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1 Introduction

Morse index theory has been playing a very important role in the nonlinear problems such
as existence, multiplicity and stability problems of closed geodesics in a Riemannian manifold.
During the past almost 30 years, the studying of the existence and multiplicity of periodic solu-
tions of nonlinear Hamiltonian was one of the important directions in the field of Hamiltonian
dynamics. In this period a great number of research papers appeared in this and related areas,
and many aspects of critical point theory were applied to the variational study of Hamiltonian
systems. It is natural to apply the Morse theoretical method to the problems involving various
solutions of nonlinear Hamiltonian systems. Since 1980, two different index theories for periodic
solutions of nonlinear Hamiltonian systems have appeared. One index theory was developed
by I. Ekeland in 1980’s for convex Hamiltonian systems. A beautiful systematic treatment of
his index theory was given in his celebrated book [6]. Another index theory is a classification
of general linear Hamiltonian system with periodic coefficients (without convexity). This index
theory began with the work of H. Amann and E. Zehnder in [1]. They established the cor-
responding index theory for linear Hamiltonian systems with constant coefficients. After that
many mathematicians worked on this problem (cf. [2, 8]).

The linearized system of a nonlinear Hamiltonian system
w(t) = JH'(t,z(t)) (1.1)
at a solution z(t) is a linear Hamiltonian system

A(t) = JB(t)2(t), (1.2)
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where B(t) = H"(t,z(t)), and J = (? _é”) is the standard symplectic matrix. I, is the
identity in R™. The fundamental solution of this linear system with continuous symmetric
coefficients is a path in the symplectic matrix group Sp(2n) starting from the identity. Here
the symplectic group is defined by

Sp(2n) = {M € GL(R*") | MTJM = J},
where M7 denotes the transpose of M. We define the set of symplectic paths by

P(2n) = {y € C([0,1],Sp(2n) [ y(0) = I2,)}.

For any v € P(2n), we define v(y) = dimkerc(y(1)—1I). If v(y) = 0, we say that the symplectic
path ~ is degenerate, and non-degenerate otherwise.

In their celebrated paper [5], C. Conley and E. Zehnder defined an index i(vy) € Z for any
non-degenerate path v € P(2n) with n > 2, i.e., the so called Conley-Zehnder index. This
index theory was further defined for the non-degenerate paths in Sp(2) in [9]. The index theory
for degenerate linear Hamiltonians was defined by Y. Long in [10] and C. Viterbo in [14]. Then
in [11] this index theory was further extended to any paths in P(2n). For any path v € P(2n),
we call the index pair

(i(’Y)v V(’Y)) €Zx {07 L. ’Qn}

the Maslov-type index. If y(¢) is the fundamental solution of the linear system (1.2), we denote
the index pair of y also by (¢(B), v(B)). It is a classification of the linear Hamiltonian systems. If
x(t) is a 1-periodic solution of the nonlinear Hamiltonian system (1.1) with H(¢t+1,2) = H (¢, z)
for any (t,z) and B(t) = H"(t,z(t)), we denote (i(z),v(z)) = (i(B),v(B)) in this case.

The main purpose of this paper is to generalize the Maslov-type index theory for symplectic
paths to a so called Maslov P-index theory which is suitable to the problem of a nonlinear
Hamiltonian system with a “P” boundary condition.

. — U
{x(t) = JH'(t,z(t)), 13)
z(1) = Pz(0).

We will define the Maslov P-index pair (ip(7),vp(7)) for any symplectic path v € P(2n),

where the nullity part vp(7) is simply defined by

vp(7y) = dimc kerc(y(1) — P),

and the definition of the rotation part ip(+y) is not so simple as the definition of the nullity part.
It is defined by several steps in Section 2 below (from Definition 2.2 to 2.6). This index theory
possesses many beautiful properties such as the homotopy invariant, the symplectic additivity
and so on. We set out them in Section 3 below. For the purpose of using this index theory to the
studying of the P-boundary problem of a nonlinear Hamiltonian system, we should bring forth
the relation of the Morse index theory of the direct action functional restricted to some finite
dimensional subspace by the methods of the Galerkin approximation or the methods of saddle
point reduction with the Maslov P-index theory. The relation of Maslov P-index theory with
the Morse index theory by using the Galerkin approximation methods is formulated in Section
4 below, and that by using the saddle point reduction methods is formulated in Section 5 of
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this paper. If we consider the second order Hamiltonian systems, the Morse index of the direct
functional at a solution with P-boundary condition is finite and it is the Maslov P-index of the
symplectic path (up to a constant), which is the fundamental solution of the linearization of
the system. This is proved in Section 6. As natural applications, in Section 7, we consider the
existence and multiplicity problem of the asymptotically linear Hamiltonian with P-boundary
condition.

2 Maslov P-Index Theory for a Symplectic Path

We consider the following problem

{z'(t) = JB(t)z,

2.1
(1) = Px(0), (1)

where P € Sp(2n) = {M € GI(R*") | MTJM = J}, J = (97]), and B € C(R,L(R*)) is a
symmetric matrix function with B(t + 1) = (PT)~1B(t)P~1. Suppose 7(t) is the fundamental
solution of the linear Hamiltonian system 2(t) = JB(¢)z(t), i.e., 7(0) = I3, the identity matrix,
and 4(t) = JB(t)v(t). Then v € C([0,1],Sp(2n)) is a symplectic path with v(0) = I3,. In
this section we will define an index theoty for a symplectic path starting from the identity with
the P-boundary condition. We denote the set of symplectic paths starting from identity by
P(2n) = {y € C(]0,1],Sp(2n)) | v(0) = I2,}. For any path v € P(2n), we now define the index
pair (ip(7),vp(y)) of v with P-boundary condition. Firstly, we define

vp(vy) = dimc kerc(y(1) — P).

We will define ip () by several steps. If P = I, the boundary condition is exactly the periodic
condition. In this case we define i;(v) to be the Maslov-type index of the symplectic path v
(cf. [11, 12]).
We now introduce some notations. For M € Sp(2n), define
Dy(M) = (=1)""tdet(M — I,),

Sp(2n)* = {M € Sp(2n) | £ D1(M) < 0},

Sp(2n)* = Sp(2n) T USp(2n)~, Sp(2n)° = Sp(2n) \ Sp(2n)*.
For any two 2k; x 2k; matrices of square form, M; = (é g) with ¢ = 1,2, the o-product (or
symplectic direct sum) of My and M; is defined to be the 2(ky + k2) x 2(k1 + ko) matrix

A 0 B 0
0 Ay, 0 B
c; 0 Dy 0
0 Cy, 0 D,

M1<>M2:

Denote by M°* the k-fold o-product of M.
Let D(a) = diag(a,a™!) € Sp(2) for a € R\ {0}, and define
M7} =D(2)°", M, = D(-2)oD(2)°" b,

We have M,S € Sp(2n)* and M, € Sp(2n)~.
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As well known, every M € Sp(2n) has unique polar decomposition M = AU with A =
(MMT)Y/2 U = (4 7% ) and u = ug + v/—Lup is a unitary matrix. If y(t) = AQU(t), t €
[0,1] is a continuous symplectic path, there exists a continuous real function A(¢) satisfying
detu(t) = exp(v/—1A(t)). We define A;(y) = A(1) — A(0) € R which depends only on 7.
Particularly, if {v(0),v(1)} € {M,5, M,;}, we have LA,(v) € Z.

Definition 2.1 Given two paths o and y1 € C([0,1],Sp(2n)), we say that they are homo-
topic if there exists a map 6 € C([0,1] x [0,1],Sp(2n)) such that 6(0, -) = yo(-), (1, -) = v (+)
and both dimker(d(s,0) — Iz,) and dimker(d(s,1) — Iay,) are constant for s € [0,1]. We write
Yo ~ Y1

For any symplectic path v € C([0,1],Sp(2n)) with {7(0),v(1)} C Sp(2n)*, there exists a
symplectic path 1 € C([0,1],Sp(2n)) with {v1(0),y (1)} C {M,}, M, } such that v ~ ;. One
can construct 1 by connecting v(0) and (1) respectively with one of the element of {M,", M, }
within Sp(2n)*. It is easy to see that A;(y1) € Z is independent of the choice of homotopic
path ;. In fact, for any two homotopic paths 79 ~ 3 with fixed end points belonging to
{M,, M, }, there holds %AI(%) = %Al('yl).

Definition 2.2 For a path v € C([0,1],Sp(2n)) and a matriz P € Sp(2n) with {P~1~(0),
P~14(1)} C Sp(2n)*, the Maslov P-index of ~ is defined by

() = ~Aa(m),

where 1 € C([0,1],Sp(2n)) with {y1(0),v1 (1)} C {M,}, M7} such that P~y ~ ;.

Roughly speaking, the P-index of v in some sense is the algebraic intersection number of
the symplectic path v with the P-singular set Sp(2n)% = {M € Sp(2n)| det(M — P) = 0}.

Definition 2.3 For a path v € C([0,1],Sp(2n)) and a matriz P € Sp(2n) with P~1~(1) €
Sp(2n)° and P~4(0) € Sp(2n)*, the Maslov P-index of ~ is defined by

ip(y) =inf{ip(B)|B € P(2n), P~1B(1) € Sp(2n)* and 3 is sufficiently C° close to v}.

Here the infimum is achieved by a path which is adjacent to v with a very short path from
~(1) to a nearby point belonging to Sp(2n)*. We note that the space Sp(2n)* possesses two
path connected components Sp(2n)™ and Sp(2n)~, and the singular set Sp(2n)° is codimension
1 smooth submanifold of Sp(2n). %‘t:O(M exp(Jt)), with M € Sp(2n)°, forms a transverse
structure of Sp(2n)°? in Sp(2n) (cf. [12]).

Definition 2.4 For a path v € P(2n) and a matriz P € Sp(2n) \ {I2,} with P~1y(0) €
Sp(2n)°, the Maslov P-index of v is defined by
ip(y) = max{ip(3)| B € C([0,1],Sp(2n)), P~*B(0) € Sp(2n)*, B is sufficiently C° close to v}.

Here the maximum is achieved by a path which is adjacent to v with a very short path from
~(0) to a nearby point belonging to Sp(2n)* but with the opposite direction.

Definition 2.5 For a path v € P(2n) and P = Iz, with v(1) € Sp(2n)*, the Maslov-type
index of v is defined by
11(7) = iI(’Yl)a
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where v1 is a path defined by

D2 —26)0", te [0 %}

no= V2t—1),  te (%1}

We recall that here D(a) = diag(a,a!) and iz(v;) is defined by Definition 2.2.

Definition 2.6 For a path v € P(2n) and P = I, with v(1) € Sp(2n)°, the Maslov-type
index of v is defined by

i1(y) = inf{i1 (B) | B € P(2n), B(1) € Sp(2n)*, B is sufficiently C° close to v}.

Remark For any symplectic path v € P(2n) and any symplectic matrix P € Sp(2n), the
Maslov P-index ip(7) of 7 is well defined by Definitions 2.2-2.6.

Definition 2.7 If v € P(2n) is the fundamental solution of the linear Hamiltonian system
(2.1), we say that the Maslov P-index of v is the index of the linear Hamiltonian systems of
(2.1) and denote it by (ip(B),vp(B)).

Consider a nonlinear Hamiltonian system
&= JH'(t,2),

where H € C*°(R x R*" R) satisfying H(t + 1, Px) = H(t,z), V(t,x) and H'(t,z) is the
gradient of H with respect to the variables x. Here P € Sp(2n) is a fixed matrix. It is clear
that PTH"(t + 1, Pxz)P = H"(t,r). We consider a solution of the Hamiltonian system with
the condition z(1 + t) = Px(t), i.e., a solution of

z(t) = JH'(t,z(1)),
() = JH'(t,2(0) 0
z(1) = Pz(0).

Linearizing the Hamiltonian system at the solution  we get a linear Hamiltonian system

y = JB(t)y,

where B(t) = H"(t,z(t)) satisfies B(1 +t) = (P )T B(t)P~. Suppose v(t) is the funda-
mental solution of this linear Hamiltonian systems. Then we say that the Maslov P-index of
~ is the index of the solution x of the nonlinear Hamiltonian system (2.2), and denote it by

(ip(z),vp(2)).

3 The Properties of the Maslov P-Index Theory

We define the following two notations
Sp(2n)% = {M € Sp(2n)| det(M — P) = 0}, Sp(2n)p = Sp(2n) \ Sp(2n).

The following results follow from [12] by some modifications. The proofs are omitted.
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Proposition 3.1 For P € Sp(2n), let v € P(2n) with v(1) € Sp(2n)%. Then for any path
a and 3 € P(2n) which are sufficiently C°-close to v with a(1) € Sp(2n)% and 3(1) € Sp(2n)},
there holds
ip(B) —ir()] < vp(7).

The equality can be achieved by two paths with the end points a(1) and 5(1) in different path
connected components of the space Sp(2n)%.

We denote the set of non-degenerated paths by Pj(2n), i.e.,
Pp(2n) = {y € P(2n)[7(1) € Sp(2n)p}, Pp(2n) = {y € P(2n) [7(1) € Sp(2n)p}.

We have the following symplectic additivity for the Maslov P-index theory.

Proposition 3.2 For P € Sp(2n), suppose v; € Py (2n;) for j = 0,1. Then ooy €
Pi(2no + 2nq1) and
ir(Y00m) = ir,(70) +ir (1), (3.1)

where vo ©v1(t) = Yo (t) ©71(t) and P = Py o P1, P; € Sp(2n;).

Definition 3.3 Given two paths o and v1 € P(2n), we say that they are P-homotopic
if there exists a map § € C([0,1],P(2n)) such that 6(0,-) = vo(-), 6(1,-) = y(-) and
dimker(d(s,1) — P) are constant for s € [0,1]. We write y9 ~p 1.

We have the following homotopy invariant for the Maslov P-index theory.

Proposition 3.4 Let P € Sp(2n). Ifv; € P5(2n) for j =0,1, then ip(y) = ip(m) if and
only if vo ~p 71-

We will prove a more general result in Theorem 4.7.
4 Galerkin Approximation for the P-Boundary Problem of
Hamiltonian Systems

For given P € Sp(2n), we consider the following problem

{a'c(t) = JH'(t,x(t)),

z(1) = Pz(0). (4.1)

In the following, we always suppose that the Hamiltonian function H satisfies the following
conditions:
(H1) H € C*(R x R*™ R) and

H(t+1,Pz) = H(t,z), Y(t,x) € R xR, (4.2)
(H2) There exist constants a > 0 and p > 1 such that
\H (t,z)| < a(1+ |z[P), V(tz)€RxR™. (4.3)

The symplectic group Sp(2n) is a Lie group, and its Lie algebra is sp(2n) = {M €
L(R?" R*™) | JM + MTJ = 0}. For any M € sp(2n), it is well known that the one parameter
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curve exp(tM) = ™ in Sp(2n) is a Lie sub-group of Sp(2n), and Sp(2n) = exp(sp(2n)), i.e., the
exponential map exp : sp(2n) — Sp(2n) is surjective (not injective). So for P € Sp(2n), there
is a matrix M € sp(2n) such that P = e and e*™ € Sp(2n). Recall that W1/22(R/Z,R?") is
the subspace of L?(R/Z,R?") which consists of all elements

z(t) = Zexp(QkﬂtJ)ak, ar, € R,

keZ
satisfying
||ZH%/2,2 = Z(l + [k ax]* < +o0.
kEZ
This space is a Hilbert space with the norm || - [|1 /2,2 and the inner product (-, -);/25. Taking
the P-boundary space W = e!MW1/22(R/7Z,R?*"), we define in this space the norm || - || and

the inner product (-, -) such that it is a Hilbert space. For z;(t) = e!M&;(t), i = 1,2, define

lzill = lI€ll1/2.2, (215 22) = (€1,€2)1/2,2-
We define the operator A : W — W such that

1
(Azx,y) :/0 (=Jz(t),y(t))dt, Va,yeW. (4.4)

A is a bounded self-adjoint operator with finite dimensional kernel N, and the restriction A|y 1
is invertible. Define the functional on W by

@) = %(Ax,x) _ /O H(t,x)dt, VaeW (4.5)

Then f € C?(W,R) and a critical point of f corresponds to a solution of problem (4.1). If
x = x(t) is a critical point of f, the second variation of f at x is given by

(f"(x)h,h) = /;[(—Jh,h) — (H"(t,x)h,h)]dt = ((A— B)h,h), VheW, (4.6)

where B : W — W is defined by

1

(Bz1, z3) = / (B(t)z1(t), 22(t)) dt, V21,22 € W, B(t) = H"(t,z(t)). (4.7)
0
Let z = x(t) = ™ Y exp(2kntJ)as. Then by direct computation, we get
kezZ
—Ji(t) = e_tMT(—JM + 2km) Zexp(?kﬂtJ)ak. (4.8)
keZ

We note that —JM is a symmetric matrix. Suppose A1, Ag, - - - , Ag,, are the eigenvalues of JMT.

We have o(A) = {(2km + A;)/(1 + |k])}. We define an operator M:W — W by
1
(w.y) = [ (~IMa(0)y(e) dt, Yoy W, (4.9)
0

We have

1
(A )a,y) = / (—JE()m(t)) dt, (4.10)
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where z(t) = eMe(t), y(t) = eMn(t), &y € WI22(R/Z,R). oA — M) = {£55}, the

multiplicity of any eigenvalue is 2n and the corresponding eigenspace is e*™ exp(2kntJ)R. Let

m
W =e™M Y exp(2kntJ)R, and P, : W — W,, the projection operator. Then the sequence

k=—m
I' = {P,,|m € N} is a Galerkin approximation scheme with respect to A — M, i.e., it satisfies
the following three conditions:
(1) W,, = P, is finite dimensional space for all m € N.
(2) P, — I strongly as m — oo.
(3) [Pn,A—M]:=Pyn(A—M)—(A—M)P,, =0.

Lemma 4.1 Let ' = {P,, |m € N} be defined above. There exists mg > 0 such that
dimker(P,,(A — B)P,,) < dimker(A — B), Ym > my. (4.11)

Proof (4.11) follows from the above condition (2) and the fact that the value 0 is isolated
in {0} Uo(A — B). The details are similar to the proof of Lemma 2.2 in [7].

For P € Sp(2n), we consider two linear Hamiltonian systems
2(t) = JB(t)z(t), =2(t) € R*™ (4.12)
with B(t + 1) = (PT)"1B(t)P~!, and
i(t) = J(=JM)z(t), =z(t) € R™ (4.13)

with e = P, and so (PT)"}(-JM)P~! = —JM.

tM are the fundamental solutions of the linear

— M

We suppose v = y(t) and v1 = 11 (t) = e

Hamiltonian systems (4.12) and (4.13) respectively. Denoting vy = v2(t) ~(t), we have

the following result.
Theorem 4.2 Let symplectic paths v,v1 and v2 € P(2n) be defined as above, there holds
ir(7) —ip(n) = i1(72) +n. (4.14)
Thus the number i1(v2) + ip(71) depends only on P and not on the choice of M.
Proof We define three symplectic paths ~s,vs € P(2n) and 4 € C([0,1],Sp(2n)) by

va(t) = e M, qu(t) = P7'y(t),

and 5 = 73 * 74 defined by

73(2575)’

6[(25_2)t+1_25]M’Y(2t _ 1),

d(s,t) =
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By Theorem 6.2.3 of [12], we have
i1(72) = i1(7s).- (4.15)
By definition, we have
i1(75) = i1(73) +ip (7). (4.16)
We note that P~1y;(t) = ~3(1 — t), so the two paths 7; and ~3 are different only with two
opposite orientations. So if P~ € Sp(2n)*, by Definitions 2.3 and 2.5, we get

i1(y3) = —ip(m) —n. (4.17)

If P~1 € Sp(2n)?, then by Definitions 2.4 and 2.6, we also have (4.17). Now (4.14) follows from
(4.15), (4.16) and (4.17).

We recall that the operators A, B and M are defined by (4.4), (4.7) and (4.9) respectively.
I' = {P,|m € N} is the Galerkin approximation scheme with respect to A — M. ~ and
71 € P(2n) are defined above. We have the following result.

Theorem 4.3 For 0 < d < 1[|((A — B)|rm(a—p)) 7', there exists an mo > 0 such that
for m > my, there holds

dlmmd (Pn(A—B)Py,) =m+2n+ip(m) —ip(y) —ve(v),

dimm$ (P, (A — B)Py) = vp(7), (4.18)
dimmy (Ppn(A — B)Py) =m —ip(n) +ip(7y),
)

where mb (+), m7(-), mY(-) denote the eigenspaces corresponding to the eigenvalue A belong-

ing to [d,+00), (—o0o,d] and (—d,d) respectively.
Proof We recall that
vp(y1) = dimg kerc(y1(1) — P) = 2n. (4.19)

Let z(t) = etM¢(t), € € WY/22(R/Z,R?™). Then we have
1
(A= B)z,z) = / [(=Ji(t), (1)) — (B(t)x(t), x(t))] dt
0
:/0 [(=TE(8), (1) = (B()E(), £(1))] dt, (4.20)

where B(t) = JM + e~*M" B(t)etM
Consider the following linear Hamiltonian systems

i(t) = JB(t)z(t), z(t) € R*™. (4.21)
Suppose (t) is the fundamental solution of (4.21). Then by direct computation, we have
3() = Mo (1) = 7). (4.22)
By Theorem 2.1 of [7] (see also [12, Corollary 7.1.10]), there exists an mgy > 0 such that

dimmg (P, (A = B)Py) =m+n —ii(v2) — v1(72),
dlmmd (Pn(A — B)P,,) = vi(v2), (4.23)
dimmy (Pp(A — B)Py) = m+n+i1(72).
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We note that in [7], the constant d = 1|[((A — B)|rm(a—g)) [~ but if we check the proof of
Theorem 2.3 in [7], the proof is still go through if we replace the constant by any d € (0, do],
do = 3| ((A = B)|rma—p)) |7 Now (4.18) follows from (4.14), (4.23) and v (y2) = vp(7).

In general, for a continuous symmetric matrix function By (t) with PT(By(t +1)P = By(t),
we define an operator By in W as above. (ip(By),vp(By)) is the index pair defined in Definition
2.7. Then we have

vp(By) = dimker(A — By).

Let --- <X <A <0< A <A <+ be the eigenvalues of A — By, and let {€}} and {e;} be
the eigenvactors of A — By corresponding to )\gand A; respectively.

For m > 0, set Wy = ker(A — By), W,,, = Wy @ span{e’,--- , e, } ®spanfeq,--- ,en}, and
P,, to be the orthogonal projection from W to W,,. Then I' = {P,,} is an approximation
scheme with respect to the operator A — By. With this approximation scheme and the same
notations as in Theorem 4.3, we have the following result.

Theorem 4.4 There exists an mg > 0 such that for m > myg, there holds
dlmmj(Pm(A — )Pm) =m—+ ip(BQ) — ZP(B) + VP(B()) — Vp(.B)7
dimm (P,,(A — B)P,,) = vp(B), (4.24)
dimmy (Pn(A — B)P,,) = m —ip(By) + ip(B).

s

Proof Just as in the proof of Theorem 4.3, we have
1 ~
(4= Bojwa) = [ [(=7E0).€0) ~ Bo(0g ). €] .

So the operator A — By defined in W corresponds to the operator —J% — EO defined in
Wl/Q’Q(Sl,RQ”). With the same reason, A — B defined in W corresponds to the operator
—J4 — B defined in W/22(S',R?"). Thus by Theorem 2.3 of [6], we have

dimm} (P, (A — B)P,,) = m +1i1(Bo) — i1(B) + v1(Bo) — vp(B),
dimm$ (P, (A — B)Py) = 1 (B), (4.25)
dimmy (P (A — B)Py) = m —iy(Bo) + i1 (B).
Now by (4.14),
i1(Bo) = ip(Bo) —i(m1) = n, i1(B) =ip(B) —i(n) — n.
we get (4.24).
As a direct consequence, we have the following monotonicity result.
Corollary 4.5 Suppose continuous symmetric matriz functions B;(t), j = 1,2 with
PTB;(t+1)P = Bj(t) satisfy
Bi(t) < Ba(t), i.e., Ba(t) — Bi(t) is positive definite for all t € [0,1]. (4.26)

Then there holds
ip(Bl) + l/p(Bl) § ip(Bg). (427)
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Proof Just as done in Theorem 4.4, corresponding to Bj;(t), we have the operator B; :
W — W. Let T" = {P,,} be the approximation scheme with respect to the operator A — Bj.
Then by (4.24), there exists an mg > 0 such that if m > mq there holds

dlmm;(Pm(A — BQ)Pm) =m — ’iP(Bl) + iP(Bg),

where we choose 0 < d < 3| Bo—B||. Since A—By = (A—B;)—(By—B1) and Bo—B; is positive
definite in W,,, = P,,W and ((Bs — By)z, z) > 2d||z||, we have (P, (A— Ba)Pp,)z, z) < —2d||z||
with © € Wy @ span{e],--- ,el,} the direct summation of kernel and negative eigenspace of the
operator A — By in W,,,. It implies that

m + I/p(Bl) S m;(Pm(A — BQ)Pm) = m — ’LP(Bl) + ZP(BQ)
We note that with the same result (4.27) one can replace the condition (4.26) by condition
((By = By)x,z) > d||z|, Yz eW, (4.28)

where § > 0 is a constant number. Even for the periodic boundary case, i.e., P = I, the result
(4.27) is new.
By definition, we have
0, P #1,
ip(0) = vp(0) = dimker(I — P).
—-n, P=1,

So we have the following result.

Corollary 4.6 Suppose continuous symmetric matriz function B(t) satisfies B(t) > 0 and
PTB(t+1)P = B(t). Then there holds
ip(B) > dimker(I — P), P#1I,
(4.29)

Theorem 4.7 Let P € Sp(2n). For any two paths o and v1 € P(2n), if 0 ~p y1 on
[0,1], then
ir(v0) =ir(m), ve(v)=rve(n). (4.30)

Proof We note that v ~p 71 if and only if 5, ~1 7;, where 7;(t) = e ™My (t) for j =0, 1.

Now (4.30) follows from (4.14) and Theorem 6.2.3 of [12] for w = 1.

5 The Saddle Point Reduction and Morse Index

Let S = R/Z. We equip the Hilbert space L? = L?(S!,R?") with the usual norm

1 1/2
|22 = (/O wP) ", veer

Denote L = ™M L2(SY R?") = {x | x(t) = e"M¢(t), € € L?} and define the inner product on L
by

1
(z,y)L :/0 (e M ¢(t), e™n(t)) dt, Va(t) = ™), y(t) = eMn(t), &n e L2
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With this inner product, L is a Hilbert space and we have

(w,y)L = (Emz, Ya(t) =e™ME®), y(t) = Mn(t), &n e L2 (5.1)

Denote W = e!MW12(ST R = {z | x(t) = etME(t), € € WH2(ST R2™).
In the Hilbert space L we define an operator A by

1
(Az,y)r z/ (=J&,y)dt, Yz,y € L. (5.2)
0

Then the domain of A is domA = W. The range of A is closed and the resolution of A is
compact. We define an operator M : L — L by

(M, )1 :/O (—IMa(t), y(t) dt, Va,ye L. (5.3)

Under the norm of the space L, the spectrum of the operator A — M is o(A— M) =27Z. It is
a point spectrum, i.e., it contains only eigenvalues, and the multiplicity of every eigenvalue is
2n. The eigensubspace of A — M belonging to the eigenvalue 2k is

By, = "™ exp(2kntJ)R?™ = "M ((cos 2kmt)T + (sin 2knt).J)R?".

Especially, ker(A — M ) = eMR2" In the following of the this section, we denote A, = A — M.
We consider the Hamiltonian systems (4.1) with condition (H1) in Section 4 and
(H3) There exists a constant C(H) > 0 such that

|H"(t,x)] < C(H), Y(t,z)€[0,1] x R*", (5.4)
Define a functional on the space L by
1
o(z) = / H(t, (1)) dt. (5.5)
0
By conditions (H1) and (H3), we have g € C1(L,R), and
g'(z) = H'(t,x). (5.6)
¢'(z) is Gadeaux differentiable, its Gadeaux derivative is
dg'(x)y = H"(t,z(t))y, (5.7)

and there exists a constant ¢(H) > 0 such that

ldg" (@)l ey < c(H). (5.8)

Define the action functional by
1 1
flx) = §<A:1:,:17>L —g(z) = §<Aoox,x>L — goo(x), Va € domA=W, (5.9)

where goo(z) = —%(Mx,x)L + g(x). Under conditions (H1) and (H3), f € CY{(W,R), f' is
Gadeaux differentiable. The critical points of f are solutions of the problem (4.1).
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Let Py: L — Ey = e"™R?" be the projection map. Define
AQ.’E = AOOZL' + P()I, VeeW. (510)

Without loss of generality, we suppose the constant in (5.8) satisfies ¢(H) ¢ o(Ap) and ¢(H) > 1.
Denote by {E} the spectral resolution of the selfadjoint operator Ap, and define the projections
on the Hilbert space L by

c(H) +o0 —c(H)
P :/ dE,, PT :/ dEx, P~ :/ dE,. (5.11)
c(H) c(H) —00
Then the Hilbert space L possesses an orthogonal decomposition
L=L"eL &2Z, (5.12)

where Z = PL is a finite dimensional space, and L* = P* L. With standard arguments as in
[12, 1, 2], we have the following result.

Theorem 5.1 Suppose the function H satisfies the conditions (H1) and (H3). Then there
exists a functional a € C*(Z,R) and an injection map v € CY(Z, L) such that v : Z — W
satisfies the following conditions:

(1) The map u has the form u(z) = w(z) + z, where Pw(z) = 0.

(2) The functional a satisfies

a(z) = f(u(z)),
a'(2) = Asez — Pyl (u(2)) = Asou(z) — gho(u(2)),
a”"(2) = (AP — Pdgc, (u(2)))u (2) = [Ase — dgl (u(2))]u'(2).

And a' is globally Lipschitz continuous.

(3) z € Z is a critical point of a, i.e., a’(z) =0, if and only if u(z) is a critical point of f.

(4) If g(u) = (Bu,u), = fol (Bu(t),u(t)) dt for all u € L, where B is a constant symmetric
matriz defined on R*" satisfying PTBP = B, then a(z) = 5((A— B)z,2) L.

(5) dimkera”(z) = vp(7y), where v is the fundamental solution of the linear Hamiltonian
systems y = JH" (t,u(2)(t))y.

Particularly, for the symmetric matrix continuous function B(t) satisfying B(t + 1) =
(PT)=1B(t)P~!, we define a symmetric operator B on L by

1
(Bay)i = [ (BOO.v@)dt, Yoye L (513)
0
and define )
flx) = 5((14 — B)z,x),, VaxeW. (5.14)
The critical points of f are solutions of the following problem

{a'n = JB(t)z,

5.15
z(1) = Pz(0). (5.15)
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By Theorem 5.1, we obtain a subspace

7= {x ‘ w(t) = > M exp(2knt)ay, ay € RQ"}
[k|<ko

with a sufficiently large ky € N, an injection map u € C*°(Z,L), and a smooth functional
a € C*(Z,R) defined by

a(z) = f(u(z)), VzeZ. (5.16)
Let 2d = dim Z. Note that the origin of Z as a critical point of a corresponds to the origin of L
as a critical point of f. Denote by m* for x = 4,0 and — the positive, null, and negative Morse
indices of the functional a at the origin respectively, i.e., the total multiplicities of positive,
zero, and negative eigenvalues of the 2d x 2d matrix a”’(0) respectively. We have the following
result.

Theorem 5.2 There holds

m~=d+ip(y) —ir(n)—n,
m® = vp(y), (5.17)
m*=d—ip(y)+ip(y)+n—ve(y).

Proof By the computation in (4.20), we have

Fla) = 54(A ~ B)a, ), = / [(—JE(), €1)) — (B(t)E(t), £(8))] dt, (5.18)

where z(t) = et™¢(t) € W. The eigenvalue of A in L corresponds to the eigenvalue of —J 4
in L? = L?(S',R?"). The solutions of (5.15) corresponds to the 1-periodic solutions of the
systems (4.21). The fundamental solution of (4.21) is y2(t) defined by (4.22). So by Theorem
6.1.1 of [12] for w = 1, we have

m~ =d+ 7;1(72)5

m°® = vy (72), (5.19)
m* =d—i1(y2) — vi(7e).

Now (5.17) follows from (4.15)—(4.17).

We consider problem (4.1) with H satisfying condition (H1) in Section 4 and (H3) above.
Recall that the functional f(x) is defined in (5.9). By Theorem 5.1, there exist the corresponding
functional a : Z — R and an injection w : Z — L such that a(z) = f(u(z)). Suppose
z = z(t) € Z is a critical point of a. Then x = z(t) = u(z)(t) is a solution of problem (4.1).
Suppose m*(z) with x = 0, & are the Morse index of a at z. We have the following result.

Theorem 5.3 Under the above conditions and notations, there holds
m d
mY (2) = vp(z), (5.20)
d

Proof (5.20) follows from (2) in Theorem 5.1, and that (5.19) is true for this case if we
replace B(t) in (5.14) by H”(t,x(t)) (cf. [13, Theorem 7.1.1}).
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6 Relations with the Morse Index of Second Order Systems

Given a matrix U € SO(n), we consider the following problem

(6.1)

{a'é +VV(t,z) =0,
2(1) = Uz(0), (1) = Ui(0),

where V € C?(R x R™, R) satisfies V(t + 1,Ux) = V(¢,z) for all (t,z) € R x R™. Let D be an
n X n matrix satisfying e? = U and D + DT = 0. And Let W = e!PW2(S1 R") with the
inner product

1
(2, yhw = / (1), 5(t)) + (E(t), §(1))] d.

We define a functional F': W — R by

Flz) = /0 [%(g'c(t),x'(t)) V()| di, Ve w (6.2)

The critical points of F' are solutions of problem (6.1). Suppose x € W is a critical point of F.
The Hessian of F' at x is given by

1
(F"(x)y, ) = /0 [(9(t), 2(2)) — (AV(t, =(8))y(t), (¢))] dt. (6.3)
The linearized system of (6.1) at x is given by the linear second order systems
g+ AV (t,z(t))y = 0. (6.4)
We rewrite this systems into a first order linear Hamiltonian systems
= JB(t)z, zcR™, (6.5)
where z = (7,y)7 and B(t) = (_é _AV(Ot,I(t))). It is easy to check that
B(t+1)= (P H)TB(t)P!, (6.6)

where the 2n x 2n symplectic matrix is defined by

p= <g 8) (6.7)

Suppose 7 = 7(t) is the fundamental solution of (6.5). Then the index (ip(y),vp(7y)) with
P-boundary condition is well defined. We denote the Morse index and nullity of F' at x by
m~(x) and m°(z), i.e., the total multiplicities of all the negative eigenvalues and zeros of F”(z)

respectively.

Theorem 6.1 Under the above conditions, there holds
m~(x) = ip(y) —ip(n) —n, m°(x) =vp(y), (6.8)

tD
where y1(t) = (60 tOD>.
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Proof From (6.3), we have
1 ~
(F"(x)y,2) = /0 (=€ + D& i) + (DE,m) + ((D* + C)g,m)] dt, & n € WH(SLR™) (6.9)

with y(t) = e'P&(t) and z(t) = ePn(t), C(t) = e P AV (L, 2(t))e!P. From (6.9), we obtain the

Sturm system:
d

Cdt
Setting —& — D& = ¢ and z = ((,€)T, we rewrite (6.10) into the following first order linear

Hamiltonian system

(=€ — DE) + DE+ (D* + C)E = 0. (6.10)

i=JB(t)z, zeR>™, (6.11)
with the matrix B defined by

B(t) = (;j %z)) — M 4+ (=) B (t), M= (10) g) (6.12)

Suppose 7 = 7(t) is the fundamental solution of the system (6.11). Then by Theorem 7.3.1 of
[12], we have

m”(z) =i (7), m°(x) =n(3). (6.13)
By direct computation (see (4.21), (4.22)), we get ¥(t) = v1(—t)v(t) = 72(¢t) which is defined
in Theorem 4.2. Then by (4.14), we get (6.13).

7 Applications: Asymptotically Linear Hamiltonian Systems with
Non-periodic Boundary Condition

To the author’s knowledge, the most beautiful (direct) application of the Maslov-type index
theory for the case of periodic Hamiltonian systems is to study the existence and multiplicity of
solutions of asymptotically linear Hamiltonian systems. The study on the periodic solutions of
asymptotically linear Hamiltonian systems in global sense started from 1980 in [1]. Since then
many contributions on this problem have appeared (cf. [2, 3, 7, 8, 12, 14]). In this section, we
consider the non-periodic (P-boundary) solutions of asymptotically linear Hamiltonian systems.
We note that the key point is the index developed in this paper.

We consider the following Hamiltonian systems with non-periodic boundary condition:

{dc(t) = JH'(t,2(t)),

7.1
z(1) = Pz(0), (7.1)

where H € C*°(R x R?", R) satisfies H(t+1, Px) = H(t,x), V (t,x), and H'(t,z) is the gradient
of H with respect to the variables . It is clear that
PTH"(t+1,Px)P = H'(t,2). (7.2)

We turn to study the existence and multiplicity of solutions of asymptotically linear Hamiltonian
systems. A Hamiltonian system is called asymptotically linear at infinity if
(Hoo) There exists a continuous symmetric matrix function B (t) such that

PTB.(t +1)P = B, (t) foralltcR
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and
|H'(t,2) — Boo(t)z||g2n = o(]|2|r2n) (7.3)

uniformly in ¢, as ||z||gen — oo.

We remind that for a matrix function B = B(t) satisfying PTB(t + 1)P = B(t), the index
pair (ip(B),vp(B)) is defined by Definition 2.7. In the following result, we suppose vp(Bs) = 0
and denote o, = ip(Buo)-

Theorem 7.1 Suppose H satisfies conditions (H1), (H3), (Hy) (see (4.2), (5.4) and (7.3)).
Then problem (7.1) possesses at least one solution xg. Let B(t) = H"(t,z¢(t)) and (ip,vo) =
(ip(B),vp(B)). If

ivo & [i0, 40 + 10], (7.4)

problem (7.1) possesses at least two solutions. Furthermore, if xo is not pseudo-degenerated,
and
ioo & [i0 — 2n,d0 + 1o + 2n], (7.5)

problem (7.1) possesses at least three solutions.

Remark Suppose that zg is a critical point of f defined by (5.9). By Theorem 5.1, zg = Pz
is a critical point of a. Suppose the critical set of a is isolated. Then zq is a isolated invariant
set of the gradient flow of a. By Conley homotopic index theory, we get the Conley homotopic
index h(zp), and its Poincaré polynomial

m° (zo)
p(t, h(z0)) = m* (z0) Z ajt’, a; €{0,1,2,---}, ap=0or Umo(z) = 0,
j=0

m*(zo), * = 0,£ are defined in (5.20) (cf. [1, 4]). We say that z( is pseudo-degenerated if
p(t, h(z0)) = 0 or contains the factor (1 4 t). Theorem 7.1 should be compared with the main
result of [10] (see also [12, Theorem 7.2.2] and [2, Theorem 4.1.3]) where they considered the
periodic solutions of asymptotically Hamiltonian systems. The main ingredients of the the proof
are the Maslov-type index theory, the Poincaré polynomial of the Conley homotopic index of
isolated invariant set, and the saddle point reduction methods. The Conley homotopic index
theory can be used here for the proof of Theorem 7.1. Now by using the index theory and the
saddle point methods developed in Section 5, we can prove Theorem 7.1 as done in [12] and
[10]. We omit the details.

By the index theory and the Galerkin approximation methods developed in Section 4, similar
to [7] and [3], we have the following result.

Theorem 7.2 Suppose H satisfies conditions (H1), (H2), (Hoo) (see (4.2), (4.3) and (7.3))
and

(H4) There exists continuous symmetric matriz function By(t) such that for all t € R,
PTBy(t +1)P = By(t) and

H'(t,z) = Bo(t)x + o(|z]) as |z| — 0 uniformly in t. (7.6)
(H5) For h(t,z) = H(t,z) — (Bs(t)z, ) with (t,z) € R x R?", either

h(t,z) — 0, [W(t,z)] =0 as|z| — +oo uniformly in t, (7.7)
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or
h(t,z) — +oo, |W'(t,z)] =O0() as|z| — co uniformly in t. (7.8)

Then problem (7.1) possesses a nontrivial solution, provided that
[ip(Bo)7ip(Bo) + I/p(Bo)] N [ZP(BOO),ZP(BOO) + VP(BOO)] = 0. (79)

Remark Theorem 7.2 should be compared with results in [3] and [7] (see also [12]), where
the periodic solutions were studied. The main ingredients of the proof given in [7] are the
Maslov-type index theory, the Galerkin approximation methods (the results stated in (4.23)
and (4.25)), and the critical point theory, specially, the saddle point theorem.

Similarly, we have developed the index theory which is parallel to that of Maslov-type index
in the periodic case and is suitable to use in our case here. We have also developed the Galerkin
approximation methods in Theorem 4.3. The critical point theory can also be used here to find
as many critical points as that in [7] and [3]. So we can modify the proof given in [7] or [3] to
give a proof of Theorem 7.2. We omit the details for simplicity.

References

[1] Amann, H. and Zehnder, E., Nontrivial solutions for a class of non-resonance problems and applications
to nonlinear differential equations, Ann. Scoula Norm. Sup. Pisa. Cl. Sci. Series 4, 7, 1980, 539—603.

[2] Chang, K. C., Infinite Dimensional Morse Theory and Multiple Solution Problems, Birkhéduser, Basel,
1993.

[3] Chang, K. C., Liu, J. Q. and Liu, M. J., Nontrivial periodic solutions for strong resonance Hamiltonian
systems, Ann. Inst. H. Poincaré Anal. Non. linéaire, 14(1), 1997, 103-117.

[4] Conley, C., Isolated Invariant Sets and the Morse Index, CBMS Reg. Conf. Series in Math., 38, Amer.
Math. Soc., 1978.

[5] Conley, C. and Zehnder, E., Maslov-type index theory for flows and periodic solutions for Hamiltonian
systems, Commum. Pure Appl. Math., 37, 1984, 207-253.

[6] Ekeland, I., Convexity Methods in Hamiltonian Mechanics, Springer-Verlag, Berlin, 1990.

[7] Fei, G. and Qiu, Q., Periodic solutions of asymptotically linear Hamiltonian systems, Chin. Ann. Math.,
18B(3), 1997, 359-372.

[8] Li, S. and Liu, J., Morse theory and asymptotically linear Hamiltonian systems, J. Diff. Fqua., 78, 1989,
53-73.

[9] Long, Y. and Zehnder, E., Morse index theory for forced oscillations of asymptotically linear Hamiltonian
systems, Stoc. Proc. Phys. and Geom., S. Albeverio et al. (eds.), World Sci., 1990, 528-563.

[10] Long, Y., Maslov-type index, degenerate critical points, and asymptotically linear Hamiltonian systems,
Science in China, 33, 1990, 1409-1419.

[11] Long, Y., A Maslov-type index theory for symplectic paths, Top. Meth. Nonl. Anal., 10, 1997, 47-78.

[12] Long, Y., Index Theory for Symplectic Paths with Applications, Progress in Mathematics, Vol. 207,
Birkhauser Verlag, 2002.

[13] Long, Y., Index Theory of Hamiltonian systems with Applications (in Chinese), Science Press, Beijing,
1993.

[14] Viterbo, C., A new obstruction to embedding Lagrangian tori, Invent. Math., 100, 1990, 301-320.



