THE ABSOLUTELY CONTINUOUS SPECTRUM OF DISCRETE
CANONICAL SYSTEMS

ANDREAS FISCHER AND CHRISTIAN REMLING

ABSTRACT. We prove that if the canonical system J(yn+1 — yn) = 2Hnyn
has absolutely continuous spectrum of a certain multiplicity, then there is a
corresponding number of linearly independent solutions y which are bounded
in a weak sense.

1. INTRODUCTION

In this paper, we want to study the absolutely continuous spectrum of higher
order difference equations from a general point of view. We consider so-called
canonical systems:

Here, J, H, € C?4x2d 4 ¢ C??, 2 € C, H, > 0 (as a quadratic form on C2)
and J = (? ’01). We further assume that H,,JH, = 0. This latter assumption is
essential to make sure that the boundary value problems associated with (1.1) are
formally symmetric.

Canonical systems provide a very general framework; for example, we will show
later that every formally symmetric scalar equation of arbitrary (even) order can
be put in this form.

Here is one form of our main result. The precise definition of the set S,, C R
will be given later.

Theorem 1.1. Let S,, be the set on which (1.1) has absolutely continuous spectrum
of (exact) multiplicity m (1 < m < d). Let n; € N be an arbitrary sequence with
lim; o nj = co. Then for almost all X € Sy, there are d +m linearly independent
solutions y1, ..., Ya+m of J(yx(n +1) —yx(n)) = AH(n)yx(n) with

lim inf yy (ng) H (g )yx (n;) < oo
fork=1....d4+m.

Loosely speaking, this means that there are d + m solutions that are bounded
(albeit in a weak sense) if there is absolutely continuous spectrum of multiplicity
m. This neatly confirms general (and rather vague) notions about the absolutely
continuous spectrum. Namely, corresponding to absolutely continuous spectrum
of multiplicity m, there should be 2m solutions of roughly constant size, d — m
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decaying and d — m growing solutions. This indeed leads to 2m +d —m =d+m
solutions whose size does not increase, as asserted by Theorem 1.1.

Theorem 1.1 is a generalization of a fundamental result of Last and Simon [10,
Theorem 1.2]. Last and Simon deal with second order scalar equations, correspond-
ing tod = 1in (1.1). To prove Theorem 1.1, we will follow the strategy of [10]. The
fact that the spectrum need no longer be simple leads to new issues that have to be
addressed. In particular, we will need to study in detail the effects of a variation
of the boundary conditions at the left endpoint. This may be reformulated as a
problem in complex symplectic linear algebra. This problem is solved in Sect. 6.

We have chosen the framework of canonical systems because we wanted to be
as general as possible since Theorem 1.1 deals with structural aspects of absolutely
continuous spectrum. At least in the second order case, (continuous) canonical
systems have indeed proven to be fundamental from several points of view. For
example, de Branges spaces are always generated by canonical systems [4, 14].
Moreover, the customary equations (Sturm-Liouville, Dirac, Jacobi) may all be
written as canonical systems. For more on the theory of (continuous) canonical
systems of arbitrary order 2d, we refer the reader to [1, 16]. The literature on the
second order case (d = 1) is considerably larger. We just mention [8] and refer the
reader to the references quoted therein.

We do not know of any systematic treatment of discrete canonical systems, so
we develop the material we need from scratch. The main difficulty is that it is not
at all obvious how to define self-adjoint operators whose eigenvalue equations are
given by (1.1). We will take the treatment of [14, Sect. 10] as a guideline.

It is even more difficult to clarify the relations between the different possible
definitions of the spectral measures of half line problems. We do not attempt a
deep analysis of this question in this paper. For us, the main point is to ensure
that the absolutely continuous part of this spectral measure remains invariant under
a change of boundary conditions. Thus, we adopt an armchair approach and use
a definition that makes a result of Gesztesy and Tsekanovskii [7] applicable, which
will give us the desired invariance.

The issues mentioned in the preceding three paragraphs will be discussed in
Sect. 2-5. Sect. 6 is central to our treatment; here, we study questions from complex
symplectic linear algebra. We can then prove Theorem 1.1 in Sect. 7. Finally, in
Sect. 8, we try to further justify our choice of canonical systems as the general
framework by showing that any scalar equation of even order 2d can be written in
the form (1.1).

2. SPECTRAL THEORY ON FINITE INTERVALS

In this section, we want to study eigenvalue problems associated with the equa-
tion (1.1) on a finite interval n € {1,..., N}. We work with the (finite dimensional)
Hilbert space ¢4 ({1,...,N}). Its elements are equivalence classes of functions
y:{1,...,N} — C%4 the scalar product is given by (y,z) = Zivzl v Hp 2y, and
functions y, ¢’ with ||y — /|| = 0 are identified in ¢4.

There are several obvious problems. First of all, the operator associated with
(1.1) should formally be given by (Ty), = H,'J(yn+1 — yn), but H, is not
invertible. If one tries to define Ty = f by requiring the difference equation
J(Yns1 — Yn) = H,fn to hold, then it is neither clear that any y € ¢} has an
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image f = Ty under T, nor is it clear that this image (if it exists) is well defined,
since different representatives of y € £5 might lead to different images f.

These issues will be addressed in this section. We will basically follow the method
of [14, Sect. 10].

We will first define boundary value problems associated with (1.1) by hand and
only later link things up with operators on (subspaces of) the Hilbert space ¢4

We start out by establishing a formula of the type of Green’s identity. Such a
formula is essential if one wants to describe the self-adjoint realizations in terms of
boundary conditions. Suppose that the difference equations

J(yn—i-l ) H fn> J(Zn—l-l - Zn) = Hngn

are satisfied for n =1,..., N. Then
n= N+1
(2.1) (y, g>zH({1 LN} T (fiz >eH({1 LSNP T ynJZn‘ .
If we interpret f as Ty and g as Tz, then (2.1) expresses (y,Tz) —{(Ty,z) as a
difference of two symplectic forms that involve the values of y, z at the boundaries
only.
Eq. (2.1) is proved by the following calculation:

<yg Zy” ngn — Zf Hyz,

= Z y;; ngn — Z f;Hn (ZnJrl + JH”g")

n=1
N

Z ngn Zf H nZn+1
; n=1 N
Z Zn+1 Z yn—',—l JZ"+1
= — Z y:LJZn + Z y:+1JZn+1
n=1 n=1

=ynvmdant1 — Yz

To pass to the third line, we have used the fact that H,,JH, = 0.

We now want the boundary forms y*Jz to vanish separately at n = 1 and
n = N + 1 (“separated boundary conditions”). We seek maximal subspaces with
this property. More specifically, we want to work with subspaces L C C?? with
v*Jw = 0 for all v,w € L, and L should be maximal with this property. These
so-called Lagrangian subspaces admit the following description: Let o, ag € C4¥4
with

(2.2) o] +agas =1, aja; —agal =0.

Then L, := {v € C??: (a1, a)v = 0} is a Lagrangian subspace, L, # Lg if a # 3
both Satlsfy (2.2), and every Lagrangian subspace arises in this way. We will prove
this characterization of Lagrangian subspaces in Sect. 6, where we will also discuss
other question from symplectic linear algebra. See also [3, Chapter 11] or [2].

We can now try to associate boundary value problems with the canonical system
(1.1). The following definition suggests itself: Fix «, § satisfying (2.2) and impose
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the boundary conditions
(2.3) (1,a2)y1 =0, (B1,82)yn+1 = 0.

We call z € C an eigenvalue of (1.1), (2.3) if there is a nontrivial solution y to these
equations. One can of course just work with this definition, but we will try to get
additional insight by identifying the set of these eigenvalues as the spectrum of a
self-adjoint operator in a subspace of £4.

There are only finitely many eigenvalues, so we can certainly fix a number zg € C
that is not an eigenvalue. We will consider the resolvent at the point zy (which is
formally given by (7'— z0)~!) and construct the sought operator 7' from this object.

To simplify the notation, we suppose that zy = 0; this amounts to assuming that
2
2

of the inhomogenous equation J(yn+1 — yn) = fn (n =1,..., N) that satisfies the
boundary conditions (2.3). A straighforward calculation shows that this solution
can be obtained with the help of a kernel K as

the matrix (5 3. ) is regular. Then, if ( fj);vzl is given, there is a unique solution y

N
Yn = ZK(nvj)f_]v
j=1

BogJ —J j<n a as\ /0 0
K(n,j)=4¢ B :(1 2) ( )
() {Baﬁj jent Pl ) s
From the construction of K| it is clear that z is an eigenvalue with corresponding
eigenfunction y precisely if

where

N
(2.4) yn =2y K(n,j)H;y;.
j=1
This equation also makes sense in the Hilbert space ¢4 ({1,...,N}) because the

right-hand side only depends on the equivalence class § of y (recall that y ~ 0
<= H,y, = 0). More precisely, the kernel K defines an operator H on ¢4
by (2.4). If y is an eigenvector with eigenvalue z, then § = 2K Hy. Conversely, if
this equation in ¢4 holds, then there is a unique representative y (namely, the one
defined by (2.4)) which is an eigenfunction corresponding to the eigenvalue z. In
particular, it follows that different eigenfunctions also represent different elements
of /1.

Define ¢4 similarly to ¢£ | but with H replaced by the identity matrix I € C24*2d
(so £} is isomorphic to a 2d-fold orthogonal sum of £, spaces of scalar valued func-
tions). Let V' be the isometry

Ve 651 - eéa (Vy)n = H’r];,/zyn'

Here, H,l/2 is the non-negative square root of H,, > 0. Let L : éé — Eé be the
operator with kernel

. N 7rl/2
Lemma 2.1. L(n,j) = L(j,n)* and L is self-adjoint.
Proof. The second claim follows immediately from the identity for the kernel. This
identity, in turn, follows from the corresponding identity for K,

(25) K(naj)fK(jan)*:J(snja
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and the fact that H,JH,, = 0. So we need only prove (2.5).
Let y, z satisfy the boundary conditions (2.3) and solve the equations J(yp+1 —
Yn) = fn, J(Zn+1 — #n) = gn. Then
N N
0= (Uns1Jznt1 —vpTzn) = > ((yn + £ )T (20 = Tgn) = y5T20)
n=1

n

I
-

N
(frdgn +yngn = fazn) = D FilJ0n; — K(n,j) + K (j,n)] g;.

=1

As f, g are arbitrary, (2.5) follows. O

I
WE

3
Il
—

We observed above that the eigenvalues and eigenfunctions are precisely the
solutions of (2.4). Also, it is possible to view (2.4) as an equation in the Hilbert
space ¢}, In the following lemma, we will further reformulate this condition.

Lemma 2.2. Let f € 1, 2 # 0. The following statements are equivalent:
a) Lf =z271f
b) f € R(V) and the unique y € ¢ with f = Vy satisfies y = zKCHy.

Here, R(V) C ¢} denotes the range of V.

Proof. We see from the form of the kernel L that R(L) C R(V). Now if a) holds,
then f = zLf lies in R(V), hence f = Vy for a y € ¢, So f, = H,ll/Qyn and
2(Lf)n = ZH? Zjvzl K(n,j)H;y; and thus

N
H711/2 Yn — ZZK(na])HJyJ =0.
=1

In other words, y = zKHy in 4.
Conversely, if b) holds, then we get a) by multiplying from the left by H}/ % on

both sides of y = zKHy. |

Let P be the orthogonal projection onto R(V') in ¢1. Note that

N
R(V)* = {fezg : Zgzﬂéﬂfn:o Vgeeé} = {fe€§ 1l :0}.
n=1
Thus £(1 — P) = 0. On the other hand, since R(P) = R(V) D R(L), we have
that PL = L. Tt follows that PL = LP, and thus R(V) is a reducing subspace for
the self-adjoint operator L. Let Ly be the restriction of £ to R(V). Then, since
L(1 — P) =0 (as noted above), L =Ly @ 0.

The crucial step in the construction of a self-adjoint operator T associated with
(1.1), (2.3) is the introduction of the following subspace. Define

7= {f € 04+ 3y with [[yllgz = 0,7 (Yns1 — yn) = Ho fo, y satisfics (2.3)} .

Since such sequences y represent the zero element of 65[ , we can interpret Z as the
space of the images of zero of the sought “operator” (more precisely, of a relation).
In the following lemma, we write N(Lg) for the kernel of Lg.

Lemma 2.3. N(Ly) =VZ
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Proof. Let g € N(Lp). Recalling that Ly acts in R(V), we can write g = V f with
fe s, Then Hy? YN | K(n,j)H;f; = 0. Put y, = 21| K(n,j)H;f;. Then, as
just observed, H,y, = 0, and by the construction of K, y satisfies the boundary
conditions and the equation J(yn+1 — yn) = Hn frn. Hence f € Z and g € VZ.
Conversely, if f € Z and g = V f, then there exists a sequence y that satisfies
the boundary conditions, the equation J(ynt+1 — yn) = Hypfn, and H,y, = 0. We
use again the properties of K to represent y as y, = Zjvzl K(n,j)H;f;. Hence

Log = LoV f = Hy'?y, =0. m
Theorem 2.4. The (normalized) eigenfunctions of

J(Ynt1 — Yn) = 2Hpyn, (a1,22)y1 = (81, B2)yn+1 =0

form an orthonormal basis of the Hilbert space (5 © Z.

Proof. Obviously, the (normalized) eigenfunctions of the self-adjoint operator Lo
corresponding to non-zero eigenvalues from an orthonormal basis of R(V)© N(Ly).
Apply the unitary map V=1 : R(V) — ¢4 and use Lemmas 2.2, 2.3. O

We have succeeded in relating the eigenvalue problem (1.1), (2.3) to the spectral
theory of a self-adjoint operator in a Hilbert space. We now show that a more
direct line of attack leads to the same result. Define the relation Ry by

Ro=A{(y, ) : J(Yn+1 — Yn) = Hy fn,y satisfies the boundary conditions} .
Equivalently, (y, f) € Ro if and only if

N
(2.6) yn =Y K(n,j)H;f;.

j=1

Define also

R={@]):w.f)eRo}  tfl @l
(We use a tilde if we want to emphasize that we are considering elements of ¢.)
Our goal is to extract an operator from the relation R. Now for a given y € ¢,
it might happen that (y, f) ¢ R for all f € £}, and even if (y, f) € R for suitable
f € ¢4 this f might not be unique. We are thus led to introducing the spaces

D= {yetf:3f et with (y, f) e R}
(the projection of R onto the first component) and, as above,
Z={fetd:(0,f)erR}.

We now claim that (g, f) ER < Vy= LOVf. Indeed, if this latter relation
holds, then y = KH f Take an arbitrary representative f € f and define a repre-
sentative y of ¢ by (2.6). Then (y, f) € Ro and thus (7, ]?) € R. The converse is
proved by reversing these steps.

Recall that V maps ¢ unitarily onto R(V) C £4. So V is invertible as a map to
R(V) and thus

(y,f/)eER <= y=V'LV].
In particular, it follows that Z = N(V~1LyV), and, since this operator is self-
adjoint,
D=RVILV)=NV1LV)t =2zt =1tllcz
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We obtain the self-adjoint operator
T:D—D, T=(V"'LV),)

from the relation Ry, just as in Theorem 2.4. The eigenvalues and eigenfunctions
of the boundary value problem from Theorem 2.4 are exactly the eigenvalues and
eigenvectors of T

A vector § € ¢4 lies in D if and only if there exists a representative y € § and
an f, so that y satisfies the boundary conditions and J(yn+1 — Yn) = Hp frn. In this
case, y is unique and the unique fwith the properties from above and, in addition,
fe D, is the image f: Ty.

3. SPECTRAL MEASURES

As the underlying Hilbert space H = D = (£ © Z is finite dimensional, the
operator T introduced in the preceding section has purely discrete spectrum and a
spectral representation can thus be obtained by expanding in terms of eigenfunc-
tions. We proceed as follows. Let u(n, z) be the solution of (1.1) with the initial

value u(1,2) = (;oi;) (we write u(n) instead of w, here, and we will continue
1

to change between these two notations). So u satisfies the boundary condition at
n = 1, and the columns of u span the space of solutions of (1.1) with this additional
property. We further introduce the map U by

N
(3.1) (UHA) =Y (n, A H(n) f(n).
n=1

In other words, U computes the scalar products with the solutions u(-,\). The
goal is to introduce a spectral measure p that makes U unitary onto Lo(R,dp).
If )\ is an eigenvalue, we can find a matrix Py € C?%*¢ so that the columns of
u(-, A) Py span the eigenspace N(T' — X). We can actually assume that Py is an
orthogonal projection. Put Ny = 25:1 u*(n, \)H(n)u(n, A). The compression of
Ny to R(Py), P\NyPy, is invertible as an operator on R(Py). Indeed, v*Nyv > 0
for all v € R(Py) because eigenfunctions cannot have zero norm. Define

(3.2) p:ZP,\ (P)\NAP,\)_l P,\(S)\.

The sum is over the eigenvalues, the inverse really means the inverse in R(Py), as
just explained, and d) is the Dirac measure at .

Theorem 3.1. U : H — Lo(R, dp) is unitary.

Note that p is a matrix valued measure. The scalar product in Lo (R, dp) is given
by (£.9) = J £*(\)dp(A)g(A) (in this order).

Proof. Let E be an eigenvalue and consider first the case f(n) = u(n, E)a with
a € R(Pg). Then the following evaluation holds almost everywhere with respect to

p:

N N
UHN) =Y u(n, NH(n)u(n, E)a =Y Pyu*(n,\)H(n)u(n, E)a

n=1

= 5)\EPENEPEG,
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For the last equality, we use the fact that eigenfunctions corresponding to different
eigenvalues are orthogonal and Pu* = (uP)* and the columns of uP are eigenfunc-
tions.

Hence, if g(n) = u(n, E’)b with an eigenvalue E’ and b € R(Pg-), then

<Uf, Ug)Lz(]R,d,,) = 5EE’a*PENEPE (PENEPE)il PENEPEb = 5EE/a*NEb

N
= bppa” Yy u*(n, E)H(n)u(n, B)bo = (f,9)e = (f,9)n.
n=1
Since the functions f = (-, E)a span H, U is isometric. Since the images U f =
oz PeNgPgra span La(R,dp), U is unitary. O

We can also consider the U defined in (3.1) as an operator from £ to Ly (R, dp).
Then U is a partial isometry. More precisely, the following holds.

Theorem 3.2. N(U)=2

Proof. Since we know already that U is unitary from H = Z1 to Ly(R,dp), we
must show that Uf =0 for all f € Z. So let f € Z. By the definition of Z, there
exists a sequence y so that J(Yn+1 — Yn) = Hufny Hoyn =0 (n=1,...,N), and y
satisfies the boundary conditions. Now Green’s identiy (2.1) shows that

N N
* * * n=N+1 *
(Uf)()\) = Z UH(A)ann =A Z uanyn + unJyn|n=1 = uN+1JyN+1'
n=1 n=1

We have used that ujJy; = 0, since u and y both satisfy the boundary condition
atn=1.

We are interested in (U f)(A\) = u*(N+1, A)Jy(N+1) as an element of Ly (R, dp),
so we may restrict A to the eigenvalues. Moreover, the projections Py from (3.2)
make sure that (Uf)(A) = (u(N + 1,A\)Py)*Jy(N + 1) almost everywhere with
respect to p. In other words, only eigenfunctions (and not arbitrary linear combi-
nations of the columns of u) need to be considered. But these eigenfunctions satisfy
the boundary conditions at n = N+1, as does y, hence (u(N+1,\)Py)*Jy(N+1) =
0. O

The following observation is an immediate consequence of the fact that U is a
partial isometry. It will be a crucial input to the method of Last-Simon [10].

Corollary 3.3. For all f € t§({1,...,N}), we have that ||U f||1,(r,ap) < (£ ez -
Actually, we will use another version of this:

Theorem 3.4. Let P, be the orthogonal projection onto R(H,) C C%¢. Then for
n=1,...,N,

(3.3) / HY2u(n, N)dp(\u*(n, \HY? < P,.
R

Proof. Fix an arbitrary w € C2¢ and put fi, = wd,. Then (Uf)(\) = u*(n, \) H,w
and thus Corollary 3.3 shows that

w*/Hnu(n, ANdp(N)u*(n, \)Hyw < w*H,w
i
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or, equivalently,
(3.4)  (HY?w)* / HY2u(n, N dp(Nu* (n, \)HY2HY 2w < (HY?w)* P, H} *w.
R

So, if we denote the matrix from the left-hand side of (3.3) by I, then (3.4) says
that v*Iv < v*P,v for all v € R(H,). For v € R(H,)* = N(H,), obviously
Iv = P,v =0, so the proof is complete. O

4. M FUNCTIONS

In this section, we present an alternate approach to constructing the spectral
measure p. Namely, we introduce and use Titchmarsh-Weyl M functions. For this
theory in various different situations, see [2, 3, 9, 15].

In this approach, one does not introduce operators, but works directly with the
equation (1.1). Let Y (-, z) be a fundamental matrix of (1.1), with the initial value
Y(1,2) = (Z% ;O%; ). So the last d columns of the 2d x 2d matrix Y are just the
solution u introduced above. Write Y = (v, u) and put, for M € C4*4,

Far(n,2) = Y (n, 2) (]\14> = v(n, 2) + u(n, 2) M.

As usual, the Titchmarsh-Weyl M function of the problem (1.1), (2.3) is defined
by requiring that Fj; satisfy the boundary condition at n = N + 1. More precisely,
for € Ct = {2 € C: Imz > 0}, we demand that (81, 82)Fam(N +1,2) = 0.

This defines a matrix M(z) = M C(YAQ(Z) Note that such an M must exist because
otherwise there would be non-real eigenvalues. Also, M is unique. In fact, writing
v=(ui)and u= (4} ), we can express M as

M(z) = — (Brur(N +1,2) + Baua(N + 1,2)) 7" (Broa(N + 1, 2) + Bava(N + 1, 2)).

This representation shows that M is holomorphic on CT; in fact, it is a rational
function.
For z € C* and M € C%*? (not necessarily equal to one of the matrices M c(y]\,;) (2)
from above), introduce
N
(4.1) E.(M)=Tm z Y Fi/(n,2)H(n)Fa(n,z) —Im M,
n=1

with Tm M = (1/2i)(M — M*).

Theorem 4.1. Let z € Ct, M € C*?. Then M = M((ll\g)(z) for some boundary
condition (3 if and only E,(M) = 0.

Proof. We claim that
1
(4.2) E.(M) = %FX/I(N—&— 1,2)JFy (N + 1, 2).

This follows from Green’s identity (2.1). Indeed, with y = z = Fy,(-, 2) and thus
f=g=2zFu(z2), we see that

Fy((N+1,2)JFy(N+1,2) =

N
Fy(1,2)JFp(1,2) + 26 Im 2 Z Fy(n,z2)H(n)Fuy(n, 2).

n=1
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Moreover,

* . * a1 (6%} OLT 70[3 1
Fattmtno — ) (91 ) (5 1) (1)
=M*—M=—2i Im M,

and hence (4.2) holds.

Now if M = Mg(z) for some boundary condition 3, then, by the construction of
Mg, the solution Fyy, satisfies the boundary condition 3 at n = N + 1 and hence
E.(Mg) =0 by (4.2) (because the boundary conditions single out those subspaces
on which the form u*Jv vanishes).

Conversely, if E,(M) =0, set

(’717’)’2) = (17M*)Y*(N+ 1aZ)J7
with 712 € C4*4. Then (v1,72)Far(N + 1, 2) = 0. Moreover,

%ﬁ—w%z—Mﬁﬁ%% (N4 1,2)Fy(N+1,2) =0

by (4.2). Since (71, 72) has full rank (equal to d), A := 117} + Y273 is an invertible
matrix. Put 8; = A~1/24; (j = 1,2). The above observations imply that (3, 82) is
an admissable boundary condition (this is to say, (2.2) holds) and (51, B2)Far (N +
1,2) = 0. In other words, M = Mpa(z). O

For second order equations, the sets
M) (2) = {Ms(z) : B boundary condition } = {M € C**¢: E_ (M) =0}
are circles in the complex plane (d = 1 here). If N increases, these circles are

nested. Here, we have more complicated objects, but they are still nested in the
following sense: Introduce the sets (“discs”)

DM (2) = {M e C¥™: B, (M) < 0}.

Then D,&Nl)(z) D D&M)(z) if Ny < Nj. This follows at once from (4.1).

Eq. (4.1) also shows that Mg is a Herglotz function. This means that Mp(2)
is defined and holomorphic on the upper half plane and Im Mg(z) > 0 there (in
the sense that the matrix is positive definite). Consequently, there exist matrices
A BeC¥™ A= A* B >0, and a (matrix valued) positive Borel measure v on
R with [, d(trace v)(t)/(t* + 1) < oo, so that

1 t
4.3 M =A+B — — —— | dv(?).
(1.3 s =as s [ (- ) w)
A, B and v are uniquely determined by Mpg. Occasionally, it is useful to have finite
measures. To this end, one can also write
1+1iz

(1.4) My(e) = A+ [ T duc)
Rt—=z
with R = RU {00} and
_dv(t)

The representation (4.4) has the additional advantage that p is a measure on the
compact space R.
We now relate the M functions discussed above to the material from Sect. 3.
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Theorem 4.2. The measure v from the Hergoltz representation (4.3) of Mg is the
spectral measure p from (3.2).

This does not come as a suprise; on the contrary, this fact is one of the main
points of the Weyl construction.

Proof. We compute the norm of F' = Fy, in two ways. First of all, by (4.1) and
Theorem 4.1,

_Im Mg(z)

Im 2z

N
(4.5) > F(n,2)*H(n)F(n, z)

Next, we use the partial isometry U from (3.1). We use a convenient matrix nota-
tion: UF is the matrix whose columns are given by U applied to the corresponding
columns of F. Green’s identity (2.1) shows that in Ls(R, dp),

N+1
n=1

N
A=2)(UF)YN\) =(A—2) Z u*(n,\)H(n)F(n,z) = —u*(n,\)JF(n,z)|

. aj — a5 Mp(z)
= u*(L,A)JF(1,N) = (—ag, ) J (az N aTMZ(z)> =1
The boundary term at n = N + 1 vanishes because of the argument from the end
of the proof of Theorem 3.2: almost everywhere with respect to p, we only need to
consider eigenvalues A and eigenfunctions (u(-, \)Py)*, and these eigenfunctions as
well as F satisfy the boundary condition at n = N + 1.
Now the material from Sect. 3 shows that

N
(4.6) S F(n,z)*H(n)F(n,z) = dp(N)

S Jr A=

N
+ Y (PzF) (n,2)H(n)(PzF)(n, 2),

n=1

where Py denotes the projection onto Z C (. To analyze Pz F, fix a sequence
f € Z. By definition of Z, there exists y so that J(yn+1 — yn) = Hnfn, Hoyn =0,
and y satisfies the boundary conditions. A calculation similar to the one used in
the proof of Theorem 3.2 shows that

N
S (n,2)H(n) f(n) = —F*(1,2) Jy(L).

n=1

By plugging in the value of F'(1,z), we may further evaluate this as

N
S F* (0, 2)H(n) f(n) = (—as, a1)y(L).

In particular, the scalar product of (a column of) F(-,z) with any vector from Z
is independent of z € C*. Consequently, PzF(-, z) is also independent of z. By
combining this result with (4.5), (4.6), we obtain

dp(t)

|t — 2>

ImMg(z):BImz—FImz/
R

where B > 0 is a constant matrix. But the measure from the Herglotz represen-
tation is uniquely determined by Im M, hence comparison with (4.3) shows that
v = p; in fact (referring to (4.4)), we have that du(t) = dp(t)/(t> + 1) + Bés. O
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5. SPECTRAL MEASURES FOR HALF LINE PROBLEMS

We are now given an equation of the form (1.1) on a half line n € N, together
with a boundary condition v at n = 1, and we want to introduce spectral measures
for this problem. This seems to be a rather subtle problem, as there are several
reasonable looking possible definitions, and the relations between them are not at
all clear. For example, one might be satisfied with measures p for which the map
U becomes a partial isometry from ¢4 ({1,...,N}) to Ly(R,dp) for all N € N. Or
one might require these maps to be isometric on the spaces ¢4 ({1,...,N}) © Zy.
In this case, one would probably only consider situations in which these spaces are
subspaces of one another. One could also try to construct self-adjoint operators
corresponding to the half line problem and then consider the spectral measures of
these operators.

Here, we will take a rather pedestrian approach modelled on the construction of
spectral measures in the classical Weyl theory. More precisely, we will consider limit
points of spectral measures of problems on {1,..., N} for N — oco. The following
observation will get us started. It will be convenient to work with the measures
W= ,u(ﬁN) from (4.4) instead of p.

Lemma 5.1. There is a constant C' so that trace ,ugN) (R) < C for all N € N and
all boundary conditions (3.

Proof. Eq. (4.4) shows that /zéN) (R) = Im M, éN) (), and these matrices are uni-

formly bounded because by the nesting property, all M éN) (¢) lie in the compact set
DM (3). 0

Now the Banach-Alaoglu Theorem ensures that there are weak * convergent
subsequences ,u(ﬁjjj ) . We transform back and dismiss a possible discrete point
at infinity and call every measure p on (the Borel sets of) R of the form dp(t) =
(t? + 1) du(t), with such a weak * limit point p, a spectral measure of the half line
problem. Lemma 5.1 shows that spectral measures always exist.

This definition is rather general and we cannot expect p to have many properties.
It is true, however, that U from (3.1) maps ¢4 (N) contractively into (but, in general,
certainly not onto) Lo(R, dp).

Theorem 5.2. Let p be a spectral measure as above and f € (4 ({1,...,N}) for
some N € N. Then

(5.1) U fll Lo oapy < 1 llez-

This of course implies that U has a unique continuous extension to all of /£ (N),
and this extension (which we also denote by U) still satisfies (5.1).

Proof. Fix f € t5({1,...,N}). Let ¢ be a continuous function on R with compact
support, 0 < ¢ < 1, and ¢(0) = 1. As discussed in Sect. 3, U is a contraction (in
fact, a partial isometry) from (£ ({1,..., N'}) onto La(R, dpg/) for every N’ € N.
Hence if N; > N and R > 0, then

* j A * j
il / (U£)* Ndp§ " WNWU () = / ¢<R) (U £)* Vol U ).
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Letting j — oo shows that
A .
112 = [ o(F) WO Q@A
and now (5.1) follows by letting R — oo. O

Theorem 5.2 has the following important corollary.

Theorem 5.3. Let p be a spectral measure of the half line problem. Denote the
orthogonal projection onto R(H,) C C?? by P,. Then for everyn € N,

[ Hutn Mot NHY? < P
R

Proof. Identical to the proof of Theorem 3.4, with Corollary 3.3 replaced by The-
orem H.2. O

Our second major goal in this section is to prove an invariance result for the
absolutely continuous parts of the spectral measures if the boundary condition at
n = 1 is varied. To this end, we will first establish a transformation formula for the
M functions. We need the following technical result.

Lemma 5.4. Suppose that uy — 1 in the weak x topology. Then there is a subse-
quence N;j — 00, so that the corresponding functions My, (compare (4.4)) converge
locally uniformly on Ct. The limit function has the Herglotz representation

M(Z):A+/ 1+tz

du(t).

gt—=z

It is in fact well known (see [5]) that weak % convergence of the measures is
equivalent to locally uniform convergence of the imaginary parts of the correspond-
ing Herglotz functions. Here, the real parts can be made convergent too because of
the Weyl geometry. With the use of this term, we are referring to the fact that the
sets Dy (z) are nested.

Proof. The integrals from the Herglotz representation (4.4) clearly converge locally
uniformly. Moreover, Ay = Re My (i) remains bounded because My (i) € Dy (7)
for all N € N, and thus Ay converges on a suitable subsequence. ([

From now on, we will make the additional assumption that
() N(H,) = {0}.
neN
Equivalently, if y solves J(yn+1 —Yn) = 2Hypyy for some z € C and [|y[|;z = 0, then
yn = 0.
We want to analyze the effects of a change of boundary conditions at n = 1. Let
«a and v be such boundary conditions. Suppose that ug?féj) — s NE,I,\%) — by in
the weak * topology. By Lemma 5.4, we may assume that the corresponding M
functions also converge (locally uniformly) to the limits M, and M., respectively.

Lemma 5.5. The following transformation formula holds for all z € C*:
Mo (2) = (=02 + 81M,(2)) (81 + 62 M, (2)) ",

where
0 = ony] + oy, 02 = agy) —aivs.
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Proof. The corresponding formula for the M functions on finite intervals,
-1
(5.2) MUP () = (=6 + M) 2) (0 + M0 (=)

follows from a straightforward computation (one just has to relate the fundamental
matrices Y,, Y,), which we leave to the reader. Thus it suffices to show that
01 + 02 M., (z) is invertible for all z € C*, for we can then let j — oo in (5.2). So
fix z € C* and suppose that

(01 + 02M4(2)) v = 0.

‘We can also write this in the form

>3 e (3 F) (i) =0

We abbreviate F' = F|}’, that is, F(n, 2) = Y(n,2)(a):)) and, similarly,

7,83
Since Fj satisfies the boundary condition ; at n = N; + 1, Green’s identity (2.1)
implies that
N
2i Im zv* » Fi(n,2)H(n)Fj(n,z)v = —(F;(1,2)v)"JF;(1, 2)v.
n=1
Clearly, F;(1,z) — F(1,z) as j — oo, and (5.3) says that (o, a9)F(1,2)v = 0,

hence
N

i
lim v* F*(n,z)H(n)F;(n,z)v=0.
Jim v 3 F 2 0.2

The summands are non-negative and

jlirglo v Fj(n,z)H(n)Fj(n, z)v = v*F(n,z)H(n)F(n, z)v.

Therefore, this limit must be equal to zero: H(n)F(n,z)v = 0 for all n € N. So
f = Fv solves J(fni1 — fn) = zH,, f,, and represents the zero element of £}/, Thus,
by our assumption, F'(n,z)v = 0. In particular, F(1,z)v = 0, hence

(1 =My (2))v=0, (5 +7M,(2))v=0.
Multiply the first equation from the left by 1, multiply the second equation by 7

and take the sum. It follows that v = 0. O

Theorem 5.6. Let p and ji, be the weak * limits of ugNﬂ’J) and u(vj,vﬁjj), respectively.

Then the absolutely continuous parts of po and p, are equivalent.

The absolutely continuous parts are equivalent in the following strong sense
(“with multiplicities”): Write dpa,ac(A) = Fa(A) dA, dppy,ac(A) = Fy(A) dX, where
the densities F' take values in the set of non-negative d x d matrices. Put, for
m=0,1,....,d,

(5.4) SO —{NeR: rank Fy(\) =d} (0=a,).

Then the symmetric difference Sr(,f )Asr(,? ) has Lebesgue measure zero for all m =
1,...,d.
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Proof. Gesztesy and Tsekanovskii prove that this result follows from the transfor-
mation formula for the M functions from Lemma 5.5. See [7, Theorem 6.6]. g

6. SYMPLECTIC LINEAR ALGEBRA

Let V be a complex vector space, and let w be a sesquilinear form on V with
w,w) = —w(w,v). If wlv,w) =0VYw € V implies v = 0, V is called a (complex)
symplectic linear space, and w is called a symplectic form. Symplectic spaces play
an important role in the analysis of canonical systems because the boundary form
w(u,v) := u*Jv is a symplectic form on C24.

One is often more interested in real symplectic linear spaces (and real symplectic
manifolds) because of their fundamental role in the mathematical formulation of
classical mechanics. See [11, Chapter 1, §1] and [12, Chapter 1, Sect. 2]. For a use
of the methods of complex symplectic linear algebra in the theory of differential
operators, see [6].

The main results of this section are Theorem 6.6 and Corollary 6.7. This latter
result will play a crucial role in the next section. Roughly speaking, it says that
there are so-called Lagrangian subspaces (subspaces that correspond to self-adjoint
boundary conditions) in many different directions.

For W CV,let W ={v eV :w(,w)=0Vw € W}. Clearly, W* is a subspace
of V. A subspace W of V is called isotropic ift W C W« and it is called symplectic
it Wnwe ={0}.

We will only deal with finite dimensional symplectic spaces V. We then have:

Lemma 6.1. Let W be a subspace of V.. Then
dim W + dim W* =dimV, W =W.

Proof. The map A : V — V', (Av)(w) = w(v,w) is an (anti-linear) isomorphism
because ker A = {0}. Hence

dimW* = dim AWY =dim{F € V' : F(v) =0Yv € W} =dimV — dim W.

To prove the second assertion, note that W C W** by the definition of (---)“. On
the other hand, by what has been proved already,

dim W*® =dimV — dim W% = dim W,
hence W = W«v, (]

The following is an immediate consequence of Lemma 6.1.

Corollary 6.2. Let W be a symplectic subspace of V.. Then W is a symplectic
subspace and V =W + Wv.

Lemma 6.3. Let V be a symplectic space with dimV = D. Then there exists an
isomorphism ¢ : V — CP so that

st v (g Jutw)

Proof. If V is identified with C”, the symplectic form takes the form w(v,w) =
v* Aw with A self-adjoint and invertible. A diagonalization of A and then a further
transformation with a diagonal matrix yields the asserted form of w. ([
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The number p € {0,1,..., D} from the lemma characterizes the symplectic space
V; it is an invariant under symplectomorphisms (linear isomorphisms that preserve
the symplectic form). Obviously, ¢ = D — p.

The simple normal form of w from Lemma 6.3 also shows that we can find a
basis B = {e1,...,¢€p, f1,-.., fq} of V so that w(ej,er) = ik, w(f, fx) = —id;k,
and w(e;, fr) = 0. A basis satisfying these conditions will be called a symplectic
basis.

Lemma 6.4. Let W be a subspace of the symplectic space V.. Then W/(W NW¥)
is a symplectic space.

Here, we define a symplectic form on the quotient by w((v), (w)) = w(v,w). This
makes sense because obviously the right-hand side is independent of the choice of
the representatives.

Proof. 1t is obvious that the form defined above is sesquilinear on the quotient and
satisfies w((v), (w)) = —w((w), (v)). If w((v), (w)) = 0 for all (w) € W/ (W NW«),
then w(v,w) =0 for all w € W. This means that v € W* or (v) = 0. O

Lemma 6.5. Let W be an isotropic subspace of V. with dim W = k. Then there
exists an isotropic subspace Z with dimZ =k and W N Z = {0} so that W + Z is
a symplectic subspace of V.

Proof. We may assume that V = CP and w has the form given in Lemma 6.3.
Write A = (¢ | ) and put Z = AW. Then dimZ = dimW = k and Z is
isotropic because A* = —A, A% = —1 and hence (Av)*A(Aw) = v*Aw = 0 for all
v,we W. If v € WNZ, then v*v = v*A(A~1v) = 0, hence v = 0.

It remains to show that W+ Z is symplectic. Suppose that v = v1+Av, (v; € W)
has the property that v* Aw = 0 for all w = w; + Aws with w; € W. By multiplying
out and using the fact that W and Z are isotropic, we see that then viw; = viws
for all wq,ws € W. Since we may in particular take one of the w;’s equal to zero,
it follows that v; = vo = 0, and thus W + Z is symplectic. ]

We will now concentrate on the case D = 2d and p = ¢ = d. The motivation for
concentrating on this special case is clear: these are the parameters of the boundary
form w*Jv. A subspace L C C?? is called a Lagrangian subspace if L = L“.
Lagrangian subspaces are precisely the maximal isotropic subspaces. Indeed, if
L = L¥, then L cleary is an isotropic subspace that is maximal. Conversely, if
L is isotropic with dim L = k, then, by Lemma 6.5, there exists another isotropic
subspace L so that L + L is a 2k-dimensional symplectic space. The parameters
Do, go of this subspace must satisfy pg = qo = k, for otherwise there could not be a
k-dimensional isotropic subspace. By Corollary 6.2, (L + E)w is a direct summand
for L+ L. The parameters of this new subspace are p; = ¢ = d — k, and hence
there are isotropic subspaces. It follows that L is not maximal unless k = d. But
in this case, dim L = dim L* by Lemma 6.1 and hence L = L*, as desired.

Theorem 6.6. There exist finitely many Lagrangian subspaces L1, ..., L, of C*?
so0 that for any d-dimensional subspace V. C C?¢, we have that V + L; = C?d for
some j € {1,...,n}.

Proof. We first prove an apparently weaker version of the theorem: For every d-
dimensional subspace V', there exists a Lagrangian subspace L so that V 4 L = C?.
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It will then be shown by a compactness argument that actually finitely many L’s
suffice.

We begin with the special case where V' is a symplectic subspace. We fix sym-
plectic bases {e1,...,ej, f1,..., fu} and {e],... ,e},,f{7 .oy fr ) of Voand V¥, re-
spectively. We have that j +k =7 + k' =d and j+ j' = k + k' = d. This implies
that j = k’, j/ = k. Thus we can define

L = span (61+f{,...,6j+fj/v,6,1+f1,...,€;/+fj/).

Then L is a d-dimensional isotropic (hence Lagrangian) subspace with VN L = {0}.

We may now assume that V' is not symplectic. We give a proof by induction on
d. For d =1,V = L(v) with w(v,v) = 0 (since V is not symplectic). Hence V is
isotropic and the existence of a Lagrangian direct summand follows from Lemma
6.5.

Now suppose that d > 2. Lemma 6.4 shows that there is a symplectic subspace
S C Vsothat V = VnNV®+ S In particular, VN V¥ C S¥. Since V is
not symplectic, £ := dimV N V¥ > 1. By Lemma 6.5, applied to the isotropic
subspace V NV* of the symplectic space S, there is an isotropic subspace I C S¥
with dim I = k, so that K := V NV¥ + I is a symplectic subspace of S¥. Let
T =V N K*. Then, since S C K“,

V=VnVY+ScVnV*+VNKY=vnv“4+TCV,

and hence V =V NV¥ 4+ T. Note that the sum is indeed direct because K N K% =
{0}. In particular,

(6.1) dimT:dimedim(VﬂV“’):dfk:%dimK“’.

Since K is a 2k-dimensional symplectic space that has a k-dimensional isotropic
subspace (namely, I), it follows that the parameters from Lemma 6.3 are px =
gk = k. Thus also pgw = qge = d — k, and, recalling (6.1), we may apply the
induction hypothesis to the symplectic space K and the subspace T. We obtain
an isotropic subspace J C K% so that T + J = K.

Let L =1+ J (the sum is direct because I C K and J C K*“). Then

VAL=VNVY4T+{I+J)=VNV+D)+ (T+J)=K+K“=C*

Moreover, L is isotropic. This concludes the proof of the simplified version of the
theorem.

To prove that finitely many L’s suffice, we work with the (complex) Grassman-
nian G 24, the manifold of d-dimensional subspaces of C??, The crucial fact is that
Ga,24 is a compact space in the natural topology. See, for example, [13, Lemma
5.1].

Moreover, if LNV, = {0} for some Vjy € Gg.24, then in fact LNV = {0} for all
V from a neighborhood of V5. Thus the compactness of G424 now gives the full
claim of the theorem. [l

Corollary 6.7. Let L1, ..., Ly be as in Theorem 6.6, and let S; C L; (j=1,...,n)
be m-dimensional subspaces of these spaces (m > 1). Then

dim span (Si,...,5,) > d+ m.
Proof. Write S = span(Sy,...,S5,) and let V' be a k-dimensional subspace of S

with k£ < d. By Theorem 6.6, V N L; = {0} for some j and hence S has a (k + m)-
dimensional subspace. The assertion follows by iterating this argument. [
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We conclude this section with establishing the characterization of Lagrangian
subspaces that has already been used in Sect. 2 and the following sections.

Theorem 6.8. L is a Lagrangian subspace of C2* with symplectic form w(u,v) =
uw*Jv if and only if there are oy, an € C¥*? satisfying (2.2) so that

(6.2) L={veC®: (a,as)v =0}.

Proof. Given a Lagrangian subspace L, choose an orthonormal basis of L to repre-
sent L as

(6.3) - {(—(}?)Czcecd},

where ajaf + azaj = 1 (this condition says that the columns of (_aoi;) form an
1
orthonormal system). Then, as L is isotropic, we must have that

_ *

(—ag,01)J ( Off) = ag0] —ajo =0.
o
So, first of all, the a’s satisty (2.2). It now also follows that L has the alternate
description (6.2).

These steps may be reversed: If, conversely, L is given by (6.2) with o’s satisfying
(2.2), then L may also be described by (6.3) and hence is Lagrangian. O

7. PROOF OF THEOREM 1.1

We now have all the tools for the proof of Theorem 1.1. The set S,,, was defined
in (5.4). Here, we can just fix an arbitrary boundary condition at n = 1. Then S,,
for a different boundary condition differs from this fixed set by a set of measure zero
which is clearly irrelevant because Theorem 1.1 asserts the existence of (weakly)
bounded solutions only almost everywhere on S,,.

Theorem 1.1 will be a consequence of the following result.

Theorem 7.1. There exists a function f > 0 on Sy, and, for every A € Sy, a
subspace V) C C2? with dim V, = m, so that

/S V)Y (m, N H ()Y (0, Ao\ FA) d < 1

for every n € N and every measurable choice v(\) € Vy with |[v(N\)|| = 1.

Proof. By definition of S, xs,,(A) dpac(A) = F(X)d\, where F(\) € C?*¢ has

precisely m positive eigenvalues. The remaining d — m eigenvalues (counting mul-

tiplicities) are equal to zero. Let f(\) be the smallest positive eigenvalue, and let

V) C C? be the span of the eigenvectors corresponding to positive eigenvalues.
We will now use Theorem 5.3. This result implies that

/ HY2u(n, N dp(Nu*(n, N HY?2. < 1.
Sm

Since p(M) > pac(M) > [,; Pxf(X) d\, where P is the orthogonal projection onto
V\, we have that

/S HY2u(n, NoN) (HY 2u(n, No(\)* fF(N) dA < 1
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for all measurable choices v(A) € V) with [|[v(A)]|| = 1. Of course, this inequality
holds in the sense of positive definiteness (and 1 € C2?*24). Hence for every unit
vector e € C2?, we have that

]Q e HY 20 (n, No(A)(HY 2u(n, \o(\)*ef(A) dA < 1

Here, however, e* %/Qu(n,)\)v()\) is a complex number, thus we can change the
order to obtain

/ () uln, A HY 2ee* HY 2u(n, No(A) f(V) dA < 1.
Sm

Note that ee* is the projection onto L(e), thus summing over an orthonormal basis
gives

L o) 1 ) Hoyu(n, No(A) FA) d < 2d.

This is the assertion of the Theorem, as Y = (...,u) and we can thus simply
disregard the first d columns of Y. Finally, we can of course get the constant 1 on
the right-hand side by adjusting f. O

Theorem 1.1 is now obtained as follows. Fix Lagrangian subspaces (or, equiv-
alently, boundary conditions) as in Corollary 6.7. Apply Theorem 7.1 with these
boundary conditions at n = 1 (although it has not been made explicit in the nota-
tion, we worked with a fixed but arbitrary boundary condition in this Theorem). Of
course, we may replace f,(\) by the minimum of these functions over the bound-
ary conditions a we are considering. This new function will again be denoted by
f, without index.

Fatou’s Lemma shows that for every boundary condition «, there is a set N, of
zero Lebesgue measure, so that
(7.1) liminf v*Y™*(n;, \)H(n;)Y (n;, \)v < 00

j—o0

ifAe Syn\ Ny and v € Vfa). Here, we get rid of the A dependence of v(\) from
Theorem 7.1 by making m special choices v(\) in such a way that the m different
v(A)’s span V) for every A € S,,. Also, we use the same fundamental matrix Y,
let us say the one with Y(1,A) = 1, for all boundary conditions. This can be done
since a change of Y just amounts to a transformation of the spaces V;a).

Clearly, condition (7.1) defines a subspace of vectors v € C2?. Put more ab-
stractly, we have thus shown that to each of the boundary conditions (Lagrangian
subspaces) chosen above, there corresponds an at least m-dimensional subspace of
this Lagrangian subspace on which (7.1) holds. This m-dimensional space really is
a subspace of the Lagrangian subspace because the solutions Y (-, \)v constructed
above satisfy the given boundary condition at n = 1. This in turn follows from
the proof of Theorem 7.1, where these solutions were in fact obtained as linear
combinations of the columns of uq (-, A).

Summing up, we see that we are in the situation of Corollary 6.7. This result
shows that the space of vectors v € C?? satisfying (7.1) is of dimension at least
d + m, and this is exactly what Theorem 1.1 states. ([l
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8. HIGHER ORDER EQUATIONS

In this section, we show that any formally self-adjoint equation of even order 2d
can be a written as a canonical system. This is a rather comforting fact because
it shows that canonical systems indeed provide a very general framework. The
canonical system formulation in fact has the advantage that it automatically (al-
most inadvertently) handles correctly some somewhat subtle issues related to the
reduction of the Hilbert space for certain boundary conditions.

Our starting point is the difference equation

(8.1) Z ci(n+)y(n+j) +c;j(n)y(n —j)) + co(n)y(n) = zw(n)y(n).
j=1
The coefficients ¢; are real valued, and cq(n) # 0, w(n) > 0 for all n. We can write
(8.1) formally as 7y = zy, where (7y)(n) is given by the left-hand side of (8.1),
divided by w(n). As is well known, the difference expression T generates self-adjoint
operators in the Hilbert spaces £ with scalar product (f,g) = > f(n)w(n)g(n).
To write (8.1) as a canonical system, we introduce the vector Y (n) € C2? by

yn+k—d—1) (k=1,....d)
Y ek (n =14 j)y(n—144) (k=d+1,...,2d)°

(82) Yi(n) = {

Lemma 8.1 (Green’s identity).
N

> (Fmyun)(rg)(n) = FHRw(R)g(n)) = F (N + 1DJG(N +1) = F*(1)JG(1)

n=1
Here, F, G are obtained from f, g as in (8.2).

Proof. This follows from a computation:

N —_
(n)w(n)(rg)(n)
B N L d
=> f(n) Z(Cj(nJrj) (n+7) +c;(n)g( ) + co(n)g(n)
d N+j d N-—j
=2 > fn=iemgm)+3 3 ot ej(n+5)g(n)
j= ;—i j=1n=1—j
£ 3 Fmeom)gln)
Nn_
=Y (rf)(n)w(n)g(n)
n_d N+j d J
+3 0 fln=d)ein)gn) =YD Fn—j)e;(n)g(n)
j=1n=N+1 j=1n=1
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To establish the Lemma, we will now show that

N+j
(8.3) F*(N+1)JG(N +1) = Z > fn=j)e(n)g(n)
Jj=1n=N+1
d ’ N
=3 > fth)en+)gn),
j*ln—N—j-&-l

d
(8.4) => > fn—j)ej(n)g(n)

j=1n=1

0
=3 fnti)ei(n+)g(n).

Jj=1ln=1-—j
Let us look at the first sum from (8.3). We have that
d N+j
Yo > J=je(n)gn)
j=1n=N+1
d N+j
}j Fujran(N +1)e;(n)g(n)
=N+1
d
Z Fk (N+1)c;(N+j—d+k)g(N+j—d+k)
a1

F(N+1) Y ¢(N+j—d+k)g(N+j—d+k)

j=d+1—k
=) F(N+1) chwtdfk(N"‘j)g(N"‘j) = _ZFk(N+ DGark(N +1).
k=1 =1 k=1

As for the second sum from (8.3), a similar calculation shows that

Z Z Fn+7)ej(n+j)g(n ZmGk(NJrl)

j=1n=N-—j+1 k=1

These formulae prove (8.3). A similar computation works for (8.4). O

The difference equation (8.1) is equivalent to a first order difference equation for
the vector Y: Y(n+1,z) = (zA(n) + B(n))Y (n, z), where

w(n)
A = —=
2d,d+1(1) can)’
. 1
Bj,j+1(n):1 (]:17...,d—1,d+1,...,2d), Bd’d+1(7’b):— 5
ca(n)

Basgan(n) === (=1 d), Bay(n) =) G= L)

and all other matrix elements are equal to zero.
Let T'(n) be the fundamental matrix of this difference equation for z = 0, that
is, T(n) € C**2 T(1) = 1 and T(n + 1) = B(n)T(n). Lemma 8.1 implies
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that T*(n)JT(n) = J, hence T(n) is invertible for every n and we can define
U(n,z) =T 1(n)Y(n, z). A straightforward computation shows that U (n, z) solves
an equation of the form

(8.5) JUMn+1,z)=U(n,z)) =zHn)U(n, z).

We do not need the explicit form of H(n), but the computation in fact gives that
H(n) =JT(n+1)"tA(n)T(n). In particular, the rank of H(n) equals 1.

Since the original equation (8.1) has 2d linearly independent solutions y(+, z) for
each fixed z € C, we get in this way a 2d-dimensional space of solutions U(-, 2)
of (8.5). But the solution space of (8.5) also is of dimension 2d, so every solution
arises in this way. In other words, if U solves (8.5), then U = T~'Y, where Y is
defined as in (8.2) and the corresponding y solves (8.1). This solution y is uniquely
determined by U. So (8.1) and (8.5) are equivalent.

Of course, (8.5) has the form of a canonical system, but we do not yet know that
H(n) has the required properties. We now turn to this question.

Theorem 8.2. H(n) = H*(n), H(n) > 0 and H(n)JH(n) = 0 for alln. Moreover,

Npet24=1 N (H(n)) = {0}.

Proof. Let y solve (8.1). By Lemma 8.1,

"
Mz

(= -2) ﬁj (vmywm)(ry) () = Ty wm)yn)

3
Il

*

(N +1)JY (N +1) = Y*(1)JY (1)
“(N + 1)T*(N + 1)JT(N + D)U(N + 1) — U*(1)JU(1)
“(N + 1)JU(N + 1) — U*(1)JU(1).

I
S QX

To pass to the last line, we have used that T*(n)JT(n) = J. It has already been
noted above that this identity follows from Lemma 8.1.

We also have that |y(n)|? = ¢;?(n)Y*(n)PY (n), where Pyi1 441 = L and P;; =0
for all other matrix elements. Thus

(86)  U*(N+1LJUN +1) - U(W)JUQ) = (: —2) 3 U)W (n)U(n),

with W (n) = ¢;?(n)T*(n)PT(n). Note that W (n) >0
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So far, we have used Green’s identity for the original equation (8.1) to compute
> |y%. Now, we do a similar calculation for the system (8.5):

> Ur(n)(zH" (n) — zH (n))U(n)

[(JUn+1) =U(n)))*U(n) = U (n)J(U(n +1) = U(n))]

I
] =

3
Il
-

[(U(n+1)=U*(n)J(Un+1)—U(n))

I
] =

3
|
—

—U*(n+ 1)JU(n + 1) + U*(n)JU (n)]

f:(U*(n +1) = U () J(U(n+1) - U(n))
" U*(N +1)JU(N 4+ 1) + U*(1)JU(1)
= ZNj 22U (n) H* (n) JH(n)U (n) — U*(N + 1)JU(N + 1) + U*(1).JU(1)
By combritr;ilng this identity with (8.6), we see that
(8.7) ivjl U*(n) (ZH*(n) — 2H (n) — |2[2H*(n).JH (n) + (z — 2)W(n)) U(n) = 0.

We must recall that, although not indicated in the notation, the solutions U of
course also depend on z. This dependence is continuous (in fact U(n, z) is a poly-
nomial in z) if we specialize to solutions with z independent initial values.
First of all, we choose z = e real. After dividing by €, we get from (8.7) that
N
z U*(n,e) (H*(n) — H(n) — eH*(n)JH(n))U(n,€) = 0.
n=1

Letting € — 0 shows that

N
> U*(n,0) (H*(n) — H(n)) U(n,0) = 0.

This holds for any solution U(n,0) of J(U(n + 1,0) — U(n,0)) = 0, that is, for
any constant vector U(n,0) = v, v € C2¢. Moreover, N is also arbitrary, hence
H*(n) = H(n), as claimed.

Next, we take z = e, again with € € R, € # 0. In the same way as in the
preceding paragraph, we now see that H(n) = W(n) > 0.

Finally, once we know that H*(n) = H(n) = W(n), we also see with the help of
this argument from (8.7) that H(n)JH(n) = 0.

It remains to show that (\N(H(n)) = {0}. If H(n)v =0 for n = ng,...,ng +
2d—1, then U(n) := v solves J(U(n+1)—U(n)) = zH(n)U(n) for these n (and for
all z). Thus there is a corresponding solution y to (8.1) so that U(n) = T'(n) =Y (n),
and now the explicit form of H(n) = W(n) given in the line following (8.6) shows
that PY (n) =0 or y(n) = 0 for n = ng,...,ng +2d — 1. This in turn shows that
Y(no+d)=0,s0v=0. O
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Note also that since dim N (H (n)) = 2d — 1, we need an intersection over at least
2d such kernels to get the zero space.

We conclude with a discussion of the role of the space Z from Sect. 2 for
the canonical systems from these section. We consider the system (8.5) on n €
{1,..., N} with boundary conditions of the form (2.3). Of course, we still as-
sume that (8.5) comes from a higher order equation of the form of (8.1). Then
Z L e ({d+1,...,N —d}). We now sketch the proof of this assertion. First of all,
the inhomogeneous equation 7y = w f is also equivalent to an inhomogeneous canon-
ical system J(U(n+1) —U(n)) = H(n)F(n), with U calculated from y in the same
way as above, and the relation between F and f is analogous. Now if H(n)U(n) =0
forn =1,..., N, then also y(n) = 0 for these n. This follows as in the last part of
the proof of Theorem 8.2. Consequently, U(d+ 1) =---=U(N —d+1) =0 and
hence H(d+ 1)F(d+1)=---= H(N —d)F(N — d) = 0, as claimed.

This means that the Hilbert space £} © Z differs from ¢ only near the endpoints
n =1 and n = N. There are boundary conditions for which the underlying Hilbert
space must be modified, and the space Z takes care of precisely this effect. Rather
than enter a lengthy general discussion, we will just illustrate this phenomenom
with an example.

We consider the difference expression (ry)(n) = y(n — 1)+ y(n+1) on n €
{1,...,N}. We want to construct self-adjoint operators on ¢5({1,...,N}) from
7. Usually, one proceeds as follows. One introduces the additional points n = 0,
n = N + 1, imposes the boundary conditions

y(0)sina+ y(1)cosa =0, y(N)sinf+y(N +1)cosf =0,

computes y(0) and y(N +1) from y(1) and y(NV), respectively, with the help of these
boundary conditions and puts (Hq, gy)(n) = (7y)(n). For example, (H /5 5y)(1) =
y(2).

Cleary, if @« = 0 or 8 = 0, this recipe must be modified. If, let us say, a = 0,
the boundary condition says that y(1) = 0, and this suggests to consider 7 on the
reduced Hilbert space ¢2({2,...,N}).

Let us now see what the canonical system approach gives in this case. For
simplicity, we use the boundary condition y(N + 1) = 0 at the right endpoint.

From (8.2), we obtain Y'(n) = (y(nfl)). The boundary condition corresponding to

—y(n)

y(1) = 0 thus is (0,1)U(1) = 0 (recall that Y (1) = U(1)). One also checks easily

that
T(2n):<01 ‘01), T(2n+1):((1) ?)

H(2n)<(1) 8) H(2n+1)<8 (1))

Now a straightforward investigation of the equation J(U,+1 —U, ) = H,F,, together
with the boundary conditions and the condition that H,U, = 0 shows that Z is
the one-dimensional space spanned by F(n) = 8,1(Y). Thus

and

B {1,...,NYez=(({2,...,N}) 20,({2,...,N}),

as expected.
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