Advanced Nonlinear Studies 6 (2006), 399-410

Homoclinic Orbits For First Order Hamiltonian

Systems With Convex Potentials

Xiangjin Xu
Mathematical Sciences Research Institute
17 Gauss Way, Berkeley, CA 94720
Current address:
Department of Mathematics, University of Virginia
P.O. Box 400137, Charlottesville, VA 2290/

e-mail: rx8nQ@uirginia.edu

Received in revised form 16 January 2006
Communicated by Yiming Long

Abstract

In this paper new estimates on the C'°-norm of homoclinic orbit are shown for first
order convex Hamiltonian systems possessing super-quadratic potentials. Applying
these estimates, some new results on the existence of infinitely many geometrically
distinct homoclinic orbits are proved, which generalize the main results in [2] and [10].
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1 Introduction

Let H(t,u) € C?(R x R?Y R) and consider the Hamiltonian system

(HS)  Ju+VH(t,u) =0, (t,u)€ Sy xR,

. . 0 —Iy
with H(t,u) = 5(Au,u) + W(t,u), where J =

2 Iy 0

symmetric matrices, and W (¢, u) is T-periodic in ¢-variable and satisfies globally super-
quadratic in the u-variable, i.e., the potential W satisfies

>,A—A*areQN><2N
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(H1). There is a constant p > 2 such that
0 < puW(t,u) <uVW(t,u), ¥|u|>0.

Recall that a solution v of the system (H.S) is said to be homoclinic to 0 if © # 0 and
u(t) — Oas [t| — oo. Inrecent years there have been many papers devoted to the existence
of homoclinic orbits for the system (HS) (e.g., [1]- [4], [6]- [11]) by variational approach.
In these papers, a condition is required on the growth of H (¢, u) at infinity as

(H4),. There are constants ¢ > 0 and p > p, such that
W(tw)| <P, for |l large.

In the author’s recent paper [12] and [15], the existence of homoclinic orbits for the
system (HS) with (or without) symmetry was studied under some weaker conditions as

(H4). There are constant ¢, R > 0, such that
VW (t,u)| < (VW (t,u),u),V|u| > R.

or

(H5). HmsupM — 0, or liminf bW _
| oo [U[FWV (t,u) u|—oo UMW (t, u)

=0, uniformly.

When W (¢, w) is further assumed to be strictly convex in u variable, the existence of
infinitely many geometrically distinct homoclinic orbits for the system (HS) was proved
under condition (H4),, in [10] by using the dual action principle of Clarke and a precise
studying at the level ¢ and the level 2c¢ of the functional f.

In this paper, we shall show the existence of infinitely many geometrically distinct
homoclinic orbits for the convex Hamiltonian systems with potentials satisfying (H4) or
(HS). The reason that we can’t apply directly the results in [12] to the convex Hamiltonian
systems (HS) here is that in [10], the critical points are obtained through the dual action
principle of Clarke and we can’t get the uniformly bounded estimates on the critical values
as required in [12]. In [14], we study the periodic solutions for the convex Hamiltonian
systems (HS), where we need to deal with the same problem for the periodic solutions.
Combining the ideas in [12] and [14], we prove two new estimates for C¥ bound for the
homoclinic orbits with respect to bounded potentials under condition (H4) or (HS); we also
proved the same estimates for C° bound for periodic solutions in [8] and [13]. Using the
ideas from [12], [14] and [15], we have the following results:

Theorem 1.1 Suppose H(t,u) satisfies (H1), (H4) (or (H5)), and

(A) JA is a constant matriz, all eigenvalues of which have non-zero real part,
(H2) H(t,u) is T-periodic in t-variable and strictly convez in u-variable,

(H3) for some constant ¢ > 0, W (t,u) > clul* for all (t,u) € R x R?N.

Then there are infinitely many homoclinic orbits of system (HS), geometrically dis-
tinct in the following sense u # v if and only if u(-) # v(- +nT) for all n € Z.
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Remark 1.1 In [10], the systems are restricted to those of which the potential grows as
|ul* at infinity from the condition (H4),. Here by our condition (H4) or (HS), the same
results hold for systems with a much larger class potentials, including those with growth
rates exp(|u|®) at infinity. Especially from condition (H5), one can add any super-quadratic
autonomous potential to the system (HS) and the results will still hold.

We organize this paper as following: In Section 2, we prove two new estimates on
the bound of C°-norm of homoclinic orbits of the system (HS) under the conditions (H1)
and (H4)(or (H5)). In Section 3, we firstly study the homoclinc orbits of a sequence of
modified systems and show there is a uniform C° bound for all orbits, then we obtain our
main results, and we also get some results when the quadratic term of the potential depends
on t-variable.

2 Two estimates

In this section, we shall study the C° bound of homoclinic orbits for a sequence of modified
systems
(HS)"  Ju+VH,(t,u) =0, (t,u)€ Sy x R,

where the potentials {H,, = 1 (Au,u) + W, (t,u)} satisfy

Proposition 2.1 H satisfies (H1), o € (0,1] such that uo > 2, and there exist two
sequences {K,} and {K]} in R such that {H,} satisfies

(i) 0 < Ko < K, < Kpy1,¥n € N, and K,, — o0 as n — oo, and K, < K|, for
each n € N.

(ii) for any given t € St, H,(t,u) € C*(R*V,R), for every n € N.

(ii3) Hy(t,u) = H(t,u),V|u| < K,,, for every n € N; and for some A € [0,1], such
that W (t,u) = (1o + D)|u|"*,V|u| > K, for every n € N.

(iv) 0 < oWy (t,u) < (VWy(t,u),u),V|u| >0, for every n € N.

Remark 2.1 Proposition 2.1 was first proved in [7], where the author studied the multi-
plicity of periodic solutions of perturbed superquadratic Hamiltonian systems. In fact, in
[7] the author proved also that one can choose { H,, (¢, «) } monotone increasing as n — oo.
Here we don’t need this monotone property. Later, this proposition was widely used in [8],
[12]-[15] to studying the existence and multiplicity of periodic solutions and homoclinic
orbits for first order Hamiltonian systems with general superquadratic potentials.

Here, combining the ideas from [12], where we study the existence of periodic solutions
for the convex Hamiltonian system, and [14], where we study the existence of homoclinic
orbits for the general Hamiltonian systems, we prove two new estimates on the C° bound
of homoclinic orbits of the modified systems (H.S)™ under the condition (H4) or (H5).

Lemma 2.1 Suppose H(t,u) satisfies (H1) and (H4), {H,} satisfies Proposition 2.1,
and u(t) is a solution of system (HS)™ such that

/ VW (t, wyudt < C, / W (t, u)dt < C. (2.1)
R R
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Then we have the following estimate
ulloo < M

where M is independent of u and n .

Proof. Integrating (iv) of Proposition 2.1 we yield

Walt,u) = alul"?, V| 21,
Wi(t,u) < blult?, Vu <1

Where a = minjy =1 s, W(t,u) and b = max|, <1 es, |W(t,u)| are independent of
n. We first show that for large enough n,

[lullco < K.

If not, by passing a subsequence, without loss generality, for each n € N, there exists
un(t) and t,, € R, such that |u,(t,)] = Kn, [un(0)] = 1and 1 < |u,(t)| < K, for
t €[0,t,). Since

tn tn

tn
C > / Wi (t, up)dt > Wi (t, up)dt > a/ |, [Fdt > a/ |y, |dt
R 0 0

0

we have fot" |un|dt < C/a. Hence we have

tn d
Kol = funlta) = fen(@)] = [ Llun(o)lds
0 S

_ A%w@mammmw@

< /0 li(s)|ds  (since [un(s)] < Ko)
< Ammmm+WW@w@mw(@wm
SIMMwAI%@W&MA (TW (5, tn(5)), ten())ds
< NlC—i—c/(VWn(s,un(s)),un(s))ds

R
S N10+CC

where ¢, N1 and C' are n-independent constants. But we have K,, — co, as n — oo. This
leads to a contradiction. Hence there exists m € N, which is determined by W (¢, u) and
N only, such that for any n > m, if w is a critical point of the modified system (H.S)™ with
(2.1), then ||u||co < K, holds.

Hence for any critical point u of the modified system (HS)" with (2.1), if n > m,
repeating the about computation, we have

lu(t)] < NiC' +¢C+1, VteR.
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For k < m, from (ii7) of Proposition 2.1, we have
VWi (t,u)| < e (VWi (t,u),u), V|ul>1

for some suitable constant c, which is determined by W, for k = 1,2,---,m — 1. Hence
by the same argument as above we have

lu(t)] < NiC +¢,C+1, VteR.
Then we have
llullco < max{N1C+cC+1, N\C+cxC+1, k=1,2,--- ,m—1} = M.

Hence our Lemma holds.
Q.E.D.

Lemma 2.2 Suppose H(t,u) satisfies (H1) and (H5), {H,} satisfies Proposition 2.1,
and u(t) is a solution of system (HS)™ such that

/ VW, (t, u)udt < C, / Wy (t,u)dt < C.
R R

Then we have the following estimate

|lullco < M
where M is independent of v and n .
Proof. As above proof, we have

Wi(t,u) = alul*, Vu| 21,
Wy(t,u) < blul*?, V]ul <1

Since W (t, u) satisfies (H5), defining

(r) sup Wi(t, u)
o(r) = BERARAL tht A
|u|>r,teSt |’LL|'”W(t, u)

and Wat.u)
_ t tau
or) = ul>rtess [u|FW (t, u)

then (H5) means
lim o(r) =0or lim d(r)=0.

T—00 T—00

Case I: Suppose that we have

lim o(r) = 0.

T —00
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By the definition of o(r), we have o(r) is decreasing to 0. Fix a large R > 1 such that
a—o(R)C > 0.

Firstly we show |u|co < K, for large n. If not, by passing a subsequence we may
assume for each n, there exist u,, (t), a,, and b,, such that

(an,bn) C{t e RIR < |un(t)] < Ky}

and |uy, (an)| = R, |un(by)| = K. Since we have

bn bn

bn
Cz/ W (t, up )dt > W(t,un)dtz/ a|un(t)\“dt2/ alu, (t)|2dt
R a

an A n

hence f alun (t)|?dt < C/a. Here we have

H(bp,un(by)) — H(an, un(an))
by

%Hn(t, un (t))dt (since |u,(t)| < K5)

by

b
VH,, (t, un(t)) -ﬂn(t)dt—i—/ Hy(t, up(t))dt

by 1 d by,
= 2(th)un Updt + Wi (t, uy,)dt

an

an

bn bn
< e [ alun@Pdt [ oDl W (2 )i
n b/n/ n
< NiCHo(R)K) W (t, uy)dt
< N10+J(R)K;;/ W (£, un)dt
R
< N\C+ o(R)CKP.

Hence we have
H (b, un(bp)) — H(an, un(an)) < NMC + o(R)CKY.
On the other hand, we have
H by, tn (b)) = H(an, un(an))

%(Aun(bn)v un(bn)) + W(bm un(bn)) - H(an» un(an))

nbnu_A oonan_ Hta
afun(On)" = |Allzeeun(bn)" = max [H(tw)]

Y

KM —||Al| < K% — H(t,u)).
aKl —||A]|p= K, \ué%?fésT' (t,u)l
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Combine above two formulas, we have

(a —o(R)C)K! — ||A||p=K2 < Ni1C + max  |H(t,u)|.
[u|<R.t€ S

Since ¢ > 2, a — o(R)C > 0 and K,, — 0o as n — oo, the left side tends to infinity,
but the right side is a constant independent of u and n. This leads to a contradiction. Hence
there exists m € N, which is determined by H (¢, «) and N only, such that for any n > m,
if u(t) is a critical point of the modified system (HS)™ with (2.1), we have |u|co < K.

For n > m, if the C%-norm of critical points u, which satisfy (2.1), doesn’t have an
n-independent upper bound M, then repeating the above proof by replacing K,, by M,
with M,, — oo as n — 0o, we can also get the contradiction. For n < m, as the proof in
last part of Lemma 2.1, we have

lu(t)] < NiC +cxC+1,VteR

where ¢y, is determined by Wy fork =1,2,--- ,m — 1.
Hence we have

[lul|co < max{My, Ni1C +¢c,C+1, k=1,2,--- . m—1} =M.

Case II: Suppose that we have lim,_, o, 6(r) = 0.
We need only to modify the proof of Case I a little. By the definition of §(r), we have
d(r) is increasing to 0. Fix a large R > 1 such that

a+0(R)C > 0.

We have
S(R)C)KE — ||Al| L= K2 < H(t
(04 (RIS ~[|Allp~ K7 < max [ ()]
where a + §(R)C > 0 and K,, — oo as n — oc. Using the same argument as in Case I,

we have
[[ullco < M.

By combining these two cases, we obtain the Lemma. Q.E.D.

3 Proof of Theorem 1.1

In order to prove our Theorem 1.1, we first modify the H by a sequence {H,,} which
satisfies Proposition 2.1 and (H2) such that we can apply the results in [10] to the modified
system (HS)™, which are the systems replacing H by H,, in the system (HS). We do
the truncation the same way as done in page 185 of [5], where the authors dealt with the
truncation for H under autonomous case. Here we do the same truncation to H (¢, -) for
any fixed ¢t € St as they did to H(+), and we can also let o = 1 in Proposition 2.1 from the
construction in [5]. Then we have a sequence of modified systems:

(HS)"  Ju+VH,(t,u)=0, (t,u)€ Sy xRN
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where each H,, = 1 (Au, u) + W,,(t, u) satisfies (4), (H1), (H2), (H3) and (H4),.
Now following the setting in [2] and [10], we state the following Lemmas without

proofs; one can find the further details and proofs in [2] and [10]. Before studying the

non-linear equation (H S)", we first study the linear operator: v — —Ju’ — Au. We have:

Lemma 3.1 (Lemma 1 in [10]) Assuming (A) and choosing 3 € (1,2), the opera-
tor D : W8 — L8
u— —Ju — Au

s a bicontinuous bijection, whose inverse L is a convolution kernel:
r=-Ju —Au & Lz(t) =u(t) = (Lxx)(t)
with
‘C(t) = etE(XR+ (t)Ps + XR_ (t)Pu)

Here x is the convolution operator, Ps and P, are the projections on the stable and
unstable spaces of the hyperbolic flow et¥, and x is the characteristic function of
set I.

The variational formulation used here is inspired by Clarke’s dual action principle. As
in [10], define the Legendre transform G of W by

G(t,z) = sup [(z,u) — W(t,u)].

ueR2N

Now we define the functional f.

Lemma 3.2 (Lemma 2 in [10]) Suppose (A), (H1), (H2), (H3) and (H4), are
true for H. Define 8 € (1,2) by l% +% = 1. Consider the functional f, on
LA(R,R2N)

1
flz) = / G, (t,x)dt — f/ (x, Lx)dt.
R 2 J/r
f is well defined and of class C'. Denote
C={xelM¥W Vg £0and f'(z) =0},
if x € C, we have u(t) = Lx(t) is a classical solution of the system (HS).

Now define I' = {y € C°([0,1], L*#=D)|5(0) = 0, f(7(1)) < 0}. We are in a
minimax situation:

Lemma 3.3 (Lemma 5 in [10]) Assume (A), (H1), (H2), (H3) and (H4), are
true for H. Then I is non-empty, and ¢ = inf,cr(max f(y(-))) > 0. C has therefore
at least one element x, with f(x) < c. Moreover, if C/Z is finite, then there is x € C
with f(x) =ec.
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These Lemmas were stated in [10] and proved in [2]. In [10], for the convex Hamilto-
nian system with potential H satisfying (A), (H1), (H2), (H3) and (H4),, by studying
the level 2c¢ of the functional f for the system (H.S), the author proved the following main
result:

Theorem 3.1 (Multiplicity Theorem in [10]) Assuming H satisfies (A), (H1),
(H2), (H3) and (H4),, there are infinitely many homoclinic orbits of system (HS),
geometrically distinct in the sense that u # v if and only if u(-) # v(- +nT) for all
n € Z.

To prove Theorem 1.1, we shall apply Theorem 3.1 to the modified systems (H S)", and
using the Lemmas in last section and the estimates on the homoclinic orbits of the modified
system (H.S)™, which is based on the construction of the homoclinic orbits in [10]. We
show that for n large enough, the homoclinic orbits of the modified system (HS)" are
exactly the homoclinic orbits of system (H.S).

Proof of Theorem 1.1 . From Proposition 2.1 and condition (A) and (H3), for the
each modified system (HS)", the conditions of Theorem 3.1 are satisfied. Then we have
infinitely many geometrically distinct homoclinic orbits {u,, 1 } ren for every modified sys-
tem (H.S)™.

Next we study the bound of {||u,, x||co }n,ken. Define the Legendre transform {G,, }
of {W,} by

Gn(t7 l‘) = sup [(m,u) - Wn(tvu)]
u€R2N
From Proposition 2.1, we have W, (t,u) > alu|* for all |u| > 1, where we may let
a = minjy|—1 +e5, W(t,u) as in Lemma 2.1. Define Wy(¢,u) = min{a, c}|ul, where
¢ comes from condition (H3), which implies W, (t,u) > Wy(t,u),¥|u| > 0, for every
n € N. By duality, the assumptions on {W,, } imply the following properties of {G,, }:

(G1). Gy (t,z) < Go(t,z),V|z| > 0, for every n € N, where Gy (¢, z) is the Legendre
transform of Wy (¢, u).

(G2). 55Gu(t, ) = (VGu(t,x),2) > 0,V|z| > 0, for every n € N.

For each integer n € N U {0} as in Lemma 3.2, with 5 = p/(pu — 1), we define the
functional f,, on L*/(#=1)(R, R2N)

) = /R [Gn(t,x)—%(x,Lx)]dt,

where Lx(t) is defined in Lemma 3.1. From Lemma 3.2, we know f,, is well defined and
of class C'! for each n € N U {0}. Let

Cpn = {z e LMW Vg £ 0and f(x) = 0}.

If x € C, we have u(t) = Lxz(t) is a classical solution of the modified system (H.S)".
Define

o = {y € C°([0,1], LY 1= D)[4(0) = 0, fu(+(1)) < 0}.
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From Lemma 3.3, we know that I is non-empty, and

en = inf (max f,(7()) > 0.¥n € N.

From (G1), we have
cn < ¢p, Vn € N.

From the Remark at the end of [10], we know that for each integer n € N U {0},
(C,, N f2¢n+1) /7 is infinite; here we choose € = 1 in the results of that Remark. Hence
we may assume that for every system (HS)", the homoclinic orbits w,, = L, x, which
obtained from Theorem 3.1, satisfy

fa(@n k) < 2cp +1<2¢)+1, Vn,k € N.
Since x,, j is a critical point for f,, on LM/ (#=1) e have
Un,k(t) = Ly k(1) = VG (t, 20 k(t)), VtER.
Using the Lgendre reciprocity formula
VG, (t,x) =u, iff VW,(t,u) ==z,

together with (G2) and (H1), we have

1
g t1 > / (Gt ) — 5 (e, L)t
R

> [”T_l_ %} /R (@ s VG (b 1 (1)) )t
= [% - %] /R(un,kaVWTL(tvun,k(t)))dt
> [£-1] | Wt un (1)t

Hence we have
/ VWn(t,un,7k)u7,,7kdt < C, / Wn(t,umk)dt <C VTL, ke N
R R

where C is independent of n, k. Now applying Lemma 2.1 and Lemma 2.2 to the homo-
clinic orbit sequences {u, i }n ken. we have a uniform bound M such that

||t k||co < M, Vn,k € N.

Since K,, — o0 as n — oo, we have K,, > M for n large enough. For such a system
(HS)™, from (iii) of Proposition 2.1, which says

H,(t,u) = H(t,u), Viul < K,
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we know that the homoclinic orbits of system (HS)", each of which satisfies
[tn k()] < Kn, vVt € R,

are exactly the homoclinic orbits of system (H.S). Q.E.D.

Notice that condition (A) is only used in Lemma 3.1 in the proof. For the potential
H(t,u) = 1L(t)u - u+ W (t,u), we replace condition (A) by:

(L). L(t) depends on t with period T, and there is o > 0 such that (0,)No(A) =
0 where A = —(J 4 + L(t)) is the selfadjoint operator acting on L*(R,R?N) with
the domain D(A) = HY(R,R?N) and o(A) is the spectrum of A.

or

(L). L(t) depends on t with period T, and there is o > 0 such that (—a,0) U
o(A) = 0 where A = —(J 4 +L(t)) is the selfadjoint operator acting on L*(R, R?N)
with the domain D(A) = H*(R,R?*N) and o(A) is the spectrum of A.

In [3] and [4], the same results on the linear operator D : u — —Ju’ — Au are studied,
and our Lemma 2.1 and Lemma 2.2 hold for the potentials H (¢,u) = 3 L(t)u-u+W (t, ).
Hence we have the following results:

Theorem 3.2 Suppose H(t,u) = SL(t)u-u+ W(t,u), where L € C'(R, R4N2) is
a 2N x 2N symmetric matriz valued function and W € C*(R x R?N R) satisfies
(L)(or (L)), (H1), (H2), (H3) and (H4) (or (H5)), there are infinitely many
homoclinic orbits of system (HS), geometrically distinct in the sense that u # v if
and only if u(-) # v(- +nT) for alln € Z.
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