ty W, and T, ()W, denote respectively the tangent spaces of Wy and W, at x ().
Thus 7o can be chosen large enough to ensure that dim(7y)Ws N V,) =0 for all T > 79. Pick a fixed t > 79. Then
there is a 7 < 0 such that dim(Ty ;) Ws N Ty W) =0 if t < T. Define

/'Lr(x) :/'L(Tx(r)WSv Tx(t)Wu)s (18)

where Ty ()W, is a Lagrangian path on the interval [7, 7] and Ty ()W, stands for a constant path on [7, r]. Since
dim(Ty (o) Ws N Ty (n W) = 0if t < 7, it makes (1.8) no change if the Lagrangian paths under consideration are taken
on the unbounded interval (—oo, t]. This fact will be used in what follows without further comment. Furthermore,
through the action of Hamiltonian flow, dim(7 ;) Wy N Ty () Wy,) is independent of ¢. It follows from Proposition 1 that

po (X(0) = pr, (x(@)  if 2 >11 >0
in other words, . (x) is independent of the choice of 7 as long as t € [1g, 00). Thus the Maslov index of x(¢) is well
defined, as to be stated in Definition 1.
To extend the Maslov index of a homoclinic orbit in the general situation, we replace the Lagrangian path T ;) Wy

by Vi (t) and Ty () W, by V,,(¢), where 7 is a fixed large number so that Vs (v) NV, =0 for all v > 7. Then the Maslov
index for a homoclinic orbit x (¢) can be defined in the same manner with only (1.8) being changed to

e (x) = (Vs (0), Vu (0)). (1.9)

Definition 1. Let x(¢) be a homoclinic orbit of (1.1). The Maslov index of x(¢), denoted by i.(x), is defined by
Ix(X) = pr (x),
provided that 7 is taken to be sufficiently large in (1.9).

Remark 1. Let /”(x) denote the second Frechet derivative of I at x. If the null space of I”(x) is trivial then
dim(V(¢) N V,(¢)) = 0 for all . Moreover, it is known [4] that lim;_, », V() = V,,. Letting T — oo in (1.9) and
invoking (1.6), we see that i, (x) = u(Vy, V,,(¢)), where both V,(¢) and Vy are Lagrangian paths on (—o0, 00).
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2. A relative Morse index for homoclinic orbits

In this section, a different approach will be used to set up an index for homoclinic orbits of (1.1). This is so
called relative Morse index of which many interesting properties and applications have been obtained [2,11,20,27] for
periodic orbits of Hamiltonian systems.

To simplify notation, we set B(r) = H"(t, x(t)) — By. Let | - |2 denote L?>-norm. Define A= —J% — By, |A| =
(A2)1/ 2 and

el = (1 +141" %], @.1)

if £ € HYV2(R, R?). 1t is easy to check that (2.1) is equivalent to the graph norm of |A|1/ 2 and the domain of |A|1/ 2
equipped with (2.1) forms a Hilbert space E. Since the graph norm of |A|1/ 2 can be taken as an equivalent norm of
H2(R, R?), we do not distinguish E from H/2(R, R?M).

To find a relative Morse index for a homoclinic orbit x(#), we are going to employ the index theory of Fredholm
operators. Let §: E x E — R be a continuous symmetric bilinear form and 7 be the self-adjoint operator induced
by (T&, n) = B(&, n), where (-,-) denotes the inner product inherited from E. For a Fredholm operator T, there is a
unique 7T -invariant orthogonal splitting

E=E(T)® E_(T)® Eo(T),
where Eo(T) is the null space of T, 8 is positive definite on £ (T) and negative definite on E_(T).

Let j be the imbedding from E to L?(R,RR?") and (-,-) be the inner product in R?". Set At = A| Ey(A) and
A== _A|E,(A)' For &,n € E, let A and F be linear operators defined by
o oo
(A, ) = / (A2, (AN ) dr — / (A7), (A1) dr (2.2)
—00 —00
and
)
(F&,n) = /(B(t)jé,jﬂ)dt- (23)
—0o0
Then

(I"(0)&, n) = (A&, ) — (FE&, ),

where I” denotes the second Frechet derivative of I and x is the homoclinic orbit under consideration. It is known [10]
that A and F are bounded operators on E. Moreover, A and F satisfy the following properties.

Lemma 2. The operator A is reversible on E.
Lemma 3. The operator F : E — E is compact.
We refer to [23] for a detailed proof of Lemma 2. In the proof of Lemma 3, we will use the following proposition.

Proposition 2. Let x be a bounded function in C*°(R) with bounded derivatives. If f € E then the pointwise product
of x and f is also a function in E.

The proof of Proposition 2 can be found in [25].

Proof of Lemma 3. Let j* be the adjoint operator of j and (-,-); denote the inner product in L*(R, R?"). Clearly
F = j*4Fj if 4 F is defined by
o
(HFE, ), = / (B()é, 7)dt  for &, H e L*(R,R™).

—00
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Pick a sequence {xx} of C* functions on R which satisfy || x[lco < 1, | X;lloo < 2 and

o]l fl<k=,
XD =0V0 if |t >k,

where || - ||co denotes L°°-norm. Set Fy, = j*#Fy j, where

(CFeE f)r = / (Be(E.7)dr foré. 7 e L*(R.R™) 2.4)
and
B (t) = xx (t) B(¢). (2.5)

We claim that Fj is a compact operator on E. Define an operator oy by ax(1n(t)) = xx(t)n(t) for n € E. It follows
from Proposition 2 that o is a bounded operator on E. Let ék ={f| f e CY(—k,k],R¥) and f(—k) = f(k)}.
Let L,% and Ej be the completions of Cy under Il - l2 and || - || respectively. Observe that yxn € Ey if n € E.
Since supp(Bi (1)) C [—k, k], we know that j*8F jn(t) = j*8Fijxx+1(@)n(t) if n € E. Thus it suffices to show
that j*fFy jag+1 is a compact operator. This is true due to the fact that the imbedding from Ej to L% is compact.

Since limj;|— o0 x (1) = 0, it follows from (H1) that as |t| — oo, H”(t, x(t)) — B, in the matrix norm and conse-
quently, as a sequence of operators from L%(R, R?") to itself, # Fy — #F in the operator norm. Furthermore, since j
is a bounded operator, Fy — F in the operator norm. Therefore, F is a compact operatoron E. 0O

Let P4 denote the orthogonal projection from E to E_(A). It follows from Lemmas 2 and 3 that P4 — P4_F is
compact. Thus Pp|g_a—F): E_(A — F) — E_(A) is a Fredholm operator. The Fredholm index of Pa|g_(a—F) is
the relative dimension of E_(A — F) with respect to E_(A). A detailed derivation for the relative Morse index of
periodic orbits of Hamiltonian systems can be found in [2].

Definition 2. For a homoclinic orbit x of (1.1), a relative Morse index i(x) is defined to be the Fredholm index of
PalE_(A—F)-

Remark 2. (a) For a Fredholm operator T, its Fredholm index will be denoted by ind(T).
(b) The relative Morse index can be derived in different ways [2,11,44]. Such kinds of indices have been extensively
studied in dealing with periodic orbits of first order Hamiltonian systems.

Next, we are going to investigate the relation between the relative Morse index i(x) and the Maslov index i (x)
defined in Section 1. Our goal is to show that such two indices actually coincide.

Theorem 1. If x(t) is an orbit homoclinic to a hyperbolic equilibrium, then i, (x) = i(x).

Remark 3. Without loss of generality, we may assume that x(¢) is homoclinic to 0. The hypotheses (H1) and (H2)
indicate that O is a hyperbolic equilibrium of (1.1).

The proof of Theorem 1 will be carried out in the next section, in which the notion of spectral flow will be used.
As being well known, the concept of spectral flow was introduced by Atiyah, Patodi and Singer [7]. Since then, many
interesting properties and applications of spectral flow [9,22,35,36,44] have been subsequently established. Here, for
convenience to the reader, a number of basic properties of spectral flow will be collected in the remainder of this
section. Let {Ag | 6 € [0, 1]} be a continuous path of self-adjoint Fredholm operators on a Hilbert space E. The
spectral flow of Ay represents the net change in the number of negative eigenvalues of Ag as 6 runs from O to 1, where
the counting follows from the rule that each negative eigenvalue crossing to the positive axis contributes +1 and each
positive eigenvalue crossing to the negative axis contributes —1, and for each crossing the multiplicity of eigenvalue
is taken into account. In the calculation of spectral flow, a crossing operator introduced in [36] will be used. Take a
c! path {Ag | 6 € [0, 1]} and let g be the projection from E to Eg(Ap). When eigenvalue crossing occurs at Ag, the
operator

a
54408 Eo(Ag) = Eo(Ag) (2.6)
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is called a crossing operator, denoted by C,[Ag]. As mentioned in [36], an eigenvalue crossing at Ay is said to be
regular if the null space of C,[Ag] is trivial. In this case, we define

sign C,[Ag] = dim E (C[Ag]) — dim E_(C,[Aq]). 2.7)

A crossing occurs at Ag is called simple crossing if dim Ep(Ag) = 1.
Consider the case where all the crossings are regular. Let D be the set containing all the points in [0, 1] at which
the crossing occurs. The set D contains only finitely many points. The spectral flow of Ay is

Sf(Ag.0<0<1)= Y signCr[Ag] —dim E_(C,[A]) +dim E1 (C,[A1]), 2.8)
0eD,

where D, =D N (0, 1). In what follows, the spectral flow of Ay will be simply denoted by Sf (Ag) when the starting
and end points of the flow are clear from the contents.

Remark 4. (a) As indicated in [7,44], Sf(Ag) = Sf (Ag + €id) if id is the identity operator on E and € is a sufficiently
small positive number. Furthermore, by Theorem 4.22 of [36], there exist some € € (0, 1) such that all the eigenvalue
crossings occurred in {Ag + €id | 6 € [0, 1]} are regular, and this property indeed holds for almost every ¢ € (0, 1).
Using the property of homotopy invariance of spectral flow, we may assume, without loss of generality, that {Ag |
0 € [0, 1]} is continuously differentiable in 6 and all the eigenvalue crossings at Ay are regular crossings. Detailed
analysis can be found in [36,44].

(b) Through the paper for an operator K we let E(/C) denote the null space of .

(c) Although we let E denote the Hilbert space H!/?(R, R?"), the spectral flow can be defined for self-adjoint
Fredholm operators on other Hilbert spaces as well. This fact will be used later without further comment.

In the next proposition P4, will be simply denoted by Py, so does in Lemma 4.

Proposition 3. Suppose that, for each 61 € [0, 1], Ag, — Ag is a compact operator on E, then
ind(Polg_a)) =—Sf(Ag,0<0 < 1). (2.9)

The following lemma will be used in the proof of Proposition 3.
Lemma 4. If there is no eigenvalue crossing for all 6 € [0y, 6], then ind(Py, |E_(A92)) =0.
Proof. Since Py is continuous in 6, it directly follows from the continuity of Fredholm index. O

Proof of Proposition 3. As noted in Remark 4, it is sufficient to consider the case where {Ag | 6 € [0, 1]} is continu-
ously differentiable in 6 and all the eigenvalue crossings are regular. Let 0 < 0; < 6, < --- < 6 < 1 be the points at
which eigenvalue crossing occurs. By (2.7), (2.8) and Lemma 4, it suffices to show that

ind(Py,—¢|E_(a,,)) = — dim E4.(C/[Ag,]) (2.10)
and
ind(Py; |E_(Ay, ) = dim E_(Cr[Ag,)) (2.11)

if ¢ is a sufficiently small positive number. We carry out the proof of (2.10) only, the other is analogue. Pick § and ¢
sufficiently small so that {—38, 6} No (Ag) is empty for all 6 € [6; — ¢, 6; + ¢]. Let 05(0) = (=6, 5) No (Ap) and £25(6)
be the space spanned by the corresponding eigenfunctions associated with the eigenvalues lying in o5(0). Indeed, §
and ¢ can be chosen small enough so that

dim 25(0) =dim Eg(Ag,) forall0 €[6; —¢,6; +¢€].
Let Zy be the orthogonal projection from E to £25(0). Using the facts that Ay, Zy, =0 and Zy, Ag, = 0, we get

d .
@(ZOAGZG)Ieze,- = Zo,Ag; Z, , (2.12)
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where dot denotes differentiation with respect to 6. Thus, for |6 — ;| being small enough,
dim E4(ZgA¢Zs) = dim E4(C,[Ag,])
and
dim E_(ZyA¢Zs) = dim E_(C,[Ag,])
if 6 — 6; > 0. Likewise, in case 6 — 6; < 0 it turns out to be
dimE_(ZgApZy) =dim E 4 (C, [Ag, ])
and
dimE;(ZgApZy) =dimE_ (C, [Ag, ]).

Let Zy be the orthogonal projection from E to E_(ZyAgZy). For fixed i, if 7= lim,_, ,- Zy and P= lim,_, ,- Py,
then

~ A

P=Py+7

i

and
Ind( Py, —¢|E_(aq,)) =10d(Po; —¢l g p)) + ind(ﬁlE,(Agl.)),

where R(ﬁ) is the range of P. Now (2.11) follows from the facts that ind(Pgi,g|R(13)) =0 and ind(ﬁ|E_(A9l_)) =
—dim E; (C,[Ag,;]). The proof is complete. O

3. Proof of Theorem 1

In the proof of Theorem 1, the case of Eg(A — F) = {0} will be treated first. We start with some preliminary
lemmas. As indicated in the proof of Lemma 2, F; — F in the operator norm. This implies that Eo(A — Fy) = {0} for
k > ko, if ko is chosen large enough.

Let&f ={£1&e H'([—k, k], R?), £(—k) € V,, and &(k) € Vi} and & be the completion of & under the graph

norm 0f|A|1/2.

Lemma 5. Assume that Eo(A — F) = {0}. Then there is a ko € N such that
i) =—Sf((A—0Folg,. 0<o <)
for any fixed k > k.
Proof. Note that by Definition 2 and Proposition 3, i(x) = —=Sf(A — o F, 0 < o < 1). For large k, Fy is a small
perturbation of F, so there is a ko > O such that Sf(A — o Fy, 0< o <1)=Sf(A—0oF, 0<o < 1)ifk > ko. Let

Eo((A — 0 Fy)|g,) be the null space of (A — o Fy)lg, . It is not difficult to show that if £ € Eq((A — o Fy)|g,) then
& € & . Foragiven § € £, we denote £ to be an extension of £ defined by

3 3 if |¢] <k,
E(t)=1e""MIBsgky  ifr >k, (3.1)
e+ Beg(—ky ift < —k.

It is easy to see that &£ € Eo((A — o Fy)|g,) if and only if § € Eo(A — o Fy). Furthermore, direct calculation on the
crossing operators shows that

Sf(A=oF, 0<o <) =Sf((A—0oFylg. 0<o <1).

This together with i (x) = —Sf(A — o F,0 < o < 1) completes the proof. O
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Remark 5. (a) The proof of Lemma 5 indicates that § € Eo((A — Fy)|g,) if and only if £ € Eg(A — F).

(b) In [36,44] the authors dealt with spectral flow of unbounded operators. Let A, = —J % — By — 0 By (t). Clearly
fAG & — L%([—k, k], R?") and it is an unbounded self-adjoint operator on L?([—k, k], R*"). Straightforward cal-
culation on the crossing operators shows that

Sf(8As) = Sf((A — o Fi)lg,). (3.2)

Next, we are going to show
() = —Sf((A— 0 Fo)lg,. 0<o < 1) (3.3)

if k is sufficiently large. An interesting property of Maslov index proved in [36] will be used in the proof of (3.3). As
indicated in [28], for a pair of Lagrangian paths {(U;(¢), U»(¢)) | U1, Uy € L(a, b)}, a variant of Maslov index ugs
defined in [35,36] can be formulated as

1
urs(U1, Uz) = w(Uz, Uy) + E[dim(Ul (b) N Uz(b)) — dim(U, (a) N Uz(a))]. (3.4)

Remark 6. (a) In (3.4), u(Uz, U;) denotes a Maslov index defined in [9], which has been used in the definition
of iy (x).

(b) As mentioned in Section 1, a systematic treatment of Maslov index has been worked out in [9]. On the other
hand, the works of Robbin and Salamon [35,36] illustrate a more convenient way in dealing with the calculation of
Maslov index. This advantage will be used in the proof of Theorem 1.

Let U (o) be a Lagrangian path in (R27" @R —wo @ wp) and I' € C([a, b] x R, S(2n)), where S(2n) is the set of
symmetric linear transformations from R?" to itself. Consider the following boundary value problem for a perturbed
Cauchy—Riemann operator:

- d 0
8z=—Z—J—Z+Fz, a<t<b, o0 eR,
do Jat

(z(a,0),2(b,0)) € U(0).
Set Hl ={¢ | £ € H'(la,b], R*), ({(a), £ (b)) € U(o)}. For fixed o, —J § + I'(t,0): H} — L? is a self-adjoint

operator on L%. For o € R, let ¥ (t,0) be a family of symplectic paths determined by J (il—lt” =I'(t,o0)y and
Y(a,o)=Iy.

In the next proposition, I'(t,0) =I'(t,1)if o > 1 and I'(¢t,0) = I'(¢,0) if o < 0. Moreover, it is assumed that
the null space of —J% + I'(t, 0) is trivial if o = 0, 1. We note that {€, M&) | £ e R¥'} is a Lagrangian subspace of
(R>* @ R>*, —wo @ wo) if M € Sp(2n). Thus the graph of a symplectic path v is a Lagrangian path, which will be
denoted by G, .

Proposition 4. The perturbed Cauchy—Riemann operator d is a Fredholm operator. Moreover, if 1}(0) =y (b,0), the
Fredholm index of 9 satisfies the following property:

_ R d
inda:—MRs(Grlﬂ,U)=—Sf<JE —I'(t,0), 0<0o < 1).

We refer to [36] for a detailed proof of Proposition 4.
Let yx be a symplectic path on [—k, k] which satisfies

y=J(B«+ Br(0))y,  v(=k)=1Iy.

Lemma 6. Assume that Eo(A — F) = {0}. Then there is a k; € N such that

RS (Vi Vi, Vi) = ix(x) 3.5)
ifk > k.
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Proof. Let k € N and @, (¢, v) be the solution of the initial value problem

%q> = J (B + Bx(1)) @, D(v,v) = Iy,. (3.6)

Define V¥ (v) = (£ | € € R and lim,_, oo P4 (f, v)E = 0} and V¥ (v) = {£ | £ € R?" and lim,_, o, P (t, v)E = O}.
In what follows VM" (t; a, b) denotes the part of Lagrangian path VLf‘ (t) truncated on a subinterval [a, b], so does
Vu(t;a,b).
For a fixed large k, set 199 (t)=0F + (1 —-0)F, 0 €0, 1]. If k is sufficiently large, 199 is a small perturbation of F
and thus Eo(A — Fy) =0 for all 6 € [0, 1]. Applying Proposition 1 yields
1(Ve(@), Vu(t; =7, 1)) = u(VE(@), Vi (t; =1, 1), (3.7)

where as noted in Remark 1, (3.7) is valid for pairs of Lagrangian paths taken on any truncated subinterval [—7, 7]
as long as t is large enough. Recall that VM]‘ )=V, ift < —k and Vsk (t) = Vi if t > k. It follows from Proposition 1
and (3.4) that
w(VE@L Vi =7, 0) = n(VER), Vit =k, b))
= s (Vi (11 =k, ), V()
= urs(Vi Vi, Vs).
This together with (3.7) shows that
Urs ViV, Vy) = /L(Vs(f)9 Vu(t; -1, T)) = i4(x).

The proof is complete. 0O

Proof of Theorem 1. In the first step we treat the case where the null space of A — F is trivial. Set I'(t,0) =
—(By + 0 Bi(t)) for o € [0, 1]. Taking a = —k , b = k and invoking Proposition 4, we get

d N
Sf<15—1"(t,0), 0<o< 1)=MRS(ervVu®Vs)y (3.8)

where I/Af is a symplectic path defined by &(a) = (k,o0) and, as a function of ¢, ¥ (¢, o) satisfies the initial value
problem

d
d—l/; = J(Bs +0Bc())y, V(—k,0)=I.

Applying Theorem 3.2 of [35] yields
1rs(Grir, Vi @ Vi) = prs (W Vi, Vi) (3.9)
Next, take a homotopy with the following form:

- [20B, if0<o <3,
ST B+ Qo - DB ifi<o<l.

Let <13(t, o) satisfy

do - -
d_(f = JB(Td)» ¢(_k70) = IZn-

By direct calculation

exp(dko JB,) if0<o <3,
<o <1

¢(k’0)={@(2a— n il .

Observe that y; is a symplectic path on [—k, k], ¢(k, -) is a symplectic path on [0, 1], and by homotopy invariance
1rs (Vi Vs Vi) = irs (@K, ) Vi, Vi), (3.10)
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Clearly, exp(J B,)V,, = V,,. Hence MRS(J&(k, IV, Vi) = ;LRS(lﬂ Vi, V). This together with (3.8)—(3.10) leads to

dr
Combining (3.11) with (3.2) gives

Urs (Vi Vu, Vs) = _Sf((A —0F)lg, 0<0 < 1)

Invoking Lemma 6 yields (3.3). This together with Lemma 5 completes the proof of Theorem 1 in case
Eo(A - F)={0}.

If Eg(A — F) is non-trivial, dim(V,(¢) N Vi(z)) = dim(Eg(A — F)) for ¢ € R. In this case, the assertion of theo-
rem follows from a perturbation argument as follows. Set (G¢&, n) = ffooo((B(t) — €h(t)I»,)&, 1) dt, where h € C?,
h(t)>0ifr € (0,1) and h(r) =0 if ¢ ¢ (0, 1). It is easy to check that Eg(A — G¢) =0 if € € (0, €9] and € is
sufficiently small. We claim

d

ind(PA,F|E_(A_G€)) =0 ifee (0, 60]. (3.12)

Indeed, in view of the definition of G, it follows from direct calculation that E_(C,[A — G¢]) = 0. This together with
Proposition 3, Lemma 4 and (2.8) gives (3.12). Since ind(P4|g_(a—G.)) =ind(Pal|g_a—F)) +ind(Pa_F|E_(a-G.))s
it follows that

ind(PA|E7(A_F)) = ind(PA|E7(A_G€)) if € € (0, €g]. (3.13)
On the other hand, for € € [0, €p], let ¥ (¢, v) satisfy
dy,
O = J(B* + B(t) — eh(t)[zn)llle, Y. (v,v) = Ihy. (3.14)

Since Eo(A — G¢) =0, applying the results obtained in step 1 gives
ind(Palg_(a-G.)) = /A(‘Aff(r), VE(t; —oo0, D),
where 7 is a sufficiently large number, 17s€ and V,f are Lagrangian subspaces of R?" defined by
VEW)={& & eR¥and lim W (1, v)E =0}
’ t—00
and
VEw)={&1& €R™and lim ¥, (r, v)& =0}.
t——00
As noted above,
w(VE(D), VE(t; —00, 1)) = n(VE(D), VEt; —11, 1))

provided that t; is large enough. Since A(t) =0 if ¢ ¢ (0, 1), it follows that ‘755 (t)=Vs(@)ift > 1 and \7; )=V, (1)
if < 0. Consequently
w(VE@), ViEts =11, 1) = (Vs (1), Vi (15 =71, 7))

and 7, 71 can be chosen independent of €. Observe that V,,(¢) = ¢ (¢, —71) V,,(—71) and \7; ) =v.(t, —11)V,(—11).
Let U be a Lagrangian path defined by U= {\7; (t) | 0 < € < ep}. By homotopy invariance and path additivity of
Maslov index,

w(Vs (), V@5 =71, D) = w(Vs (@), Vi (ts =1, D) + (Vs (0), Us),

where € € (0, €g) and U is the truncation of U on [0, €].
It remains to show w(V;(t), Us) = 0 to complete the proof. For € > 0 and sufficiently small, we know Ep(A —
G¢) =0and dim(V¢ (7) N V(7)) = 0. This together with Theorem 3.1(ii) of [28] implies that

1(Vs(@), Us) = m™ (I (Us, Vs (1), 0)),
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where I' (Uy, Vi(7),0) = —(Wg(r))TJ%llfe(r)k:o is a crossing form defined in [28,35] and m™ (I") is the number
of positive eigenvalues of I'. Differentiating (3.14) with respect to € and multiplying by —%[ J, we obtain

€

3%, r 3
—WGTJ?a; =Wl h(t) by We + W) (Bs + B(t) — €h(t) Iy) ™

Hence by direct calculation

T

T
v, |” vl ay, v,
< +f < J édt—/lIJET(B*+B(t)—eh(t)12,,)8—;dt
-

T
— | vThit) W dt = —wT g
/f (0 FontPe <" e 3 de

-7 -7 |

T 8l1/€
=—(Y(0) J e (™

from which we know @ (V;(t), U,) = 0. The proof is complete. 0O

4. Lagrangian systems

The aim of this section turns to the Morse index of homoclinic orbits of Lagrangian system. Consider

o0

Flg) = / L(t. q.¢)dr, @.1)

where L satisfies the Legendre convexity condition:

32L
(F(t, u, v)w, w) >0 forweR"\{0}, (u,v) € R" x R". (4.2)
v
Assumed that % (,0,0) = % (t,0,0) =0 for all r € R. As above, 0 is an equilibrium of
d oL oL
o T~ t7 7. __ta 7. =07 4‘3
dtav(qq) 8u(qq) (4.3)

where and throughout this section dot denotes differentiation with respect to ¢. Suppose go is an orbit homoclinic to 0.
The linearization of (4.3) at g is given by

d
——(No®)y + Qo(®)y) + O ()3 + Ro(t)y =0, (4.4)
dr

2 . 52 ) 2 . .
where No(t) = 351, qo(1), o(1)), Qo(t) = 24 (2, qo(1), Go(1)) and Ro(t) = 5 (1, go(1), Go(1)). Using Legendre
transform p = %(r, q,.q)and H(t,p,q)=p-q — L(q,q,t), (4.3) can be converted to

% =JH'(t,x) 4.5)

if x(¢) = (g—ﬁ(z, q0(1), go(1)), qo(t)). Straightforward calculation shows that the linearization of (4.5) at x(¢) is z =
JY (t)z, where

Ny @) —N; (1) Qo(1) >
Y(t) = ) 0 . 46
© (—QOTNO‘I(t) Ol Ny (1) Qo(r) — Ro(t) (4.6

Remark that go(r) — 0 and go(z) — 0 as [t| = oo. Set N = lim;— o No(?), Q =lim;— o Qp(?), R =1lim;_ o Rp(t)

and
_(N 0
D_<QT R).

Lemma 7. If D is positive definite, then (H2) holds with B, =lim;_, o Y (¢).

Under the hypothesis of Lemma 7, we have the following result:
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Theorem 2. Let gy be a homoclinic orbit of (4.3) and i4(qo) be its Morse index. If x(t) = (g—]; (t, qo(t), go(1)), qo(1)),
then x(t) is a homoclinic orbit of (4.5) and i (x) = i#(qo).

Proof. It is easy to verify that x (¢) is a homoclinic orbit of (4.5). We are going to use some properties of spectral flow
to prove i (x) = ig(go). Consider, for 0 < 8 < 1, a family of Lagrangian system Fy(g) = ffooo Lo(t,q,q), where

_ L[ No(t) Qo)) (v v
o= H(3 )6 ()

and (Ny(t), Qp(t), Ro(t)) is a homotopy from (No(t), Qo(t),Ro(t)) to (N, Q, R). To deal with the spectral flow
of Fy, we may assume that each eigenvalue crossing is a regular crossing. This can be achieved by choosing a
suitable homotopy as noted in Remark 4(a). Let Yy () be a matrix function defined as in the form of (4.6) with only
No(t), Qo(t), Ro(t) being replaced by Ny(t), Qp(t), Rg(t) respectively. By Legendre transform, yy € Eg (]—"é/) if and
only if zg = (322 (¢, yp. ¥9). o) € Eo(Xp), where as in (2.2) Xg = —J & —Yp and

(Xo&,m) = /((X;)‘/Zs, (X)H)'2n)dr — f(o?g)‘/zé,()?;)‘/zn)dz

for &, n € HY/*(R, R?").
To show i(x) = iz(qo), it suffices to prove

Sf(Xe,0<0<1)=Sf(Fp,0<0<1). (4.8)

By (2.8), we see (4.8) holds if sign C,[X4] = sign C,[F)] whenever ys € Eo(F})). In view of

1
Hy(p.q)=p-q —LO(”‘]"D:§<Y9 (S) ’ (ﬁl)))

it follows from direct calculation that

d d
signC,[Xg] = — sign(Pg £Y9 P@) = sign<P9 @LQ P@) = sign C,[Fy 1. O

Proof of Lemma 7. Let

T_o)N~!' R I, —
P S I L)

It is easy to check that
—1 I, Q —1
D, = (6’ [n> and Dy=DyJB.D, .

Suppose there exist A € R and n = (&1, &) € R” x R” such that D;n = iAn. Then it follows from straightforward
calculation that

N71§1 =i)\E, 4.9)

[M*N+R+ir(0" - Q)]e2=0 (4.10)
and

([A*N + R+in(Q7 — 0)]62. &) = (DL, &) if ¢ = (&2, —i&). @.11)

Since D is positive definite, (4.10) and (4.11) imply & = 0. This together with (4.9) and (4.2) yields n = 0. Now the
proof is complete, due to the fact that o (JB,) =0 (D1). O
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