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1. Introduction

In this paper, we study the concept of weak disconjugacy for linear, time-varying Hamiltonian differential systems. This
notion was introduced in [6], and it was shown there that it is a natural generalization of the classical idea of disconjugacy.
One advantage of weak disconjugacy as opposed to disconjugacy is that it can be studied under a very weak version of the
condition of identical normality, which is often imposed when studying the classical disconjugacy concept [3,7,20].

Our goals are as follows. First, we show that, under the just-mentioned weak version of identical normality, the notion of
weak disconjugacy can be characterized by a nonoscillation condition. Our starting point is the discussion in [6]; we extend
the results given there. As in [6], we use an argument function of Yakubovich ([25,26]; see also Lidskii [17]).

Second, we give conditions sufficient that a weakly disconjugate system admits a principal solution (see also [6]). We
then determine conditions under which the principal solution depends continuously on a parameter. We extend a result
of [14] in this regard; as in [14], our parameter is of Atkinson type [2]. It should be noted that, even in the context of
Hamiltonian linear systems which are disconjugate in the classical sense, the principal solution need not depend continu-
ously on the coefficient matrix. This is true even if the coefficient matrix varies continuously in the topology of uniform
convergence on all R [8].

As an essential part of our discussion of the continuous variation of the principal solution, we obtain a condition un-
der which a weakly disconjugate linear Hamiltonian system can be approximated by a system which has an exponential
dichotomy [4,22].
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A third goal is to state our hypotheses and results for a single linear nonautonomous Hamiltonian system, and not for
an ergodic family of such systems. However, we will avail ourselves of results and methods which are valid in the ergodic
framework [14,6].

This paper is organized as follows. In Section 2 we give basic definitions, then discuss the close relationship between
weak disconjugacy and nonoscillation. In Section 3, we recall how to construct the principal solution of a weakly discon-
jugate system. We review the developments in [6], which are based on arguments of Coppel [3]. We also show that a
large class of weakly disconjugate linear Hamiltonian systems admits approximation by systems which exhibit an expo-
nential dichotomy. Finally, we discuss the continuity of the principal solution under variation of an Atkinson-type spectral
parameter.

We close the Introduction by fixing some notation. Let M, denote the set of n x n real matrices, and let M, (C) be the
set of n x n matrices with complex entries. If A € M,,(C), let A® denote its transpose, and let A* = A* denote its adjoint. Of
course A* = A' if A € Mj. Let (,) denote the Euclidean inner product on R", and let | - | be the corresponding norm. We
also use | - || to indicate the usual operator norm on M (C).

2. Weak disconjugacy and oscillation

Fix an integer n > 1. We write a vector z € R*" in the form z = (;) where X,y € R". Let J be the usual 2n x 2n skew-
symmetric matrix: thus | = (IO 701”) where I is the n x n identity matrix. One has Jf= =1 =—].
n
Let H : R — My, be a continuous, bounded, 2n x 2n matrix valued function with real entries, whose values are symmet-

ric: H(t)! = H(¢t) for all t € R. Then H(t) can be written in the block form
H11(t) Hia(t)
H(t) =
® (mw)Hmo

where Hi1 ()" = H11(t), Haa(H)! = Hoo(t) and Hiz(t)" = Ho1(t) for all t € R. In what follows we will always assume that the
following condition holds:

Hypothesis 2.1. Hy,(t) >0 for all t € R.

We introduce the nonautonomous Hamiltonian linear differential system
JjZ =H(t)z, zeR™. (1)

Let Z(t) be a fundamental matrix solution of (1) satisfying Z(0) = I,,. Then it is well known that Z(t) is an element of the
symplectic group Sp(n, R) for each t € R. More generally, if Z(t) is a 2n x 2n matrix solution of (1) such that Z(0) lies in

Sp(n,R), then Z(t) is symplectic for all t € R. We recall that Sp(n,R) = {Z € My, | Z!JZ = J}. Thus a 2n x 2n real matrix
Z= (3: 3;) lies in Sp(n, R) if and only if the n x n blocks U1, Uy, V1, V5 satisfy

Uivy=Viuy, ULV =ViU,,  UiVa—ViUs=1, ViU —ULVi =1, (2)

Definition 2.2. The system (1) is said to be weakly disconjugate if there exists a t, > 0 such that, if 0 £yg € R", zy = ( 0

x(t) Yo )'
and Z(t)zp = (y(t)), then x(t) # 0 for t > t,.

We will relate the weak disconjugacy property to a classical nonoscillation condition on Eq. (1). For this we will use
one of the well-known argument functions of Yakubovich [26]. Such a function can be viewed either as a multi-valued map
from Sp(n, R) to R, or as a real-valued functional defined on continuous curves in Sp(n, R). We will adopt the latter point
of view.

Let I C R be an interval, and let c: I — Sp(n, R) be a continuous map. Let us write

(Ui U0
Cw_(wm wm)

where U;j, Vj: I — M, j=1,2, are continuous and satisfy the relations in (2). Set

. -1 .
W () = (U1 (t) —iU2(t)) (U1(t) + iU2(D)).
Following Lidskii [17], one can show that W (-) takes values in the complex unitary group
U@m) ={W e Mp(C) | W*W =1,}.

Next, let I =[t1,t2] C R, and let c: I — Sp(n, R) be a continuous map. Define the argument
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Arg(c) = argdet(U; (t) + iU (1)) |Z

This argument functional coincides with the functional Args of Yakubovich [26].

One can describe Arg(c) in another way. According to [15], it is possible to choose continuous functions p(t), ..., pn(t)
on I, with values in the unit circle K C C, such that the set of eigenvalues of W (t) coincides with the unordered n-tuple
{o1(0), ..., pn(O)}, t € I. Let ¢ : I — R be a continuous function such that p(t) = e'%®, 1 <k <n, t €. Then

] n
Arg(©) = 5 ) [ilta) — gr(tn)].
k=1
Now we specialize the functional Arg to the fundamental matrix solution Z(t) of (1). Let us now write

_ (U1t Uz
Z(t)_<v1(t> vz(t>>’ tek.

For each t > 0, set Arg,(t) = argdet(Uq(t) +iU2(t))|6. Thus, Arg, equals the functional Arg evaluated at the curve c: [0, t] —
Ui(s) U
Sp(, R), s> c(s) = (Vlg ng)

Definition 2.3. The system (1) is said to be nonoscillatory if |Arg,(t)| is bounded on 0 <t < oco.

The following result will be useful in the sequel.

Proposition 2.4. Assume that Hypothesis 2.1 is valid. Write Z(t) = (31 8 328) and W (t) = (Ui(t) — iU2(6)) "1 (U1 (6) + iU (D). Let

P1(0), ..., pn(t) be continuous determinations of the eigenvalues of W (t), and let ¢1(t), . .., n(t) be angles, i.e., continuous functions
such that pi(t) = e%®, 1 < k < n. Then each ¢y is a nondecreasing function of t.

Proof. This proposition is stated by Yakubovich [26], as he notes the proof is essentially due to Lidskii [17]. For the reader’s
convenience we outline the argument.

First of all, we have already noted that there exist continuous determinations p1(t), ..., on(t) of the eigenvalues of W (t).
In fact, according to [15, Theorem I1.5.6] they may be chosen to be differentiable functions of t.

Next write ¢ (t) = Uq(t) + iUy (t), so that W (t) = ¢ (t)~1¢ (t). Lidskii [17] shows that

aw =iR(tO)W
dt
where R(t) =2¢(6) 1 Hxa(t) (¢ (t)~1)*. Clearly, R(t) >0 and R(t)* = R(t) for each t e R.

We can write poi(t) = e'?® where ¢, : R — R is a continuous (in fact differentiable) function, 1 < k < n. We claim
that ¢y (-) is a nondecreasing function of t. To see this, we use an approximation method. Let I C R be a bounded open
interval, and let € > 0. There is a real-analytic function R : I — M, (C), whose values are self-adjoint matrices, such that
sup;c; IR (t) — R(t)|| < &/2. Consider the differential system

aw |

F:l(Rg(t)—i-aIn)W. (3)
Now Rg(t) + eI, is real-analytic and strictly positive definite on I. Let tg € I, and let W¢(t) be the solution of (3) such that
WE(tg) = W (tg). Thus, W4 () also takes values in the complex unitary group U (n).

Using [15, Theorem I1.1.10] together with the constructions in ([15, Section 11.4.2]; also Daleckii-Krein [5, Chapter 4]) one
can show that there are analytic families of eigenvalues p{(t),..., p;(t) together with v{(t),...,v;(t) analytic families of
eigenvectors of W¥(t), t € I. Write o/ (t) = e ® for analytic functions @ : I — R. If ¢ is small enough, we can reorder the
p,f(~) and adjust the initial values <pr (to) in such a way that |<p,f (to) — @ (to)] <1, 1 < k < n. Having done these things, we
now argue as on p. 266 of [26] to show that <p,f(t) is strictly increasing on I.

Choose a sequence of positive numbers & — 0. Write p,{(t) = ,o,fj(t) for each 1 <k <n, t €l. The unordered set

{p{(t), ey ,o,{(t)} converges to the unordered set {01 (t), ..., pn(t)} uniformly on I when j — oo. It follows that the contin-
uous branches @1(t), ..., ¢, (t) are nondecreasing functions of t. O

Recall now that Hypothesis 2.1 is in force. We will relate the concepts of nonoscillation and weak disconjugacy. It will
turn out that weak disconjugacy implies nonoscillation but that the converse implication does not hold in general. The
converse is true when an additional condition is valid (Hypothesis 2.7 below). This hypothesis can be viewed as a weak
version of the classical condition of identical normality.

Let us now prove that, if the system (1) is weakly disconjugate, then it is nonoscillatory. For this, it is convenient to
introduce the manifold of Lagrange planes in R?". Let | ¢ R?" be a vector subspace of dimension n such that (z;, Jz;) =0
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for all z1, z; €l. Then I is called a Lagrange plane in R*". Let £ be the Grassmann-type manifold of all Lagrange planes
in R?", Then £ is a real-analytic manifold of dimension n(n+ 1)/2 (see [19]).

Let {eq,...,e;} be the canonical basis in R2" and let Iy be the vertical Lagrange plane, i.e., lp = Span{ep11, ..., e} € L.
Let C C L be the set of elements [ € £ which intersect Iy nontrivially. It turns out that C is a Z,-cycle in £, of codimension 1.
It also turns out that £ defines a generator of the first cohomology group H! (£, Z) = Z in a well-known way [1].

Now let [ € £, and let zq, ..., 2z, be n linearly independent vectors which span I. We associate with [ the 2n x n matrix
(g) whose columns are zq,...,2z,; here U and V are of course n x n real matrices. It turns out that two 2n x n matrices

(3) and (L\Z) are associated with the same Lagrange plane ! if and only if there exists a real orthogonal n x n matrix O
such that Uy =UO and V1 =VO. In what follows, we will not always distinguish carefully a Lagrange plane | from an

2n x n matrix (l‘;) which is associated to it.

Proposition 2.5. (See [17].) Let Z(t) = (3:23 L‘Zg;) be the fundamental matrix solution of (1) and let W(t) = (U1(t) —

iU2 ()~ 1(U1(t) + iUx(t)), as before. Then det U, (t) = O if and only if 1 is an eigenvalue of W (t). In fact, if z € C", then U,(t)z=0
ifand only if W (t)z =z.

Proposition 2.6. If the system (1) is weakly disconjugate then it is nonoscillatory.

Proof. Let t, > 0 be the positive time in the definition of weak disconjugacy. If t > t, and 1 < k < n, then the angle ¢y(t)
must take values in some interval (2mwmy, 2w (my + 1)) where my € Z. This follows from Proposition 2.5. In fact, if the
stated condition does not hold, then 1 is an eigenvalue of W (t) for some t > t,. But in this case, there exists a nonzero
vector yo € R" such that U, (t)yo =0, and then z(t) = Z(t)(;o) lies in lp. This contradicts the assumption that (1) is weakly
disconjugate. We conclude that Arg,(t) = % 22:1 [@k(t) — @ (0)] is bounded and the system (1) is nonoscillatory. O

We turn to the converse statement. It is clear that nonoscillation is not in itself sufficient to guarantee that system (1) is
weakly disconjugate (just set H(t) = 0). So we introduce an appropriate

Hypothesis 2.7. Let 0 £yo € R", g = (° ) ¢ R?, and (X"

)2) y(t)) = Z(t)zo, t € R. There is a sequence t; 1+ co (which may depend
on yg) such that x(t;) # 0.

Proposition 2.8. Suppose that Hypotheses 2.1 and 2.7 are valid. If system (1) is nonoscillatory, then it is weakly disconjugate.

Proof. We introduce continuous determinations p1(t),..., pn(t) of the eigenvalues of W (t), and continuous functions
©1,...¢n : R — R such that p(t) = el?® 1 < k < n. By Proposition 2.4, the angles ®1,...,@n are nondecreasing func-
tions of t. By assumption, the quantity Arg,(t) = %22:1 [ok(t) — @x(0)] is bounded as t — oo. Therefore, the limits
lim;— o0 @ (t) = @(00) exist and are finite, 1 < k < n. It follows from Proposition 2.5 that there exists top > 0 such that,
if t > to, then the dimension dim[Z(t)lp Nlp] equals a constant p which does not depend on t. If p =0, then the system (1)
is weakly disconjugate. So we assume for contradiction that p > 1.

We will show that there is a fixed vector subspace mg C lp, of dimension p, such that Z(t)lo Nlp = Z(t)mg for all t > to.
Let us assume for the moment that this has been done. Then, if 0 #zg = (;L) € my, the vector zy does not satisfy the
condition imposed in Hypothesis 2.7. Hence the proof that system (1) is weakly disconjugate will be complete when we
have proved the existence of a subspace mg C Iy which satisfies the above conditions.

We turn to the proof of the existence of mg. As before, we write the fundamental matrix solution of (1) in the form
Z(t) = (L‘;Izg L‘Zg;) Let us identify R" with Iy via the map y — (3) then define m(t) C Iy to be the subspace of eigenvectors
of U, (t) which correspond to the eigenvalue zero, t > top. We now apply Proposition 2.5: m(t) can be identified with the
space of real eigenvectors of W (t) = (U1 (t) — iU(t))~1(U1(t) + iU (t)) which correspond to the eigenvalue 1; moreover
the 1-eigenspace of W (t) in C" equals the complexification of m(t). (The last statement also follows from the symmetry of
W (t) [17].) We have in particular that dimm(t) = p for all t > to.

Using results of [15], we conclude that the orthogonal projection P, :R" — m(t) is C! as a function of t € [tg, 00). We
can and will view m(t) as an element of the Grassmannian manifold Grp , of p-dimensional vector subspaces of R". Then
t = m(t) : [to, 00) = Grpn is a C!-map. Let us consider the following

Condition C. If I C [tg, 00) is a nondegenerate interval, and if f: I — R" is a C! map such that f(t) 0 and f(t) e m(t) for
all t €1, then f'(t) em(t) forall t € 1.
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First we show that, if Condition C holds, then m(t) is constant on [tg, c0). Let t, > to and let I C [tp, o0) be an open
interval containing t, with the following property: there exist C! functions by, ..., by : I — R" such that {b{(t),..., bi(t)} is
a basis of m(t) for each t € I. By Condition C, b (t) e m(t), ..., b,@(t) e m(t) for each t € I. Thus

k
i) = cijObj(t), tel 1<i<k,
j=1

where ¢;j : I — R is continuous, 1 <1, j <k. Let C(t) = (cij(t)):?jzl and consider the differential system

X =C()x, xeRk

Let &(t) = (¢>ij(t))§‘,j:1 be the fundamental matrix solution of this system with &(t,) = I;. By uniqueness of solutions we
deduce that

k
bi(t) =) ®ij()bj(t), tel,
j=1
and m(t) = Span{b(t), ..., br(t)} = Span{b1(t,), ..., bg(ty)} for all t € I. But then it follows immediately from the definition
of m(t) that m(tg) =m(t) = Z(t)lp Nl for all t > ty. So the subspace mg =m(tg) C lp satisfies the condition we require.
We proceed to show that Condition C is indeed valid. Let f: 1 € R" be a C!'-map such that f(t) %0 and f(t) € m(t) for
all t € I. There is no loss of generality in assuming that || f(t)|| =1, t € I. We have U,(t) f(t) =0 for t €I, so

Upf'=-Uyf =—Hpng whereg=V,f

forall tel.

There is a fixed set {j1,..., jp} of indices in {1,...,n} such that pj, (t) =1 for t > t1, 1 <k < p. For each j € {j1,..., jp}
we can view f as a C! family of eigenvectors of the family W, which corresponds to the eigenvalue pj=pj(t) =1. Then
W () f(t) = f(t) =e'%® f(t) where we can set ¢;(t) =0, t € I. Hence

0=9;) =(ROf®), f1))

where as before R :fHZZ(F)* and ¢ = Uy +iUjy; see the proof of Proposition 2.4.

We claim that (¢—1)*f = g. This uses calculations of Lidskii [17] which we repeat. First of all, Z is symplectic, so
ULV, —ViUy =1, and ULV, =VEU,, t € 1. Hence U Vyf = f+ ViUs f and ULV, f = ViU, f =0, so

f=(US+iU)Vof = Uy —iUy*g, tel

This proves the claim. We conclude that g(t) = V,(t) f(t) lies in the kernel of Hy,(t) for each t € I. This means that f’(t)
lies in the kernel of U,(t) for each t € I; that is, f'(t) € m(t), t € I. This completes the proof. O

We close this section with an example which illustrates the significance of Hypothesis 2.7. In fact one might conjecture
that, if Hp(t) > 0 for all t > 0, and if Hypothesis 2.7 holds, then there is a sequence t, — oo such that Z(ty)lp Nlg = {0}.
This conjecture is indeed true if n =1, but need not be true if n =2, as we now illustrate.

Example 2.9. Consider the 4-dimensional differential system

]z’=<2 g>z=H(t)z (4)
where z = (;‘) X, y € R?, and B, C are real diagonal 2 x 2 matrices. In the previous notation we have Hy, = 0.
We introduce piecewise-continuous, 27 -periodic matrix functions B(-), C(-) as follows:

-10 10
B(t):{(oo), 0<t<m, o (p0) O<t<m,

~
(0%), m<t<onm, (°9), m<t<2m.

0 01

Let z3(t) be the solution of (4) such that z3(0) = e3 = (0, 0, 1, 0)!. Then z3(t) rotates through an angle of 7 radians in the
e;-e3 plane as t varies between 0 and 7. On the other hand, the solution z4(t) of (4) such that z4(0) = e4 = (0,0, 0, 1)t
rotates through an angle of 7 radians in the e;-e4 plane as t varies between 7 and 2. One can check that Hypothesis 2.7
is valid for system (4). However Z(t)lo N1y # {0} for all ¢t > 0. In geometric terms, the curve t — Z(t)lp : R — £ remains in
the Maslov cycle C for all t > 0, in fact for all t € R.

It is clear that one can modify H(-) in such a way that H is continuous and s -periodic, Hypotheses 2.1 and 2.7 hold,
and Z(t)lp € C for all t € R. One can make further modification so as to ensure that the above conditions hold, and also
Hy,(t) > 0 for some (but not all) t € [0, 27].

Note that the system (4) is not weakly disconjugate, so by Proposition 2.8, Arg,(t) must be unbounded.
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3. The principal solution

It is well known that a disconjugate linear Hamiltonian system admits a principal solution, in other words a minimal
isotropic solution. On the other hand, simple examples show that a weakly disconjugate system (1) need not admit a
principal solution.

In this section, we show that, roughly speaking, if the hypotheses imposed in Section 2 are required to hold uniformly
with respect to translations of the argument t of the coefficient matrix H(t), then (1) admits a principal solution. In fact,
each system in the topological hull of (1) is weakly disconjugate and admits a principal solution.

We then introduce a perturbation of (1) which depends on an Atkinson-type spectral parameter A. We show that, un-
der the uniformity conditions mentioned above, the perturbed system is weakly disconjugate and admits an exponential
dichotomy for negative values of A. In particular, it admits a principal solution for A < 0. We show that, as A — 07, the
principal solution of the perturbed system converges to that of the original system (1).

We begin the discussion by returning to the linear Hamiltonian system (1)

JjZ =H({t)z, zeR™,

Hi1 Hiz

where H : R — M, is bounded, continuous, and assumes symmetric values. We write H = (H21 Hap

HY, = Hj; and HY, = Hy;. Let Z(t) be the fundamental matrix solution of (1).
To avoid interruption of the later discussion, we formulate two basic results concerning the system (1).

) where HY; = Hyy,

Lemma 3.1. Assume that the system (1) satisfies Hypotheses 2.1 and 2.7. This means that H,(t) > 0 for all t > 0, and that each
solution z(t) = (;23) = Z(t)zg of (1) such that 0 #£ zg = (32]) admits a sequence ti 1 oo such that x(ty) # 0.

(a) Let ¥ (t) be the fundamental matrix solution of X' = Hoq (t)X. There exist numbers T > 0, § > 0 such that, if yo € R", then
T

/ | Haa (0w (0o |2 de > s1lyol?. (©
0

X(t)

(b) There exist numbers T > 0, 8 > 0 with the following property. If zo € R*" and if(y(t)

) = Z(t)zo, then

T

/}|x<t>||2dt>a||zO||2. (A)

0

Proof. (a) Suppose for contradiction that there exist sequences t; 1 oo and {yx} C R" such that |lyx||=1 and

1

7%
/ [Ha2©w o e de <
0

Passing to a subsequence if necessary, we can assume that y; — yo € R", where of course |yg| = 1. Then f0°° [[Hoo(t) x

wit) lyol2dt =0, and Hyn ()W (t)"lyp =0 for each t > 0. Set zg = (;L) then set z(t) = (’;Eg) = Z(t)zp. One has X' =

H21X+ Hpy, ¥ = —H12y — H11X, and hence z(t) = ( ). This clearly contradicts Hypothesis 2.7.

0
vt Tyo

(b) If the thesis is false, then there exist sequences t; 1 oo and {z;} C R?" with the following property: if (;‘igg) =Z(t)zy,

then fot“ X () 12 dt < (1/k)||z¢|l. Assume without loss of generality that ||zx]| =1 for k > 1, and that z — zg € R?". Let

Xo(£)\ _
(y0 (t)) = Z(t)zo. Then

/||xo(t)||2dt=0 = Xo()=0 (t=0).
0

This contradicts Hypothesis 2.7 and finishes the proof. O

We remark that Lemma 3.1(a) states that the control system X' = H1X + Hy;u is null controllable, while Lemma 3.1(b)
states that the (2n-dimensional) control system z’ = —H' Jz + ('(;' g)u is null controllable. See, e.g., [16]. Condition (A) is to
be viewed as an Atkinson condition, of which more later.

Next we define the concept of principal solution of the system (1).
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Definition 3.2. Let (322

is isotropic (also called conjoined solution). We say that (

u(t)
V) )

) is a principal solution of (1) if the following conditions are

) be a 2n x n matrix solution (1) which defines a Lagrange plane I(t) for each t € R, that is, (

Ut
V()

satisfied. First, detU(t) # 0 for all t € R. Second, the matrix J(t) = fot U(s)~"Hau(t)U'(s)~ 1 ds is strictly positive definite for
all sufficiently large t > 0. Third, lim;—o J(t)~1 =0.

Let us note that the first condition in Definition 3.2 states that I(t) lies off the Maslov cycle C for all t € R.

Our first goal is to introduce sufficient conditions under which system (1) admits a principal solution. To this end, we
introduce certain hypotheses which regard the family of Hamiltonian systems obtained by translating the argument of H(-).
For each s € R consider

JjzZ =H(s+t)z, zeR>™ (15)

Clearly Zs(t) = Z(t +5s)Z(s)~! is the fundamental matrix solution of (15). For each s € R, Zs(t) gives rise to an argument
function Arg,(t) = Arg (t); see Section 2.

We introduce the following hypotheses, which will hold throughout Section 3. Notice that the second, third, and fourth
hypotheses are uniform versions of those imposed in Section 2, while the first merely repeats Hypothesis 2.1.

Hypothesis 3.3.

(0) Hya(t) >0 for all t e R.
(i) H(t) is a uniformly continuous (and uniformly bounded) function of t € R.
(ii) For each 0 #yp € R" there exist numbers Tg > 0, §o > 0 (which may depend on yg) with the following property: if

seR and (x([)) = Zs(t)(;l), then there is a time ts € [0, Tg] such that ||x(ts)| > o.

y(®)
(iii) Eq. (1) admits a 2n x n isotropic matrix solution (%;) such that detU(t) 0 for all t e R and V(6)U(t)~! is bounded

on R.

Let us explain the significance of Hypothesis 3.3(ii). It follows from Hypothesis 2.7 that there exists To > 0 such that,

if 0#£yp e R" and (;g;) = Z(t)(:o), then X(tg) # 0 for some tg € [0, To]. So it is clear that Hypothesis 3.3(ii) uniformizes
Hypothesis 2.7 with respect to s € R.
As for Hypothesis 3.3(iii), it implies that, for each s € R, Eq. (15) admits the 2n x n matrix solution (3523) = (3%12)

where detU(t) #0 for all t € R. Using Theorem 4 of [3], one see that Arg,(t) is bounded for each s € R. In fact a bit more
work shows that there exists a fixed M > 0 such that 0 < Args(t) < M for all s € R, t > 0. In this sense, Hypothesis 3.3(iii)
uniformizes the nonoscillation condition imposed in the statement of Proposition 2.8.

Now we introduce the topological hull 2 = 2y of the bounded uniformly continuous function H. We review the
construction of §2. Let BC = C(R, My,) be the space of bounded continuous functions form R to My,. Give BC the
compact-open topology. Introduce the Bebutov (translation) flow on BC: if ¢ € BC, set t:(c)(-) = c(- + t), t € R. Define
2 =2y =cls{t:(H) | t € R}. Then £2 is compact because H is uniformly continuous. Clearly £2 is invariant with respect to
the flow {t; | t € R}. _ _

One can extend H to 2 in the following way. Set H(w) = w(0), @ € £2. Then H : £ — My, is continuous. Let us
write H(-) = wg € §2. We observe that H(t;(wg)) = H(t), t € R. Let us abuse notation, and write H instead of H. Then the
system (1) is an element of the family of nonautonomous linear Hamiltonian systems

JZ =H(w(w))z, zeR*, we . (50)

In fact, we recover Eq. (1) by setting w = wp, ie., (1) = (54,). We write H(w) = (Hjj(w))1<i, j<2, and observe that
Hy(w) >0 for all w € 2. Let Z,,(t) be the fundamental matrix solution of (54), w € £2.
The next result show that Hypotheses 3.3 also hold for the family of systems (5).

Proposition 3.4. Assume that Hypotheses 3.3 hold. Then

(i) Hypothesis 2.7 holds for each Eq. (5,), i.e., if 0 £ yo € R" and if x(©
y()

(ii) Eq. (54) admits a 2n x n isotropic matrix solution (g“’gg) such that det U, (t) # 0 forall t € R.

)=Zo (t)(ﬁ)) then x(t,) # 0 for a sequence t, 1 oo.

Proof. (i) Assume on the contrary that there is a @ € £2 and a solution (;Eg) =27z (t)(;l) such that x(t) =0 for each t > 0.

Let To and 8 be the constants of Hypothesis 3.3(ii) for yo. Since @ = lim 7y, (wp) for some sequence {ty}yen, We deduce
that x(t) = limg_, o, X¢(t) on [0, Tg], where (;ﬁg;) =Z, (t)(;l). However, from Hypothesis 3.3(ii), for each k there is an
sk €10, To] such that ||x,(sk)|| = 8o, which contradict that x=0 in [0, Tg].

(ii) Fix w € 2. Then w =lim 7y, (wp) for some sequence {ty}.n. By Hypothesis 3.3(iii), there is a 2n x n isotropic matrix

solution (38) such that detU(t) #£ 0 for all t e R and M(t) = V(©)U(t)~! is bounded on R. Now M(t) is a symmetric n x n
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matrix valued solution of the Riccati equation
M’ + Hi1(t) + Hi2(t)M + MH21 (t) + MH22 ()M = 0.

Since M is bounded the sequence of functions {M(- +ty)} is bounded and equicontinuous on each compact subinterval of R.
Using the theorem of Arzela-Ascoli we can find a bounded solution of the Riccati equation

M’ + H11(te(w)) + Hi2(Te(@w))M 4+ MHai (1 (@) + MH2 (T (w))M = 0.

Using Lemma 7 in Chapter 2 of [3], we conclude that Eq. (5,) admits a 2n x n isotropic matrix solution (L‘j“’g;) such that
detUy,(t) #0 for all t € R and V,(H)Uq(t)~" is bounded on R. O

Lemma 3.5. Assume that Hypotheses 3.3 are valid. There exist positive numbers T and § with the following property. Let W, (t) be the
fundamental matrix solution of

X = Hy (nt(w))x, xeR™

Let yo € R™. Then

T
/ | oz (7e(@)) 5,0 yo |2 de > llyoll>- (Co)
0

Proof. One uses well-known arguments to pass from the statement of Lemma 3.1(a) to that of Lemma 3.5. For the reader’s
convenience we sketch these arguments.

First note that the thesis of Lemma 3.1(a) is valid for each system (5, ) because from Proposition 3.4 it satisfies Hypoth-
esis 2.7, and therefore there exist positive numbers T, 8, such that the controllability condition (C,) holds with T, in
place of T and §,, in place of § for each w € £2.

Recall that a subset M C £2 is called minimal if it is invariant and, for each w € M, the orbit {7;(w) | t € R} is dense
in M. Using [10], one can show that the condition (C,) holds uniformly on M in the sense that constants T, 8, can be
chosen to be independent of w € M.

Now one applies Lemma 2.5 of [12] to show that there exist positive constants T and §, which do not depend on w € £2,
such that the controllability condition (C,) is valid with these values of T, §, for all w € £2. This completes the proof. O

The next result shows that, under Hypotheses 3.3, the systems of the family (5,,) are uniformly weakly disconjugate in
the sense that the constant of the Definition 2.2 of weak disconjugacy does not depend on w € £2.

X(t) )

Proposition 3.6. Assume that Hypotheses 3.3 are valid and let T be the positive constant of Lemma 3.5. If 0 # yo € R", and (y([)

Zw(t)(;; ) then x(t) # 0 for all t > T, and thus, the family of systems (5, ) is uniformly weakly disconjugate.

Proof. First, although it is not necessary for the proof, we show how to deduce that each system is weakly disconjugate
with the nonoscillation techniques from the previous section. Fix w € £2. Let Arg,,(t) = Argz, (t) be the argument function
of Eq. (54). Using Hypothesis 3.3(iii) and the succeeding discussion, one checks that 0 < Arg, (t) < M for all t > 0, and
system (5,) is nonoscillatory. Moreover, from Proposition 3.4, Hypothesis 2.7 holds for (5, ), and by Proposition 2.8 we
conclude that the system (5,) is weakly disconjugate.

Next we show that the constant of Definition 2.2 of weak disconjugacy coincides with the constant T in Lemma 3.5,

and hence it does not depend on w € £2. Let (;g;) = Zw(t)(;:)) be a nontrivial solution of (54). From Proposition 3.4 each

Eq. (54) admits a 2n x n isotropic matrix solution (3”’8) such that det U, (t) # 0 for all t € R. We assume that U, (0) = I,.
Let us set
t

Jt. o) = / Uw(s) ™ Haa (T5()) UL (s) ™1 ds. (6)
0

We use the controllability condition (C,) and the proof of [3, Proposition 2, p. 38] to see that J(t, w) is strictly positive
definite for each t > T. Moreover, it is easy to check that

X(t) =Unp(t) J (t, ®)Yo.
¥ =[Vo®) J (€, ) + UL 0 o,
and we conclude that x(t) #0 for each t > T, as stated. O
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We can now prove the existence and uniqueness of the principal solution. We explain the meaning of uniqueness in
this context. Let (‘%g) resp. (gg;) be two principal solutions of (54); then the Lagrange planes I(t) resp. [(t) which they
determine are equal for all t € R. Note that, when this uniqueness condition holds, the symmetric matrix n x n matrix
N = V(©)U~1(0) is independent of the chosen principal solution. So we can regard N as a parametrization of the set of
principal solutions of (54). In fact, we can also regard N as a parametrization of the uniquely defined Lagrange plane [(0)
which corresponds to the set of principal solutions of (54 ). Notice that N depends on w. In the sequel we will denote N(w)
when needed.

Theorem 3.7. Suppose that system (1), which coincides with system (54,), satisfies Hypotheses 3.3. Then for each w € £2, the sys-
tem (5,) admits a unique principal solution.

Proof. Some of the arguments used in this proof follow well-known lines, so we only sketch them.
From Proposition 3.4 we know that Eq. (5, ) admits a 2n x n isotropic matrix solution (3‘”8) such that det U (t) # 0 for
all t e R. As in Proposition 3.6, if T denotes the positive number of Lemma 3.5, the matrix J(t, w) defined on (6) is strictly

positive definite for each t > T, and {]J(t, w)fl}gr is nonincreasing in t. Thus, there exists the limit Ly = lim;_o J(t, )~ 1.
We claim that I, — J(t, w)Lg is invertible for each t e R. If t > T

In—J(t,0)Lo= J(t,0)[J(t, )" = Lo]

which is a product of invertible matrices because from J(t, w) < J(t+T, w) we deduce that J(t,w) ' —Lo > J(t+T,w)" 1 —
Lo >0.
Let 0 <t<T. We have I, — J(t,w)Lo = lims_oo(n — J(t,w)J(s,w)~1). The matrices I, — J(t,w)](s,w)"! and
In— J(s, )" V2 J(t, ) J (s, )72 have the same eigenvalues and
In— s, @)~ 2 Jt, ) J (s, @)™ > In— J(s, @) 2 J(t + T, ) (5, 0)"'/2,

From this we can compare the eigenvalues of I, — J(t, w)Lo with those of I, — J(t + T, w)Ly which are strictly positive and
conclude that I, — J(t, w)Lp is also invertible. The case t < 0 is completely analogous.
Next write

Uo(t) = Uo(®)[In — J (¢, ®)Lo].
Vo () = Vo ®)[In — J ¢, )Lo] — UL ®) ' Lo

for t € R. Then [gzzg] is a 2n x n matrix valued solution of (5, ), which determines a Lagrange plane Tw(t) and satisfies
detU,(t) # 0 for each t € R. Therefore
t
Jit, )= / Ua(5)™" Haa (7s(@)) Ut () " ds
0
is strictl~y positive definite for each t > T, and as in [3] it can be shown that 7(t, o) ' = Jt,w)"! — Ly and
limi— oo J(t, @)1 =0.
Let [ggz;] be a second 2n x n matrix valued solution of (54,), which parametrizes a Lagrange plane Tw(t) such that
detU,(t) # 0 for each t € R and
t -1
tin;)(/ﬁw(s)_lez(rs(w))UZ)(s)_] ds) =0.
0

Uo(® 1=[ Uu(OM
~ ~ Vo(t) V(M
Lagrange planes I, (t) and I, (t) coincide for all t € R and a unique principal solution is obtained. O

Then, arguing as in p. 42 of [3] one shows that [ ] for each t € R and some invertible matrix M. Hence, the

Moreover, as in the disconjugate case, see p. 44 of [3] and p. 1060 of [13], the principal solutions can be constructed in
the following way:

Proposition 3.8. Assume that Hypotheses 3.3 hold. The principal solution of (5., ) can be constructed as

uo\ _ . (U0
<V(t)>_rlL“§o<vr(t)>’

Ur(t)

where ( VoD

) is a 2n x n nontrivial matrix solution of (5, ) with U(r) = 0 irrespective of a given fixed value of V(r).
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As a consequence of Theorem 3.7 and comparison theorems for Riccati equations, we obtain an extension to linear
Hamiltonian systems of Sturm’s comparison theorem, similar to the one obtained in [3] for disconjugate systems, as well as
a comparison result for the corresponding Lagrange planes obtained from the principal solutions.

Proposition 3.9. Consider two families of linear Hamiltonian systems satisfying Hypotheses 3.3(0)-(ii),
JZ =H'(n())z, we, (Tw)
JZ = H*(n(w))z, we, (8w)

with H' (w) < H?(w). Then if (8,,) satisfies Hypothesis 3.3(iii) so do the systems (7). In particular, they are weakly disconjugate and
denoting by N1(w) and N (w) the symmetric n x n matrix-valued functions obtained from the respective principal solutions we have

Ni(w) < Na(w).

Proof. From Theorem 3.7, we can consider the n x n symmetric matrices N (w) defined in terms of the principal solution

(1‘223) for (84,) by Ny(w)=V; (O)Uz_l(O). Let M satisfy Ny(w) < M and let M(t) be the solution of the Riccati equation

M’ +H}, + H],M +MH}, + MH},M =0
with initial condition M1(0) = M. From Proposition 9, p. 52 of [3], M1(t) is defined for each t € R and N3 (7¢(w)) < M;(t) for

t > 0. This implies that system (7,,) admits a solution (31 Eg) which determines a Lagrange plane and satisfies detU1(t) #0

for all t € R. Hence, from Theorem 4 of [26] we deduce that systems (7,) are nonoscillatory and from Proposition 2.8
we conclude that they are weakly disconjugate. The rest of the proof is completely similar to the one of the Corollary to
Theorem 8, p. 54 of [3]. O

Now we recall the definition of exponential dichotomy, first for the single equation (1) = (5,), see [4], and then for the
family (54), see [21].

One says that Eq. (1) has an exponential dichotomy (ED for short) if there exist positive numbers K and § together with
a projection P :R?" — R2" such that

lzoPzes) | <Ke 79, t>s,
ZO Uy —P)Z(s)" | < Ke?E, t<s.
[ I

One says that the family (5,,) admits an ED (over £2) if there are positive numbers K and §, together with a continuous
family of projections w — Py, = Pﬁ, : 2 — My, such that

|Z0©PoZu(s) 7| <Ke 79, =5,
| Zo®©Un = Po)Zo() | <Ke?2, e <.

Note that the orbit {7:(wp) | t € R} is dense in §2. This implies that the system (1) admits an ED if and only if the family of
systems (5,,) admits an ED over 2.
It is time to introduce the following Atkinson-type spectral problem:

]z’:[H(t)-}—k(Ig 8)]1, zeR™, (1)

where 0 denotes the n-dimensional zero matrix. The parameter A will take on real values. We will show that, if A <0, then
the system (1,) is weakly disconjugate and admits an ED. Actually, it will be no harder to work with the family

]z’:|:H(rt(a)))+)L(Ié1 8)]2, zeR™, weg. (5w.1)

We will show that the family (5, ;) is weakly disconjugate, and it admits an ED over 2 when A < 0. The first step in
proving these assertions is to show that the Atkinson condition (A) holds for each w € £2. In fact,

Proposition 3.10. There are positive constants T and 8, which do not depend on w € £2, such that for each w € §2

T
I, 0O
(s £)econ
0

2
dt > 81zo||?. (Aw)
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Proof. Let us first note that, as shown in the proof of Proposition 3.4, Hypothesis 2.7 holds for each system (5,,). Therefore
we can apply the argument used in proving Lemma (3.1)(b) to each system (5,). We conclude that, for each fixed w € £2,
there are positive constants T, and &, such that

Ty

In O
105 5)ztcm
0

for all zg € R,
Now we interpret condition (A, ) as the controllability condition for the control system

7 =—H'(w(w)Jz+ <’(')1 8)u, weR.

2
dt > 84120l

Arguing as in the proof of Lemma 3.5, we can determine positive constants T and 8, which do not depend on w € §2, such
that the Atkinson condition (A, ) holds for all w € £2. This completes the proof. O

Theorem 3.11. Suppose that system (1), which coincides with system (5, ), satisfies Hypotheses 3.3 and let > < 0. Then foreach w € 2
the linear Hamiltonian system (5,5 ) is weakly disconjugate. Moreover, the family of systems (5,.,), @ € £2, admits an exponential
dichotomy over 2.

Proof. From Proposition 3.9 we deduce that system (5 ;) is weakly disconjugate whenever w € §2 and A < 0. Moreover, it
turns out that the controllability condition (C,) holds also for A € R, with the same values of T and § as in Lemma 3.5.
Therefore, from Proposition 3.6 the family (5, ) is uniformly weakly disconjugate with constant T.

Let v(dt) be the spectral matrix of the Atkinson problem

! JZ — Hm(@)z=1(; )z
z2(—00) =2z(00) =0.

This object is defined in Chapter 9 of [2]. In the present circumstances, it can be defined to be the weak-* limit
lim,_, » vy (dt), where v.(dt) is the spectral matrix of the boundary value problem
{]z/ —Hm@)z=A(10)z, z=(})eR™,
xX(—r) =x(r) =0.
It is shown in [11] that, if A € R and if z(t) is a nonzero bounded solution of the system (54 ,), then the spectral matrix
v(dt) is not constant in any neighborhood of A. That is, if € > 0, then f;fj v(dt) #0.

On the other hand, suppose that A < 0. Since, as explained above, the family of systems (5. ) is uniformly weakly
disconjugate with constant T, the following statement is true. Let r > T/2; then the boundary value problem (9,,) admits
no nontrivial solution. This means that, if I C (—o0, 0) is an open interval, and if r > T/2, then the spectral matrix v, (dt)
vanishes on I.

We have shown that, if w € 2 and A < 0, then the system (54, ) admits no nontrivial bounded solution. We can now
show that, if A <0, then the family (5., ) admits an ED over £2.

To do this, fix A < 0. Let M be a minimal subset of £2. If w € §2, then the system (5, ;) admits no nontrivial bounded
solutions. According to a theorem of Sacker and Sell ([21]; also Selgrade [23]), the family (5, ) admits an ED over M. Let
w € M, and let P, be the corresponding projection. It was shown in [9] that dimIm P,, = n, which of course does not
depend on the choice of the minimal set M. Using another result of Sacker and Sell [22], we conclude that the family (54 ,)
admits an ED over £2. This completes the proof of Theorem 3.11. O

(9w)

We complete the discussion with a proposition concerning the left continuity of the principal solution of Eq. (54, ) as
A — 0%, Before doing so, we make the following remarks.
First, let A < 0. Then each system (5, ) is weakly disconjugate and admits a principal solution. Also, the family (5. 1)

admits an ED over 2. Let (38) be the principal solution of (5, ) for some w € £2. Then one can show that the Lagrange

plane I(t) determined by (38) is the image of the dichotomy projection P, (y).
Second, if A <0, then the Lagrange plane [(w) =Im P, varies continuously with w € §2. This sort of continuity need
not hold if A =0. More precisely, let (U([)) be the principal solution of Eq. (5,) = (54,0). Let [(w) be the Lagrange plane

V(t)
determined by (l‘;gg;) Then the map w — I(w) need not be continuous. Examples for which w — [(w) is discontinuous can

be constructed using a method of MillionS¢ikov ([18], also Vinograd [24]). See [8] for the details.

Having made these remarks, we return to our one-sided continuity result. Fix w € £2 and X > 0. Let (U(t)) be the

V()
U(0)

principal solution of Eq. (54,,) and let [(w, A) be the Langrange plane determined by (V(O)). Then [(w, 1) is uniquely

determined by the n x n symmetric matrix N(w, 1) = V (0)U~1(0).
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Proposition 3.12. With the notation as above: for each w € §2, one has
lim l(w, A) =1(w, 0)
r—>0—
where the convergence is in the Grassmann sense.
Proof. The same proof of point (ii) in [14, Theorem 4.4] applies here. We include it for completeness. It is enough to check

that
lim N(w, ) = N(w,0).
r—0—

From Proposition 3.9 we deduce that for A <A/, N(w, A) < N(w, A'). Therefore, there exist the limits

lim N(w, L) = Ngo(w)
A—0—

and they are finite. In order to show the coincidence of No(w) with N(w, 0), as in Proposition 3.8 it can be shown that
N(w, A) = lim M;(w, 1),
r—00

where M, (w,1) = V,(0,w, )U-1(0,w, 1) < N(w, %) and (3233

Ur(r,w,\) =0, V.(r,w, A) = I,. Hence

) is the solution of (54 ) with initial conditions

N(w, 0) = lim M;(w, 0),
r—00
N(w, 0) < No(w),
N(w,0) > My(w,0) > Mr(w, ), A<0,1r>0.
Thus,

0 < No(w) — N(w, 0) < No(w) — Mr (@, 0)
< No(w) — N(w, 1) + N(w, 1) — Mr(w, 1),
and, since N(w, ) 1 No(w) as A — 0~ and M;(w, A) 1 N(w, 1) as r — oo, we conclude that N(w, 0) = No(w). O
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