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Reflectionless Canonical Systems,
I: Arov Gauge and Right Limits
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Abstract. In spectral theory, j-monotonic families of 2 X 2 matrix func-
tions appear as transfer matrices of many one-dimensional operators. We
present a general theory of such families, in the perspective of canonical
systems in Arov gauge. This system resembles a continuum version of
the Schur algorithm, and allows to restore an arbitrary Schur function
along the flow of associated boundary values at infinity. In addition to
results in Arov gauge, this provides a gauge-independent perspective on
the Krein—de Branges formula and the reflectionless property of right
limits on the absolutely continuous spectrum. This work has applications
to inverse spectral problems which have better behavior with respect to
a normalization at an internal point of the resolvent domain.
Keywords. Canonical Hamiltonian systems, Arov gauge, Reflectionless,
Almost periodic measures, Ricatti equation, Krein—de Branges formula,
Breimesser—Pearson theorem.

1. Introduction

1.1. 3-Monotonic Families

For the most famous classes of one-dimensional self-adjoint and unitary oper-
ators, such as Schrodinger, Dirac, Jacobi, and CMV operators [16,21], a basic
object in their study is a 2 x 2 transfer matrix A(z, t), which describes the evo-
lution of formal eigensolutions at “energy” (spectral parameter) z € C from
values at 0 to values at t. These are sometimes viewed as part of families
A(z,t1,12) with A(z,t) = A(z,0,t) and the cocycle condition

A(Z, tl,tz)A(Z, tQ, t3) = .A(Z, tl, t3)

(we use the convention that matrices act as linear operators by right-
multiplication on row vectors). The exact construction of the transfer matrix
includes some conventions specific to each class of operators, but in all cases,
the standard conventions give matrices which are entire functions of z, obey
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det A(z,t) =1, Yz, t
and
A(z,0) =1, Vz.

These assumptions will hold throughout our paper. Our primary motivation
here are continuous systems, so we think of ¢ as a continuous parameter and
A(z,t) will be continuous in ¢.

Another crucial property, first observed by Weyl [22] in the setting of
Schrodinger operators, is the nesting property of certain Weyl disks and an
associated limit point/limit circle dichotomy. This is naturally expressed in
the following language.

Definition 1.1. Let j be a 2 x 2 matrix such that j = j* = j7!. An entire 2x 2
matrix valued function A(z) is called j-inner if it obeys j — A(z)jA(z)* > 0
for zre CL ={2z€C: Imz >0} and j — A(z)jA(2)* =0 for z € R.

There is a reflection symmetry: for every j-inner entire function A(z),
A(2)* = jA(2) Y, vz € C. (1.1)
This holds on R by jA(z)jA(z)* = I, and since both sides are entire, it holds
on C.

Definition 1.2. A family of matrix functions .A(z,t) parametrized by a real
parameter t is called j-monotonic if A(z,t1) 1 A(2,t5) is j-inner whenever
t1 < to.

To the family A(z,t) we associate for z € Cp, t > 0 the Weyl disks
D(z,t) = {w € C| (w 1) A(z,1)jA(z,t)* (w 1)" > 0}. (1.2)
The j-monotonic property implies
A(z,11)J Az, t1)* > A(z,t2)j Az, t2)", z€Cy, t1 <ty
and precisely corresponds to the nesting property of the Weyl disks,
D(z,t2) C D(z,t1) for t; < to.

The exact j-monotonic property depends on the class of operators; for
some classes of self-adjoint operators one has J-monotonicity with

J = (g 0i> . (1.3)

However, this matrix can always be changed by a suitable conjugation of the
transfer matrices, so without loss of generality, in this paper we will study
j-monotonic transfer matrices for the choice

()

Note that with this convention, A(z,0) = I implies D(z,0) = D, i.e., our
Weyl disks are subsets of the unit disk. Thus, our choice of j also provides a
convenient compactification. Moreover, for z € R, the values A(z,t) belong
to the group of 2 x 2 matrices

SU(1,1) = {U | UjU* = j and detU = 1}.
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It follows from definitions that Weyl disks are not affected by a transforma-
tion

Alz,t) = A, U(t),  U(t) € SU(L, 1). (1.4)

Borrowing terminology from Yang—Mills theory, we say that the family of
transfer matrices has a gauge freedom with the gauge group SU(1, 1), while
the Weyl disks are observables, i.e., gauge independent. In direct spectral
theory, transfer matrices are often normalized by a certain behavior at oo,
and in the theory of canonical systems, many works have been written in what
we will call Potapov—de Branges gauge (PdB gauge), which is normalized at
z =0 [4,10,17,20]. However, a different gauge was suggested by Arov, see [9]
for historical remarks:

Definition 1.3. We say the j-monotonic family A(z,t) is:

e in Potapov—de Branges gauge (PdB-gauge) if A(0,t) = I for every t;
e in Arov gauge (A-gauge) if for every ¢,

A(’L,t) = <a11 0 ) R ajl > 0, asy > 0. (15)

a21 422

Every j-monotonic family can be uniquely placed in PdB-gauge, by
choosing U(t) = A(0,t)~! in (1.4), and that transformation preserves conti-
nuity. Likewise, every j-monotonic family can be uniquely transformed into
A-gauge by (1.4), and the transformation preserves continuity:

Proposition 1.4. FEvery j-monotonic family can be uniquely placed in Arov
gauge via a transformation (1.4). Moreover, if the family A(z,t) is contin-
uous, so is the corresponding family U(t). Conversely, given a j-monotonic
family A(z,t) in the Arov gauge, the family B(z,t) = A(z,t)A(0,t)"! is j-
monotonic and satisfies the PdB-gauge.

1.2. Canonical Systems

j-Monotonic families arise in great generality as solutions of canonical sys-
tems, which we first define in a gauge-independent form:

Definition 1.5. A canonical system is an initial value problem of the form

Az t)j = j + / A(,6) (i2P(6) — Q(©) du(€),  2€C, (1)

with 2 x 2 matrix valued coefficients P, Q locally integrable with respect to
a positive continuous Borel measure v on R and such that P > 0, @ = — Q*,
trace (jP) = trace (jQ) = 0 v-almost everywhere. In particular, we say the
canonical system (1.6) is:

e in Potapov—de Branges gauge (PdB-gauge) if Q = 0 v-a.e.,
e in Arov gauge (A-gauge) if P 4+ Q is lower triangular and trace @ = 0
v-a.e..
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Note that (1.6) is the integral form of the initial value problem

(D A) (2 1)) = Az 8)(i2P() — Q(1),  A(z,0) = (é ?) (17)

under the regularity assumptions that A is locally absolutely continuous with
respect to v, d,.A denotes the Radon—-Nikodym derivative with respect to v,
and equality is assumed v-almost everywhere. By standard Volterra argu-
ments, this initial value problem has a unique solution on any interval on
which v is finite; we call this solution the transfer matrix of the canonical
system.

Remark 1.6. Gauge transformations (1.4) can be applied at the level of the
canonical systems (Lemma 2.3). The classical Dirac operator corresponds
to the canonical system (1.7) with P(¢) = I, and for a one-dimensional
Schrédinger operator with a locally integrable potential ¢, transfer matrices
solve the canonical system (1.7) with

1/11 i (q(t)—14q(t)+1
t) = = t) = = .
() 2(11>’ () 2(q(t)+1q(t)—1
In both cases v(t) = t. These gauges are not universal: not any canonical

system can be reduced to one of these forms. In particular, one of them can
not be reduced to the other by a gauge transform (1.4).

For canonical systems in A-gauge, it follows from the definition that
P + Q is a nonnegative scalar multiple of a matrix of the form

A+B-= (_12a (1)) . (1.8)

By grouping that multiplier with the measure and changing the notation, we
write canonical systems in A-gauge in the form

¢
Az, )] =j —l—/o A(z,t) (izA(t) — B(t)) du(t), z€C. (1.9)

where A > 0 and B* = — B, so (1.8) gives

A= (_1a 1“) , B= (_Oa g) : (1.10)

and A > 0 implies |a| < 1. Due to this representation, the pair (i, a) where p
is a positive measure which is finite on compact subsets of R, and a € L>(du)
with ||a]| < 1, are the parameters of the canonical system in A-gauge.

In this paper we will denote by the same letter a measure p, finite on
compact subsets of R, and the corresponding distribution function which is
an increasing function. Thus, we can write, e.g., p([l1,02)) = pu(f2) — p(¢1)
for {1 < {5. It is well-known that each non-decreasing continuous function on
R is the distribution function of some nonnegative continuous Borel measure
w1 finite on compacts in R.

We will explain in Sect. 2 that our definitions for j-monotonic families
and for canonical systems are precisely compatible. In particular, the solution
of any canonical system in A-gauge is a continuous j-monotonic family (z, £)
in A-gauge with det2((z,¢) = 1 and 2(z,0) = I. Conversely:
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Theorem 1.7. Let A(z,£) be a continuous j-monotonic family in A-gauge with
detA(z,¢) =1 for all z,£ and A(z,0) = I. Then:
(a) A(z,£) is the solution of a canonical system in A-gauge (1.9);
(b) The matriz entry Aas (i, £) is a decreasing function of £ and the positive
measure p is determined by its distribution function

() =logy1 (L) = — log Aaa (i, £).

(¢) The function A(i, ) is a.c. with respect to p and the parameters a are
determined by

A(f) + B() = <_ 211([) g’) - (A0, 0) 0G0, pae. L

Moreover, |a(0)| <1 for p-a.e. L.
(d) at z =1, the solution has the form

A(i, ) = e 0 111
(4,0) = —e““)m(f) e—hO) | (1.11)

where
K(0) = /Z 2a(t)e 2O dp(t). (1.12)
0

Among the conclusions of Theorem 1.7, note that it follows from (1.9)
that, if u([¢1,42)) = 0 for some ¢1 < {5, then A(z, £) is constant on £ € [¢1, {s].
In particular, p is strictly increasing if and only if the family 2( is, in a sense,
strictly j-monotonic.

1.3. General Results in A-Gauge and Gauge-Independent Applications

Having explained the correspondence between j-monotonic families and
canonical systems in A-gauge, we now turn to a systematic consideration
of their general properties. We consider A-gauge to be a natural point of
view; it allows different proofs, and in some cases provides new proofs of cer-
tain gauge-independent facts previously known in PdB gauge. For instance,
since the Weyl disks are nested, they shrink as ¢ increases to a point or a
disk. This alternative is independent of the choice of z € C, and determined
in A-gauge completely by pu:

Proposition 1.8. (Limit point/limit circle alternative) Consider a canonical
system in A-gauge (1.9) and the associated Weyl disks. For any z € Cyg,
NesoD(z, L) consists of a single point if and only if sup, u(¢) = co.

In the limit point case, the intersection defines a function

fs4(2)} = D0

£>0

which is a Schur function, i.e., an analytic function s, : C, — D.

Until now, we were vague about the interval of definition of the j-
monotonic family /canonical system, as the results hold on any interval. From
now on, we always assume the canonical system is defined at least on the
half-line [0, o), and assume that it is in the limit point case. In other words,
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w(l) — oo as £ — oo. It is also convenient to assume that the j-monotonic
family is not constant on any interval of £; this corresponds to assuming that
1 gives positive measure to any interval.

Coefficient stripping can be implemented on the canonical system by the
usual truncation of the parameters, or directly on the j-monotonic family:
coefficient stripping by length ¢ > 0 is the operation

{Q‘(Z7 t)}tG[0,00) [ {91(2, €>_1m(2«'7 t + ‘g)}tG[O,oo)‘
The coefficient stripped transfer matrices have Schur functions s (z, £).

Proposition 1.9. (Ricatti equation) For an arbitrary canonical system in A-
gauge, for any z € C,, the family of Schur functions s4(z,£) is absolutely
continuous with respect to p and

Opsi(z,0) = (s4(2,0) 1) (—izA(C) + B({)) <S+(1Z,£)> . (1.13)

Conversely, the boundary values at oo determine the parameters a:

Proposition 1.10. For p-a.e. £ > 0, the Schur functions have the nontangen-
tial boundary values

lim  si(z,0) 0
g +\t) = T
argzze[é,ﬂ'fé] I+ V 1- ‘a(€)|2

Using A-gauge, we give a new proof of the de Branges mean type theo-
rem (see Section 39 in [10]) discovered by Krein [15].

V5 > 0. (1.14)

Theorem 1.11. For an arbitrary canonical system (1.6), the exponential type
of the transfer matriz

o(t) := limsup M

z—00 |Z|

(1.15)

can be computed as
t
o(t) = / VAU P(r) du (7). (1.16)
0

In particular, in A-gauge (1.16) is of the form

¥/
a(f):/o VT =Ta@Pdu(t). (1.17)

Remark 1.12. In discrete systems, the parameter ¢ usually corresponds to
a polynomial degree. Likewise, by the Paley—Wiener theorem for classical
continuous systems ¢ corresponds to the exponential type of 2(z,¢), i.e.,
o(f) = ¢, see also [5,9]. Moreover, the measure u is absolutely continuous
w.r.t. to £ if and only if a(¢) € D p-almost everywhere. In a.c. case, by (1.17)
1 is expressed in terms of the continuous Verblunsky parameter a and the

exponential type £ as
¢
dt
n(e) = / RS —
o V1—la(t)|
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There are two associated existence results. One is the existence of a
canonical system on an interval [0, L] corresponding to a prescribed j-inner
function A(z, L); this inverse problem was the main result of Potapov [17],
and was proved in a much more general setting. Another inverse problem,
proved by de Branges [10], is the existence of a canonical system on [0, c0)
with prescribed spectral Schur function s. Of course, these are not the only
ways of obtaining canonical systems. In [5], we directly construct reflectionless
canonical systems in A-gauge and prove that they have the desired spectral
functions, and we do not use the abstract existence results.

It is common in the theory of canonical systems to parametrize the line
in a special way; in PdB-gauge, the standard parametrization involves taking
trace P = 1 and setting v to be Lebesgue measure. However, if j-monotonicity
is viewed as the central notion, it is more natural to formulate the theory up
to a reparametrization of the real line; moreover, in direct spectral theory,
the parametrization is already fixed by the underlying operator structure
(and usually corresponds to the exponential type of the transfer matrix of
order one or 1/2); finally, in inverse spectral theory, it will be natural to
use a parametrization which provides a linearization of the shift under the
generalized Abel-Jacobi mapping [5]. For these reasons, our formulations
don’t fix a parametrization. Our formulation for canonical systems offers the
same flexibility: if g : [0,00) — [0,00) is a monotone bijection, then the
reparametrization

pl) = u(g(0)),  a(l) = alg(?)) (1.18)

affects the solution by 2(z, ) = A(z, g(¢)). In particular, observables like the
Weyl disks and the Schur function sy (z) do not change. By a deep result of
de Branges, translated into A-gauge, this is the only nonuniqueness:

Theorem 1.13. (de Branges uniqueness theorem in A-gauge) If two canonical
systems in A-gauge with parameters (u,a) and (fi,a) have the same Schur
function sy, then there exists a monotone bijection g : [0,00) — [0,00) such
that (1.18) holds.

1.4. Reflectionless Canonical Systems

Canonical systems can also be considered in a two-sided setting (parametrized
by ¢ € R), with the same definition of PdB-gauge and A-gauge. A reflection
of the real line, which preserves j-monotonicity (see Sect. 3), is given by

(G Oher — (rAG-Oiden 5= (35)- (119

This allows us to define s_ as the Schur function which corresponds to the
system {j1.A(2, —t)j1}+>0. The operation (1.19) does not preserve A-gauge,
but this can be corrected by an additional factor (see Proposition 3.4).

This paper is also the first part of a series in which we develop a general
theory of reflectionless one-dimensional systems and the interplay between
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the reflectionless property and almost periodicity of parameters of the canon-
ical system. The reflectionless property is a certain pseudocontinuation rela-
tion between the two spectral functions which encode the two half-line restric-
tions of the operator; in the setting for Schur functions, the canonical system
is reflectionless on E if

s (€ +10) = s_(€ +140), a.e. £ € E.

It was first observed as a property of periodic operators and finite gap
quasiperiodic operators; by Kotani theory [13], it is a general feature of
ergodic operators with zero Lyapunov exponent on the spectrum. Remling
proved that the reflectionless property is a general property of right limits
of operators with absolutely continuous spectrum, in the setting of Jacobi
matrices [18] and Schrédinger operators [19], with an extension to canoni-
cal systems in PdB-gauge by Acharya [1]. In the current paper, we extend
Remling’s theorem to canonical systems in a gauge-independent setting. As
a corollary, almost periodicity of canonical system coefficients implies the
reflectionless property on the a.c. spectrum:

Theorem 1.14. Assume that for all L > 0, the functions
t+L t+L

P(r)dv(r), Q(r) dv(r)
t t
are uniformly almost periodic matriz functions of t. Then the canonical sys-
tem (1.6) is reflectionless on its a.c. spectrum {§ | |s+ (€ +40)] < 1} U {¢ |
|s—(€+1i0)] < 1}.

In particular, Theorem 1.14 applies in A-gauge, and applies to Dirac
operators.

This is the first paper in our theory of reflectionless canonical systems.
In the second paper [5], we consider the opposite direction, and construct
reflectionless canonical systems with a Dirichlet-regular Widom spectrum E
with the DCT property. For this class of spectra E, we prove that reflectionless
canonical systems in A-gauge always have almost periodic parameters, but
that this is not always true in PdB-gauge, nor in a gauge normalized at co.
For that problem, A-gauge is the correct general setting, since it corresponds
to a normalization with respect to a point which is always an internal point
of the resolvent domain. In this sense, the current paper also serves as a
foundation for the construction in [5].

1.5. Structure of the Paper

In Sect. 2, we consider j-monotonic families and canonical systems in Arov
gauge, and prove the correspondence between them (Theorem 1.7). In Sect. 3,
we consider their Weyl theory, provide proofs of the limit point/limit cir-
cle alternative (Proposition 1.8) and of de Branges’ uniqueness Theorem for
Arov gauge (Theorem 1.13), and show how the reflection (1.19) for two-sided
systems should be adjusted to Arov gauge. In Sect. 4 we derive coefficient
stripping (Ricatti equation) and asymptotics of Schur functions at infinity
(Propositions 1.9 and 1.10). In Sect. 5 we give a new proof of the Krein—de
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Branges mean type theorem (Theorem 1.11). In Sect. 6 we prove a gauge-
independent version of the Breimesser—Pearson theorem (Theorem 6.1), and
in Sect. 7 we use it to prove a gauge-independent version of Remling’s theo-
rem (Theorem 1.14).

2. Canonical Systems in Arov Gauge and j7-Monotonic Families

In this section, we prove the basic facts about j-monotonic families and canon-
ical systems from the introduction. We denote by SL(2,C) the set of all 2 x 2
complex matrices with unit determinant. A 2 x 2 matrix T is called

e j-expanding, if TjT™ — j > 0;

e j-unitary, if TjT™ — j = 0;

e j-contractive, if TjT™* — j < 0.

Lemma 2.1. A lower triangular matriz T € SL(2,C) with positive diagonal
coefficients is j-contractive if and only if it is of the form

A0
(1)

for some A > 1 and |h] < X — 1/A. Moreover, it is j-unitary if and only if
T=1.

Proof. T is obviously of this form for some A > 0 and h € C. Then
) e (A1 Ah
J-TiT = ( A 1)\2+|h2>' (2.1)
This matrix is positive definite if and only if A>~1 > 0 and det(j —T§7*) > 0.
Since det(j —TjT*) = (1-A"2)(A\2—1)—|h|?, the criterion for j-contractivity
follows. The criterion for j-unitarity is obvious from (2.1). O

We can now describe the gauge transformation of an arbitrary j-
monotonic family into A-gauge:

Proof of Proposition 1.4. Let us start with a j-contractive matrix T € SL
(2,C). Since T§T* < j, for the vector (a,b) = (1,0)T we have

—lal® + b]2 = (a,b)j(a,b)* < (1,0)§(1,0)* = — 1.

In particular, |a| > |b| and we can define

B 1 ( a — b)
P\~ a
It is straightforward to verify that U € SU(1,1) and that (1,0)TU = (A,0)
with A = y/]a|? — |b]2 > 0. Then TU is in lower-triangular form and (TU);; >
0. Since det(TU) = det T = 1, the diagonal entries of TU are positive.

Note that the construction of U depends continuously on 7. If this
construction is applied to T = A(i, t), it gives a one-parameter family U(¢t) €
SU(1,1). If A(z,t) is continuous, so is U(t).

Assume that T is j-contractive with detT = 1 and Uy, Uy € SU(1,1)
are such that TU;, TU; are lower triangular with positive diagonal terms.
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Then U = (TU,)~Y(TU,) = U; 'Us has the same property and is j-unitary.
By applying Lemma 2.1 we conclude U; = Us.

For any j-monotonic family A(z,t), the family B(z,t) = A(z,t).A(0,¢)~!
is also j-monotonic, and B(0,t¢) = I so B is in PdB-gauge. O

Now let us take the perspective of canonical systems. The solution of

any canonical system is a continuous j-monotonic family. Indeed, for ¢; < t,
ta
Az, t1)jA(z,t1)" — A(z,t2)jA(z, t2)" = 2Im 2z Az, T)P(1)A(z,7)" dv(T)
t1

which implies that A(z,t1)jA(z,t1)* > A(z,t2)jA(z,t2)* for z € C4 with
equality for z € R. Since trace (Pj) = trace (Qj) = 0, the property det A(z,t)
=1 for all z, ¢ follows from the formula for the derivative of the determinant
0y, det A(z,t) = trace (adjA(z,t)0,.A(z,t)), where adj denotes the adjugate
matrix.

The solution A(z,t) of the canonical system will be called the transfer
matrix, and the definitions of PdB-gauge and A-gauge for canonical systems
are compatible with the definitions for j-monotonic families:

Lemma 2.2. The canonical system (1.6) is:
(a) in PdB-gauge if and only if the solution A(z,t) is in PdB-gauge;
(b) in A-gauge if and only if the solution A(z,t) is in A-gauge.

Proof. Assertion (a) follows immediately by taking z = 0 in (1.6). To prove
assertion (b), observe that for z = ¢ the initial problem (1.7) is of the form

(0, A)(3,t)] = — A4, £)(P(t) + Q(1)), A(i,0) = 1.

Therefore if P+ Q is lower triangular, then so is A(¢, -). Relations trace @ = 0,
trace jQ = 0 are equivalent to the fact that Q has zeroes on the diagonal. In
particular, the diagonal entries of — (P + Q)j are real. It follows that A(i,t)
has nonegative terms on the diagonal.

Conversely, suppose that the family {A(i,t)} satisfies (1.5). Since det
A(i,t) =1 for all t € R, we have

Ai,t) = (e*f eof)

for some real function f. Then

P(t) + Q1) = — A(i, 1)1, A) (i, 1),
_ (e*f ;;) ((3y£)ef(6y;;e_f)7

(o f O

S \*x O f)
is lower triangular as well. Moreover, since P > 0, trace Pj = trace Qj = 0,
and Q@ = — Q*, we have

_[p* _ iq *
P‘(*?)’ Q‘(*l’Q)’
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for some real p, q. Noting that 0, f is real, we conclude that ¢ = 0 v-almost
everywhere on R. O

The following lemma describes how a gauge transformation acts at the
level of canonical systems:

Lemma 2.3. For the solution of a canonical system

applying the gauge transformation B(z,t) = A(z, t)U(t) withU(0) = I and U
locally absolutely continuous w.r.t. v (this condition is true for gauge trans-
formations into A-gauge and PdB-gauge) gives the solution of the canonical
system

where Py =UTYPU*) ™ and Q1 =UTTQU*) ™ — U5,
Proof. Applying the product rule and the differential equation for A gives
(0uB)(z,1)j = Alz, 1) (izP(t) — Q(t))jU(t)j + A(z, 1), U(t)j.

As a gauge transformation, U obeys UjU* = j, so jUj = (U*)~1. Using this
and replacing A = BU™! gives
(0B)(2,)j = Bz, ) ()" (izP(t) — Q) U(t)*) ™" + Bz, )U(t) " 9, U(t);
which can be organized into the form (2.2).

For a gauge transformation into PdB gauge, we choose U(t) = A(0,¢)~ L.
If A is locally a.c. w.r.t. v, taking point evaluations at z = 0 and matrix
inverse shows that U is locally a.c. w.r.t. v.

For a gauge transformation into A-gauge, we choose U(t) as in the proof

of Proposition 1.4. Applying locally Lipschitz transformations preserves local
absolute continuity, so U is locally a.c. w.r.t. v. O

We now turn to the other direction, to prove that continuous j-
monotonic families which obey the Arov normalization (1.5) at z = i are
solutions of canonical systems in Arov gauge.

Proof of Theorem 1.7. By Lemma 2.1 applied to 24(¢, £), we can define func-
tions p(€), x(¢) so that (1.11) holds for each £. We have

3 717 67/‘(‘6) 0
(i, €) _<eu(€)ﬁ(5) GIE

e er (1) —p(t2) 0
A7, bo) ™A1, 41) = (eu(fl)Jru(fz)(ﬁ(gQ) — k() eu(fz)u(ﬁl)) .

Lemma 2.1 applied to (i, ¢2) " 1A(i, £1) for o > £; gives u(fs) > p(f1) and
|e#(€1)+u(22)(ﬁ(51) — k(fy))| < ehb)—ul) _ on(t)—p(l2)

which can be rewritten in the form

12
|6(6) — K(Lp)| < e720) — gm2m(t2) = o / e W dp(t).  (23)
£y
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Thus, & is absolutely continuous with respect to e~2* dyu, and it can be rep-
resented in the form (1.12) for some Borel measurable function a such that
la| <1 almost everywhere with respect to u. A calculation gives

. e (0) 0
8,&[(@,() = ( e”(e)n(ﬁ) _ 2a(g)eﬂt(@) _ e#(f)) )

(i, )10, (, 0)f = (_ 21a(e) ?) = A(0) + B(0) (2.4)

with A, B given by (1.10).

Let us now show that for any z € C, 2(z,¢) is absolutely continuous
with respect to p. Schwarz lemma for j-contractive matrix functions [12,17]
says that for every z,,z € C, and every j-contractive 2 x 2 matrix function
C on C, the following block matrix is positive semi-definite:

§1=C(2:)iC(z0)" ;3=C(2:)jC(2)"
C=|" . &=z .« . &=z .| >0. (2.5)
j1=C(=)iC(=)" i=C(2)iCRE)" | =

Applying this to C(z) = A(z,£1) " 12U(z, {2) for any {1 < l5 gives
C = Caiag(l1)(Cau(l2) — Ca(€1))Caiag (£1)" (2.6)

Caiag () = (m(z*é@_l A e)—1> ’

JYE TENUYE TEN R (ERIY, (EN0N
Co(0) = o B R e o FRE
2 IR 00" I X0 (=0 |

Z2—Zx zZ—Zz

in (2.5), where

and

It follows from (2.5), (2.6) that the family Cg (¢) is monotonic. From here we
see that there exists a scalar measure ¢ and 2 x 2-matrix valued mappings

Cj. such that
Ci1 Ci2
Co(l) = do. 2.7
Q[( ) /[072) <021 022) o ( )

From now on, let z, = i. Then we have

/ Ciydo = J = A OJAG 0 :/ A3, ) A(D)AG, t)* dpu(t). (2.8)
[0.6) 2 [0.6)

Let us show that C2 do is absolutely continuous with respect to . If p(e) =
0, then (2.7), (2.8) and the monotonicity of Cy show that

0 = Ci1 Ci2
= >
(1) = [ (G G2) o
From here we see that [ Cipdo = [ Ch1do = 0 by considering quadratic
form of the block matrix above on vectors of the form (zej,es), x € R,
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e12 € C? and using the fact that any sign-definite linear function is identically
constant. Thus, the mapping

v [y = = DGO

[0,0) i1 —Z
is absolutely continuous with respect to u. Since we already know that 2((4, -)
is absolutely continuous with respect to p and 2(i,-) € SL(2,C), from here
we see that the mapping ¢ — 2A(z, ) is absolutely continuous with respect to
w. It follows that we could have taken o = p from the start. In particular, by
denoting

M(z,0) == —A(2,0)"0,(2,£)j (2.9)

we compute

M3, £)+M(1 0)* M(z Z)Jr/\/((z £0)*
Caiag(£)0,Ca(0)Caiag(£)" = MG, DIMELO" Mz | 20

z+1i z—z

Positivity of the bottom right block implies that
Z,/\/l(z, 0) + M(z,0)*

zZ—2Z

>0 (2.10)
and matrix positivity implies

M)+ M(z, 0 |]F || M, 0) + M, 0)*
’ 1—Zz ‘ 2
Since ||M(i,£)]] < 2 for all ¢, this implies an upper bound on [|M(z,{)],
uniformly for z in compact subsets of C, and uniformly in /.

So far, M(z, () was viewed for each z as a Borel function of ¢, uniquely
defined up to a zero measure set. Now let us consider it as a function of z.
Fix a simple closed contour v in C. For every w in the region enclosed by
and every ¢ > 0, we claim that

¥4
m(z,e)—m(z,O)z/O %Md—wdu(t). (2.11)

‘ M(z,0) + M(z, 0)*

Z—Zz

w—z 2w

Namely, due to uniform boundedness of the integrand, this follows by apply-
ing Fubini’s theorem to exchange the integrals and using analyticity of 2.
Moreover, Fubini’s theorem guarantees that for p-a.e. ¢, the contour integral
is well-defined; it is by construction an analytic function of z in the region
enclosed by C. By (2.11), the contour integral can be taken as the new defini-
tion of 0,2(z,¢) and away from a zero measure set of ¢, 9,2(z, £) is analytic
in z in the region enclosed by C. By a countable exhaustion of C, the func-
tions 0,2(z, £) are analytic in C; away from a zero measure set of £. Thus,
M(z,0) are analytic in C, away from a zero measure set of £.

By (2.10), iM(z,£) is a matrix Herglotz function. Using (2.9), we have

4
J = A, 0, 0) = /0 A(z, ) (M (2, ) + M2, 8))U(z, 1) dpa(t).

Evaluating at z = X 4 ie and letting € | 0 gives 0 locally uniformly in A,
so by Stieltjes’ inversion, the Herglotz representation of iM(z, £) has trivial
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measure on R, and consequently it is of the form iM(z,¢) = A(€)z + iB({)
for some constant matrices A > 0 and B = —B*. Evaluating M(i,{) =
A(l) + B(¢) and M(i)* = A(¢) — B(¢) and using (2.4), we obtain (1.10) and
(1.9) holds for z € C4. Finally, (1.9) holds for all z € C by continuity and
symmetry or by analyticity. O

3. Weyl Theory for j-Monotonic Families

In this section we consider the nested family of Weyl disks (1.2). We begin
by characterizing the limit point case for j-monotonic families in the Arov
gauge.

Proof of Proposition 1.8. A direct calculation using (1.11) describes the Weyl
disk D(i,¢) as the set of w such that

ety — PO g (0)|2 < e 210,
Its Euclidean radius is e =2#(“) and its Euclidean center is £(£). Therefore, the
disks shrink to a point if and only if ©(¢) — oo, and in this case,

sy (i) = lim k() = /000 2ae 2" dp. (3.1)

{— 00

Now consider the case where p is a finite measure on Ry and assume (by
possibly reparametrizing) that it is defined on a finite interval [0, L]. The
initial value problem (1.9)—(1.10) then has a solution {24(z,£)}sc(o,z]- In this
case,

() D(z,0) = D(z,L) = {w | (w 1) Az, L)jA(z,L)* (w1)" >0}

£>0
is a nontrivial disk for all z € Cy. Thus, if Ny>0D(7,¢) is a disk, then u is a
finite measure and Ng>oD(z,¢) is a nontrivial disk for all z € C4. Then this
holds for all canonical systems (not only in Arov gauge), so this implication
can be reversed by applying it to the transfer matrices A(z,f) = A((z —

x)/y,0). O

Note that for every ¢ and every point w € D we have (w, 1)A(z,t)"! €
D(z,t). It follows that in the limit point case we have

(s+(h )~ lim (0, DAGH™,  2€Chy ul<l, (32)

where ~ stands for the projective relation in C2?\ {0}:
(1 ~ ¢ if and only if ¢; = A(y for some \ € C, (12 € C*\ {0}.
(3.3)
This shows that in the limit point case the mapping z — s4(z) defines an

analytic function sy of Schur class in C, (in other words, we have s (C;) C
D). This function is called the Schur function of the j-monotonic family
{A(z, 1) }ien.

Let us briefly discuss how just defined Schur functions s, are related to
the Weyl functions m, the classical object of spectral theory in Potapov-de
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Branges gauge. Any 2 x 2 matrix J with J = J* = J ! and J # #I
is unitarily equivalent to j. For the choice (1.3), the unitary equivalence is
J = WjiW~1 where W = /1/2(% %) corresponds to the Cayley transform.
This makes it trivial to switch between j and J. For instance, a matrix
T is j-expanding if and only if WTW ! is J-expanding. The inequality
(w 1) J (w 1)* > 0 describes the upper half-plane C,.. In fact, if we define
T(z,t) = WA(z, )W 1) T (3.4)
for a j-monotonic family {A(z,t)}+er, then
T(Z,tg)*jT(Z,tg) ZT(Z,tl)*jT(Z,tl), tg 2 tl.

The property above is satisfied by transfer matrices of the canonical systems
of the form

JT(z,t) = —izH()T(z,t).
The standard definition of Weyl disks can be expressed as
DE(z,t) ={u| (wl)T(z,t) " T(T(z,t)")* (u1)" >0},
so for T, A related by (3.4) we have u € DJ.(z,t) if and only if w € D a(z, )
where (w 1) ~ (u 1) W, i.e., u, w are related by the Cayley transform:

d4+w
=7—.

1—w
In particular, if we were working with 7, the Weyl disks would be subsets of
C,, and instead of the Schur function we would obtain the function

{my(2)} = () Dr(z,t), my:Cyp—Cy,
>0

u

of Herglotz class in C; (excluding degenerate cases when it is a constant in RU
{o0}). This function is called the Titchmarsh-Weyl function of {T'(z,¢)}icr.
It is related to the Schur spectral function of {A(z,t)}+cr by the Cayley
transform:

ma ) =i,

We must acknowledge a degenerate case: in the terminology of de
Branges, the following corollary corresponds to the case when [0,00) is a
single singular interval.

ZG(C+.

Corollary 3.1. The function sy is a unimodular constant function if and only
if a is a unimodular constant almost everywhere on R .

Proof. From (3.1) we see that |s;.(7)] = 1 if and only if a = ¢ almost every-
where on R for some ¢ € C such that |¢| = 1. It remains to use the classical
Schwarz lemma. 0

It is now easy to obtain a gauge-independent result about locally uni-
form shrinking of the Weyl disks:
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Proposition 3.2. For any j-monotonic family in the limit point case such that
S+ 1s not a unimodular constant and for any compact K C Cy, we have
lim sup diam D(z,t) = 0, (3.5)
t—o0 2cK

where diam denotes the diameter in Fuclidean distance.

Proof. For an arbitrary j-contractive matrix function A(z)

(1) - AGa)iAGo)) () 20

On the other hand, if w € T and in the Weyl disk at 2y, then

(1) (- AGaiAG)") (7) = = (0 1) Ao () <0
Thus
(1) G - AGo)iAGo)) () =o.

and by the Schwarz Lemma (w 1) A(zp) = (w 1) A(z) for all z € Cy.

If sy is not a unimodular constant, there exists ¢; > 0 such that
D(i,¢1) C D; the above discussion, applied to A(z,¢;), shows by contra-
position that D(z,¢;) C D for all z € Cy. Thus, 2z — diamD(z,¢) for ¢ > ¢4
are continuous functions on C. They converge to zero monotonically on C,
0 (3.5) follows from Dini’s theorem. O

Corollary 3.3. Let T = (%i %2) be a j-contractive matriz, and let D be its
Weyl disk:

D={w: (w,)TyT*(w,1)" > 0}.
Then diam D = 2/(|T11]? — |T12]?).
Proof. We have

|T11|? — |Ti2)? = —(1,0)T5T*(1,0)*.

In particular, this quantity is invariant under the transformation 7' — TU
for every j-unitary matrix U. Using Proposition 1.4, choose U so that TU is
lower-triangular. Then T75 = 0 and the proof of Proposition 1.8 shows that
the diameter is indeed 2/|T11|? (that is equal, in notation of Proposition 1.8,
to 2e2#). Since the Weyl disk is invariant under the transformation T+ TU,
U € SU(1,1), the lemma follows. O

We next translate the famous de Branges’ uniqueness theorem into A-
gauge:

Proof of Theorem 1.13. If the family 4(z,¢) in A-gauge has the Schur func-
tion s, passing to PdB-gauge we obtain a family in PdB-gauge A(z,¢) =
2A(z, £)A(0,¢)~! with the same Schur function. By de Branges’ uniqueness
theorem [10], that describes the family A uniquely up to reparametrization;
thus, the family 2 is also determined uniquely up to reparametrization by
Proposition 1.4. Thus, the parameters in A-gauge are determined uniquely
up to reparametrization. O
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We now consider the reflection procedure (1.19). Using the relation
j1jji = —j, we see that the family A(z,t) = jiA(z,—t)j1 is indeed j-
monotonic. We say that the initial family {A(z,¢)}i<o is in the limit point
case at —oo if the reflected family {A(z,t)};50 is in the limit point case at
+o00. In the latter case, we denote this Schur function by s_ and characterize
it by applying (3.2) to A(z,t), which gives:

(s-(2),1) = lim _(w 1) j1A(z, =) 'jr, 2 €Cy, (3.6)

In this way we associate two Schur functions st to each two-sided j-
monotonic family {A(z,t)}ier. This is consistent with the literature on
canonical systems in Potapov-de Branges’ gauge, in which reflection corre-
sponds to the change T(z,z) = jT(z,—t)j, and the J-monotonic transfer
matrices T'(z,x) are related to the j-monotonic transfer matrices A(z,t) as
in (3.4). For instance, the definition of the negative half-line Weyl function
m_ corresponds to our negative half-line Schur function by m_ = zi‘_’rz’ .

This reflection procedure does not preserve A-gauge, but this can be
corrected by an additional factor. We denote

v(z):Z_Z_, zeC.
zZ+1
Proposition 3.4. For a full-line canonical system in A-gauge {2A(z,0)}ocr
with coefficients (i, a), its Schur function s_ is given by s_(z) = v(2)5(2),
where 55 denotes the canonical system in A-gauge

A(,0) = (“%Z) ?) JA(z, ), <”(OZ) ‘;) h (3.7)

This system has A-gauge parameters ‘i () = —p(—£), ‘@ (£) = a(—7).

Proof. A direct calculation shows
O (11U(z, =0)j1) = — j1U(z, =€) j1j1(—izA(=L) + B(=1))jr

and

J1(=izA(—0) + B(—0))jy = (_a(_g)—(zz I —a(—z)_(i;m + 1)) |

Note that this is upper-triangular at z = 7 instead of lower-triangular, and

() (i ) () -

B —iz —a(—0)(—iz — 1)
\—a(=0)(=iz+1) —iz
SO a(zl) defined by (3.7) is a canonical system in the Arov gauge with the

coefficients ('@, 7). Comparing the Weyl disks of él(z,é) and j12(z, —£€)j1
gives s_(2) = v(2)55 (2). O

In summary, a two-sided canonical system in A-gauge is encoded by
two Schur functions sy, which are arbitrary up to the single normalization
condition s_(¢) = 0. In [5] this serves as a natural compactification condition.
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4. Ricatti Equation and Spectral Asymptotics

We now study the family of Schur functions generated by the coefficient
stripping

A (2, 1) = A(z, 0) 7 A(z, t + £).
Just as the Schur functions sy can be characterized by (3.2), (3.6), the family
of Schur functions sy (z,¢) obey

(54(2,0),1) = tii+moo (w 1) A (2, 6) 7 ~ (s4(2), 1) A2, £). (4.1)

(s,(z,é), 1) = tl}—&-moo (w 1) (.7191[2](Z7 _t)jl)il = (S*(Z)a 1) ]lm(zae)jl

Moreover, for every compact K C C,, the convergence is uniform with

respect to z € K and w € D. Next result shows that functions s;(z,-)
satisfy a Ricatti equation for every z € C,..

Proof of Proposition 1.9. Formula (4.1) implies the existence of a non-
vanishing function ¢(z,-) such that

(54(2) 1) A(2,0) = (2,0) (s4(2,0) 1), 2eC, (eR.  (42)

Since 2(z, -) is absolutely continuous with respect to p, the same is true for

0(2,0) = (s4(2) 1) A(z,0) (0 1)

Multiplying (4.2) by j from the right and using 0,j = A(izA — B), we
obtain

(5+(2) 1) A=, )(i2A — B) = Bip(z. ) (5.2 ) 1)  + 02, 0) (B (2,0) 0) 5,
or, equivalently,

(2, 0) (5+(2,0) 1) (124 — B)
= 0u(5,0) (5 (2,0 1)+ 9(2,0) (Busy (5,0 0) . (43)

Now right-multiplying the equation by (S+(1z’ 5)) concludes the proof. U

An arbitrary Schur function has nontangential limits Lebesgue-a.e. on
R U {o0}, but is not guaranteed to have a nontangential (or normal) limit at
00. Since a canonical system can have an arbitrary Schur function, there can
be no general statements about the behavior of the Schur function at co. In
this sense the situation is very different compared to the Schrédinger or Dirac
cases, in which leading order asymptotic behavior is obtained by comparing
to a certain “free” operator. However, we prove a Lebesgue-type condition
suffices:

Theorem 4.1. For any canonical system in A-gauge such that

. 1 ¢
ln 7 / la(t) - a(0)|dpu(t) =0, (4.4)

for some a(0) € C, then the Schur function has a nontangential limit at
4100,

lim, () = A

arg z€ (6,7 —4) 1+ V 1- |a(0)‘2’

(4.5)
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for any 6 > 0.

We note that for PdB gauge the analogous statement was proved in
Theorem 3.1 in [11] by a different method.

The proof of Theorem 4.1 relies on a z-dependent rescaling of the Ricatti
equation, following an idea used for Dirac operators by Clark—-Gesztesy [8].
To prepare for this, we first reparametrize the j-monotonic family.

Remark 4.2. (reparametrizing to Lebesgue measure)  Consider the j-
contractive family defined by

Note that this is well-defined even if p is not injective, since p is a contin-
uous increasing function and on any intervals on which p is constant, 2 is
constant as well. Comparing with (1.11) shows that 2 has A-gauge param-
eters fi(u(f)) = u(l), a(u(f)) = a(f). In particular, 2 has Lebesgue measure
as its parameter. Conditions and conclusions such as those in Theorem 4.1
are invariant with respect to this reparametrization; in other words, we can
assume throughout the proof that p is Lebesgue measure.

The Ricatti equation (1.13) takes the form

; 1
s (5:0) = = (520 1) (20~ BO) (L)
We introduce a z-dependent “fast variable” r = |z|¢ and define

s(z,7) = sy (2,7/]2]),

which obeys the differential equation

Bys(z,r) = — (s(z,1) 1) (FZZ'A <|TZ|> _ éB <|Z|)> (8(217 r)) . (4.6)

We are going to take a limit in (4.6) when z nontangentially tends to +ico.
For this we need the following lemma.

Lemma 4.3. Assume that p is Lebesgue measure and (4.4) holds. Define A(0)
by (1.10) using the value a(0). Let a sequence {zi} be such that |zi| — oo,
argz, — @ + /2 for some ¢ € (—n/2,7/2), and s(zx,0) — so for some
so € D. Then the initial value problem

1

n/('r‘) = ei‘P (77(7‘) 1) P(O) (n(r)> R 77(0) = So (47)

has a global solution which obeys n(r) € D for allr € [0,00), and the functions
s(zk, ) converge uniformly on compacts to n as k — oo.

Proof. Since |a(0)| < 1, there exists ¢ > 0 independent of sy € D such that
the initial value problem (4.7) has a solution on [0, ¢] such that |n| < 2. Define
L € (0,+400] to be the supremum of all such c. Later on, we will work with
r € [0,L) and |z| > 1. Note that for such r, z we have

IR(z 7)) <3, ‘Manz—”A(r)+fB<r)

EIRIANE] AN



4 Page 20 of 30 R. Bessonov et al. IEOT

We also have ||A(0)]] < 2 by construction. Using the identity
(T1hi,hy) — (Taha, ha) = ((Th — Ta)ha, b)) + (T2(hy — ha), ha)
+ (Tahy, hy — h2)
for linear operators, we obtain from (4.6), (4.7) the estimate
If (z,7)| < 4”72 (z,7) — e“"A || +10|f(z,7)], f(z,7)=s(z,7)—n(r),

on [0,L) x {|z| > 1}. Since f is absolutely continuous with respect to r, the
same is true for the function h(z,7) = e=2°"|f(z,r)|?. Moreover, we have

W(r) = 2¢7Re (FG)f/(r)) = 2027 ()2,
hence
W (r) <2e | f(r)] (4]|R(z,7) — e A0)|| + 10| f (2, 7)) — 202" | £ (r)[?
< 8e~20"| f(r) | R(z,7) — e¥P(0)|| < 24 ||R(2,7) — e A(0)||.

Integrating last inequality, we obtain

F(z,m)[2 < €20 (|f(z,0)|2 +24/0T IR (= 1) —ewA(o)Hdt> (8

Since 0 is a Lebesgue point for a, we have
/ 1R (21 ) — €% A(0)|| dt — 0
0

along any sequence zj, with |z;| — oo and arg(—izz) — ¢. Thus, (4.8)
together with our assumption s(zx,0) — so = n(0) implies that s(zx,r) —
n(r) uniformly in r on compact subsets of [0, L). It remains to show that
L = +o0. To this end, note that if this is not the case, we have |n(ro)| = 3/2
for some ro € [0, L). But the above argument shows that n(r¢) = limy, s(zx, 70)
is in the unit disk, thus giving a contradiction. O

It turns out that condition n(r) € D, r» > 0, for a solution 7 of (4.7)
determines 7 uniquely.

Lemma 4.4. Let a € D and p € (—7/2,7/2). If n : [0,00) — D solves the
differential equation

7 (r) = 6% (n(r) 1) (_1a ‘1“) (n(lr)) (4.9)

then n(0) = ﬁ In other words, for any other initial value 1(0), the

solution of the initial value problem exits D in finite time.

Proof. 1f a = 0, then the Ricatti equation reduces to 1'(r) = 2¢*n(r), so the
general solution is 7(r) = €?"¢""1(0). In particular, any initial value 7(0) # 0
gives an exponentially growing solution.

If a # 0, the general solution can be found explicitly as n = wi/ws
where w = (w1 wg) solves the linear equation

w = —ew ( L a) J. (4.10)

—a 1
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To see this, let us multiply (4.10) by (1 — wl/wg)T from the right,
w1 i 1 —a 1
w’l—w—Qwé:e%"uu(wl/wg 1) (CL 1 ) <$;>,

and note that this equation is equivalent to (4.9) if n = wy/we. Put p =
1 — |al?. Observe that for the matrix

we have

(alFp)T==%p(alFp),
so that if 0 < |a| < 1, the general solution of (4.10) has the form

(w1 wg) = clem'ew (a 1-— p) + cze—f’"ew (a 14 p)

for some constants ¢p, c3. Since |a| > 1 — p, we must have ¢; = 0 if the
condition |n(r)| < 1 holds for large r > 0. Meanwhile, if ¢; = 0 and ¢y # 0,
a

then 7 is the constant function S and the result follows. Now consider the

case where |a| = 1. Then the general solution of (4.10) has the form
(wl wg) =c (a 1) + o (r (a 1) 4t (0 71)) ,
= (a(cl +cor) €1+ o — e*i‘/’) .
We see that

a(cy + cor)
C1 4 co — cope™

n(r) =

is in D for large r if and only if ¢o = 0, in which case 7 is again the constant
function, n(0) = n(r) = a. O

Proof of Theorem 4.1. Since s, takes values in D, by Lemmas 4.3 and 4.4 it
suffices to show that for fixed § > 0, the values of s, (z) have only one accu-
mulation point as |z| — oo, argz € [, 7 — §]. For this, assume that s;(zy) is
convergent for some sequence zp — oo with argzy € [0, 7 — 6]. By compact-
ness, we can pass to a subsequence such that arg(—iz;) converges. Then the

.. . a(O) .. .
limit of s(z) is equal to Sy oS Thus, this is the only accumulation
point, so (4.5) holds. O

Proof of Proposition 1.10. This follows from Theorem 4.1 by the well-known
fact that almost every point of a locally integrable function with respect to
w is a Lebesgue point of this function with respect to pu. 0

Note that the right-hand side of (1.14) determines a(¢) uniquely; if we
denote this right-hand side by ¢(¢), we have the mutually inverse formulas

a(f) a0 = 2

S ;M TATER T 1[0
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which correspond to a continuous bijection from D to itself. For a(¢) € D this
corresponds to the following matrix identity

Va(0) = V(). V(o) := wiw (ja 1“’) . aeD.

5. Krein—de Branges Formula for Exponential Type

As a corollary of Theorem 4.1, in this section we give a new proof of the de
Branges mean type theorem (see Section 39 in [10]) discovered by Krein [15].

Proof of Theorem 1.11. Using Proposition 1.4, let us pass to the j-monotonic
family in A-gauge A(z,t) = A(z,t)U(t) where U(t) € SU(1,1). The coeffi-
cients of the new canonical system obey

v=v, P=UT'PUj, Q=UT'QjUj-U'9,Uj.
Since
1
lim sup 08 (=, U #)] = lim sup log | A(z, &)l
Z00 |Z| z—00 |Z|

and det P(t) = det P(t), it suffices to prove the theorem for j-monotonic
families in A-gauge.
Formula (4.3) in the proof of Proposition 1.9 gives

Oup(2,0) = @(z,0) (s4(2,0) 1) <(_ZZ - l)a(f))

iz
= —p(2,0((iz + 1)s4 (2, 0)a(l) — iz).
Since ¢(z,0) = 1, integrating and evaluating at z = iy we get
1 ¢ —
10,72/ —y+ sy (wy,Da(l) +y ) du(l).
8y = o (ot Vsl a0 +y) dul)

Let us divide both sides by y and pass to the limits as y — +o00. According
to Proposition 1.10, the right hand side will tend to the desired limit

‘ 2 ¢ ¢
o [ JaTA
- 41 dpu= 1—l|al2dy = det A dp.
/0 ( 14+ +/1—|al? 0 Vi=laP 0

On the other hand, from (4.2) we see that

— (se () ) A0 (]

)
~ (0 ) (“z; ) ()
= a11(2,0) — ara(z,€)s4 (2, 0)

:au(z,@< ms (z,e)>.

Since the family \A(z, ¢) is j-monotonic, we have |a11(z, £)|* — |a1a(2,£)[* > 1
forall ¢ > 0 and z € C_. It follows that the analytic function 1— Zifgg s1(+,0)

p(2,0)
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has a positive real part in C, and therefore, it is outer. Since a;1(z,£) is an
entire function of bounded characteristic in the upper half plane without
zeros, we have

i 10g|a11(iy,€)| o
m — —_—
y—00 Yy y—oo y Iw iy, {

Since A(z,¢) € SL(2,C) is j-contractive, its entries obey in the upper half
plane

1+ |aia(z, 0 < laun(z, 0P, laz2(z,0)]* < 14 |a2i(z,0)]* < |ar1(z, 0)]*.
Thus, by the symmetry ||A(z, ¢)| = ||A(Z, £)]|,

M / Vdet Adu. (5.1)

/\/Hdu

yﬂioo

Finally, since the entries of A(z, E) are entire functions of bounded character-
istic in upper/lower half plane, the normal limit (5.1) implies the unrestricted
limit as z — oo (1.15)—(1.16) [6,14,15] and [10, Chapter I, §10]. 0

6. Breimesser—Pearson Theorem for j-Monotonic Families

In this section we prove a version of the Breimesser—Pearson theorem [7].
After the seminal work of Remling [18], Breimesser—Pearson theorem became
the standard tool in the study of reflectionless and almost periodic operators.
For canonical systems in Potapov-de Branges gauge it was first proved by
Acharya [1]. In principle, results of this section can be obtained from an
extended version of Acharya’s theorem via the “twisted shifts” technique
used in Section 7 of [20]. However, we prefer to give a direct proof here to
make the paper more self-contained. We discuss only the “spectral part” and
give references to results in function theory appearing in the proof.
Given a j-monotonic family {A(z,¢)}ser, recall that its Schur spectral
functions s4 are given by
(s4(2),1) =~ lim (w1l

T—+00

) A
(s-(2),1) ~ lim (w 1) (j1A(z,—7)j1) 7,

T——+00

7

(these limits do not dependent on w € D) and their shifted versions by

(5+(27£)31) = ( (Z) ) (Z 6)
(s-(20),1) = (s-(2), 1) j1A(z 0. (6.1)

Since s+ are Schur functions, for Lebesgue almost every x € R there exist
the limits

s+(x) = e1_i>13rr10 sy (x + de).

Define the absolutely continuous spectrum E of the j-monotonic family
{A(z,0)}ocr to be the essential closure of the set { € R : [s4(z)|+|s_(z)] <
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2} with respect to the Lebesgue measure. For z € D, let w, be the harmonic
measure in D:

(5) / Lol g, scT
Wy = T = 5 am ) )

s|1=&
where m denotes the normalized Lebesgue measure on the unit circle T, S is
a measurable subset of T.

Here is our version of the Breimesser—Pearson theorem.

Theorem 6.1. Let {A(z,0)}eer be a j-monotonic family in the limit point
case at £0o, and let E be its absolutely continuous spectrum. Assume that
ls+(,0)] < 1 for every £ > 0. Then for every Borel subsets e C E, |e| < oo,
S C T, denoting S = {z | z € S}, we have

ZEIJ’I}OO (/ Ws_ (z,0) (S) - /ws+(a:,€) (S) d1'> =0.

Proof. Define the function

2w — z|
w,z) = , w,z €D,
Y e eV S EE
which is related to the hyperbolic distance on D. Using the Cayley transform
and the estimate (7.21) in [20] it is easy to check that

|ww (S) — w,(9)] < v(w, 2), w,z €D, ScT. (6.2)

It is also possible to check (directly or using the Cayley transform and Propo-
sition 3 in [7]) that ~ is invariant under the Mobius transformations. Let us
fix a finite partition e = Uf'e; and a collection {s;}}_, such that [eo| < €, for
j > 1 the sets e; are bounded, and

v(s4+(x),s5) <e, x € €.

It is possible to choose y, > 0 so small that for every function s of Schur
class in C,, for every 0 < y < y, and every 1 < j < N we have

/e W (atiy) (S) — /e Ws(x) (9)

J J

sup
SCT

S 6|€j|. (63)

This is the key analytic ingredient of the Breimesser—Pearson theorem, and
we refer the reader to Theorem 1 in [7] or to Theorem 7.6 in [20] for its proof.
One need to use the conformal invariance of the harmonic measure to get
(6.3) from those results. Fix 1 < j < N and consider the function s defined
by

(5(z,0),1) =~ (55,1) A(z,0), 2€Cy, £>0.
For z € e;, we have x = Z and
5 <8+(x,£), s(m,é)) =7 ((s+(x), 1) Az, 0), (sj, 1) A(x,ﬁ))
= 7((8+($), 1) ) (Sjv 1)) <e



IEOT Reflectionless Canonical Systems Page 25 of 30 4

due to invariance of v with respect to Mobius transformations (in the formula
above we identified complex numbers with elements of the projective complex
plane so that z € C corresponds to (z,1)). Using (6.2) we see that

ws+(w,f)(5) - WW(S)‘ <~ (S+($,£),S($,£)) <k, T cey.

Integrating this inequality, we get

/ ws+(m,f)(s) dx — /LLS(:E,Z)(S) dx S 6‘€j|.
€5 e
Let us show that for large ¢ > 0 we have

/ Ws_ (2,0 (S) = /WW(S) < 3elej,

then the statement will follow. By definition, we have w,,(S) = wg(S). So,
we need to show that

/ | Ws_(2,0)(S) — / | Ws(z,0) (S)

J J

S 36|€]‘|.

Relation (6.3) reduces this to the inequality

< €lejl. (6.4)

/ ws_(eriy*,[) (g) - / ws(eriy* 0) (?)

€j €j

Estimate (6.2) and our definition of s imply that it suffices to check that

lim v((s—(z,¢),1), (w,1)A(z,£)) =0 (6.5)

{——+o00

for every w € D and every z € C (since w,,(S) < 1 for every w € D, one can
use Lebesgue dominated convergence theorem and (6.2) to derive (6.4) from
(6.5)). Since A(z,¢) € SL(2,C), with J given in (1.3) the standard formula
for inverse of matrices gives

Az, 0t = TA(z,0)" T
Combining this with (1.1) we get

Az, 0) = j1A(z, 051,  VzeC,

where (...) denotes entry by entry complex conjugation. From (6.1) and the
invariance of v with respect to Mobius transformations we now see that (6.5)
holds if

lim diam,Dg(z,¢) =0, (6.6)

{——+o0

where diam, F' = sup,,, ,,er (w1, ws) is the diameter of a set F' C D with
respect to v, and

Dg(z,0) = {(w,1)B(2,0)", w € D}
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is the Weyl disk of the j-monotonic family B(z,f) = ji A~ (z,£)j;. Assume
first that z = ¢ and A admits the Arov normalization condition at z = i:

. et () 0
Al £) = <_eu(5),{(g) eu(@) :

] et (0) onl(l) (g
B<Za£) = ( 0 e*/i(f() )) )

SO

The Euclidean diameter of Dg(i,f) is equal to 2/e2*(9(1 — k(£)?) by
Lemma 3.3. Note that we have p(¢) — +oo and k(£) — s (i) as £ — +0o0
by Lemma 1.8. Since |s4(¢)| = [s+(4,0)| < 1 by our assumption, we see that
the Euclidean diameters of Dg(i,¢) tend to zero as £ — +oo. Since B(i,£)
is upper-triangular, we have 0 € D. Hence, relation (6.6) holds. Moreover,
(3.5) shows that under the Arov gauge normalization we have (6.6) for every
S (C+.

In the general case, Proposition 1.4 gives a j-unitary family {U(¢)} such
that A = AU (£) obeys the Arov normalization. Then the previous argument
implies that the y-diameters of the Weyl disks

Dg(z,0) = {(w, 1)[;’(2,6)71, w € D}, [;’(z,ﬁ) = j1./~lfl(z,€)j1,

tend to zero. Since B(z,£)~! = B(z,£)"'j1U(0)jy and j1U(£)j; is j-unitary,
the same is true for the Weyl disks Dg(z, ¢) due to the invariance of v under
the Mobius transformations. This ends the proof. O

7. Remling’s Theorem for Canonical Systems in the Arov
Form

In this section we are interested in description of coefficients of reflectionless
canonical systems. Recall that a j-monotonic family {A(z, ¢) }ser in the limit
point case at +oo is called reflectionless on a set £ C R if its Schur functions
s+ satisfy

sy(x) =s_(x) for almost every x€E

in the sense of nontangential boundary values. In the case where E is the
absolutely continuous spectrum (see the beginning of Sect. 6) of {A(z, ) }eer
, this family and the canonical system it generates are called reflectionless.

Roughly, the main result of this section says that canonical systems with
almost periodic coefficients are reflectionless. Let us introduce the notion of
almost periodicity we are going to use [5, Section 6.1]. Let u be a complex
Borel measure on the real line R. The measure p is called translation bounded
if for any compact subset K C R we have

lullx = sup|p|(z + K) < oo.
rzeR
Consider a set of test functions X C L*(p) closed under translation: S, X C
X,y € R, where the shift operator .Sy is defined by
Syh :x— h(z —vy), z eR.



IEOT Reflectionless Canonical Systems Page 27 of 30 4

We say that a translation bounded Borel measure p on R is X-almost periodic
if for all h € X, the convolution

h*M:xH/Rh(x—f)d,u(f).

is a uniformly almost periodic function on R (that is, {S,(h * p)}yer is a
precompact set in the Banach space of bounded continuous functions on R).
It is classical to define almost periodic measures using the space C.(R) of
continuous functions with compact support as a set X of test functions, see,
e.g., [2,3]. We will use another class X = PC.(R) of piecewise continuous
compactly supported functions. It is easy to see that a translation bounded
complex measure p without point masses is PC.(R)-almost periodic if and
only if the function

z — p(lx,z +£]), z €R,

is uniformly almost periodic for every ¢ > 0. We call a 2 x 2 matrix-valued
mapping PC.(R)-almost periodic if each its entry is PC.(R)-almost periodic.
This allows us to deal with canonical systems with PC.(R)-almost periodic
coefficients. Here is a reformulation of Theorem 1.14 in new terms.

Theorem 7.1. Every canonical system

¢
A 07 =3+ [ A1) (240 - BO)a®.  z€C,
0
with PC.(R)-almost periodic coefficients A du, Bdu is reflectionless.

Our plan is to use the following lemma. The usage of the Breimesser—
Pearson theorem from the previous section in its proof is inspired by [18].

Lemma 7.2. Suppose that {A(z,€)}ecr is a j-monotonic family in the limit
point case at +oo, and let {1,} be a sequence converging to +oo such that
there exists the limit

B(z,0) = liIJIrl Alrml(z ), Am)(2,0) = A(z, 1) LAz, 0+ ).

uniformly on compact subsets of C x R. Then {B(z,¢)}icr is a j-monotonic
family reflectionless on the absolutely continuous spectrum E of { A(z,€)}eer-

Proof. By definition, {B(z, ) }scr is a j-monotonic family, and, moreover, we
have sa,+(z,7,) — sp+(2), z € C4, for the corresponding Schur spectral
functions. It follows that

lim [ we, (e (S)de = /wsB,i(m)(S) dz, ScCT,

n—oo e e
for every Borel set e C R of finite Lebesgue measure. Here we used again
estimate (6.3) for Schur functions, see Theorem 1 in [7] or Theorem 7.6 in [20].

If moreover e is a subset of the a.c. spectrum E of {A(z, )}, from Theorem
6.1 we get

/wsgy,(w)(‘g) diL’: \/w55,+(x)(5) dx
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Using the fact that w,(S) = wg(S) for every w € D, we conclude that
SB— = sp,+ almost everywhere on E, that is, the system {B(z,{)}ecr is
reflectionless on E. O

We are ready to prove Theorem 7.1.

Proof. Suppose that A(z,£) is the transfer matrix of a canonical system with
coefficients A du, B dp that are PC.(R)-almost periodic matrix-valued mea-
sures. For 7 > 0, n > 0, let

Ar(€) dpr(6) = A(6+7) dpr,  Br(€) dpr = B+ 7)dpr,  pr(E) = p(7 + E),

be the coefficients of the canonical system with the transfer matrix
AlTl(z,0) = A(z,7) " A(2,£ + 7). Using almost periodicity, one can choose a
sequence {7, }, lim 7, = 400, such that

¢

L
tim [ An e, )= [ A dute)

n—-+oo 0

and

¢
lim B, (t)dpr, (¢ / B(t) du(t)

n—-+00 0

uniformly in ¢ > 0 on each interval [0,7]. For z € C, let X, , denote the
matrix valued measure —(izA,, — B, )jdu,,, and let X, = —(izA— B)j du.
Then

0 4 ty
Alml(z 0 =T+ / dX. . (t1) + / / dX, o (t2)dX o pn(t) + ...
0 0

0
where the infinite series in the right hand side converges uniformly on compact
subsets of [0, +00) x C because p is translation bounded. Since the variation
on [0, 7] of X, ,— X, tends to zero uniformly on compact subsets of C for each
T > 0, we have A(z,¢) = lim,,_, ;o Al™](z,¢) and conditions of Lemma, 7.2
are satisfied for the sequence {7,} and B = A. From Lemma 7.2 we now see
that the family {A(z, ) }ocr is reflectionless. O
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