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CHAPTER 1

The nonlinear Fourier transform
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1.1. Introduction

These are lecture notes for a short course presented at the IAS Park City
Summer School in July 2003 by the second author. The material of these lectures
has been developed in cooperation by both authors.

The aim of the course was to give an introduction to nonlinear Fourier analysis
from a harmonic analyst’s point of view. Indeed, even the choice of the name for
the subject reflects the harmonic analyst’s taste, since the subject goes by many
names such as for example scattering theory, orthogonal polynomials, operator the-
ory, logarithmic integrals, continued fractions, integrable systems, Riemann Hilbert
problems, stationary Gaussian processes, bounded holomorphic functions, etc.

We present only one basic model for the nonlinear Fourier transform among a
large family of generalizations of our model. The focus then is to study analogues
of classical questions in harmonic analysis about the linear Fourier transform in the
setting of the nonlinear Fourier transform. These questions concern for example the
definition of the Fourier transform in classical function spaces, continuity properties,
invertibility properties, and a priori estimates. There is an abundance of analytical
questions one can ask about the nonlinear Fourier transform, and we only scratch
the surface of the subject.

The second half of the lecture series is devoted to showing how the nonlinear
Fourier transform appears naturally in several fields of mathematics. We only
present a few of the many applications that are suggested by the above (incomplete)
list of names for the subject.

There is a vast literature on the subject of this course, in part generated by
research groups with few cross-references to each other. Unfortunately we are not
sufficiently expert to turn these lecture notes into anything near a survey of the
existing literature. In the bibliography, we present only a small number of fairly
randomly chosen entrance points to the vast literature.

We would like to thank the Park City Math Institute, its staff, and the con-
ference organizers for organizing a stimulating and enjoyable summer school. We
would like to thank R. Killip and S. Klein for carefully reading earlier versions
of the manuscript and making many suggestions to improve the text. Finally, we
thank J. Garnett for teaching us bounded analytic functions.
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1.2. The nonlinear Fourier transform on [y, {' and [?
1.3. The nonlinear Fourier transform

In this lecture series, we study a special case of a wide class of nonlinear Fourier
transforms which can be formulated at least as general as in the framework of
generalized AKNS-ZS systems in the sense of ([3]). For simplicity we refer to the
special case of a nonlinear Fourier transform in this lecture series as “the nonlinear
Fourier transform”, but the possibility of a more general setting should be kept in
mind.

More precisely, we discuss (briefly) a nonlinear Fourier transform of functions
on the real line, and (at length) a nonlinear Fourier series of coefficient sequences,
i.e., functions on the integer lattice Z. Fourier series can be regarded as abstract
Fourier transform on the circle group T or dually as abstract Fourier transform on
the group Z of integers, while ordinary Fourier transform is the abstract Fourier
transform of the group R of real numbers. We shall therefore use the word Fourier
transform for both models which we discuss. Indeed, to the extend that we discuss
the general theory here, it is mostly parallel in both models, with the possible
exception of the general existence result for an inverse Fourier transform in Lecture
1.10 which the authors have not been able to verify in the model of the nonlinear
Fourier transform of functions on the real line.

For a sequence F' = (F},) of complex numbers parameterized by n € Z, we
define the Fourier transform as

(1.1) F() =) Fe?min

neZ

and one has the inversion formula
1
F, = / F(0)e*™ dp
0

A natural limiting process takes this Fourier transform to the usual Fourier trans-
form of functions on the real line. We have made the choice of signs in the exponents
so that this limit process is consistent with the definition of the Fourier transform
in [26].
We shall pass to a complex variable
5= e—27ri9
so that (1.1) becomes
F(z) = Z F,z"
neZ
after identifying 1-periodic functions in # with functions in z € T. The choice of
sign in the exponent here is the one most convenient for us.
The discrete nonlinear Fourier transform acts on sequences F,, parameterized
by the integers, n € Z, such that each Fj, is a complex number in the unit disc D.
To begin with we shall assume these sequences are compactly supported. That is,
F,, = 0 for all but finitely many values of n.
For a complex parameter z consider the following formally infinite recursion:

1

1 F,z"
Con ) =g (o ) (e )
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-oo=1, b_on=0
Here a_o = 1 and b_, = 0 is to be interpreted as a,, = 1 and b, = 0

for sufficiently small n, which is consistent with the recursion formula since the
transfer matrix

n
(1.2) 1 ( —1771 F,z )
VISR A\ T 1

is the identity matrix for sufficiently small n by the assumption that F}, is compactly
supported.

The nonlinear Fourier transform of the sequence F,, is the pair of functions
(@00, boo) In the parameter z € T, where a and b are equal to a, and b, for
sufficiently large n. We write

P
F (2) = (ac0(2), boo(2))

We will momentarily identify the pair of functions (@, boo) with an SU(1, 1) valued
function on T.

While evidently ao, and by, are finite Laurent polynomials in z (rational func-
tions with possible poles only at 0 and o), we regard the nonlinear Fourier trans-
form as functions on the unit circle T. Later, when we consider properly infinite
sequences F},, restriction to T as domain will be a necessity.

Observe that for z € T the transfer matrices are all in SU(1, 1). Hence we can
write equivalently for the above recursion

a, by _ 1 Ap—1 bn_1 1 F,z"
b @ ) T |Fp2 \ bn1 @1 F,.™ 1
U—oo b_oo _ 1 0
b -/ VL O 1
an bp
by n

are in SU(1,1), and in particular |a,|> = 1 + |b,|?.
Thus the Fourier transform can be regarded as a map

l0(Z,D) - C(T,5U(1,1))

with

and all matrices

where lo(Z, D) are the compactly supported sequences with values in D, and C(T, SU(1,1))
are the continuous functions on T with values in SU(1,1).

While we shall not do this here, one can naturally define similar nonlinear
Fourier transforms for a variety of Lie groups in place of SU(1,1). The group
SU(2) leads to an interesting example. We remark that here we define Fourier
transforms using Lie groups in a quite different manner from the way it is done
in representation theory. There one defines Fourier transforms of complex valued
functions on groups, and one remains in the realm of linear function spaces. Here
we end up with group valued functions, a much more nonlinear construction.

If E is an open set in the Riemann sphere, define E* to be the set reflected
across the unit circle, i.e,

E*={z:z"' € E}

The operation * is the identity map on ENT.
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If ¢ is a function on F, define
) =

as a function on E*. This operation preserves analyticity. On the circle T, this
operation coincides with complex conjugation:

c*(z) = c(z)
forall ze TNE.
We then observe the recursion

(13) < Gn  bn > _ 1 ( Gp-1 bpn_1 ) ( 1 EF, 2" )
by a; VI=|F 2\ bhor any Fnz™" 1

br o a’ 0 1
All entries in these matrices are meromorphic functions on the entire Riemann
sphere. Namely, these recursions hold on T and thus hold on the entire sphere by

meromorphic continuation of ay, by, a’, b
Observe that the matrix

( an(z) bn(z) )

b(z)  an(2)

is not necessarily in SU(1, 1) for z outside the circle T. However,
aja;, =1+b,b,

continues to hold on the complex plane since it holds on the circle T.

Thinking of the pair (c,d) as the first row of an element of a function which
takes values in SU(1,1) on the circle T, we shall use the convention to write

(a,b)(c,d) = (ac+ bd*,ad + bc*)

For small values of F,, the nonlinear Fourier transform is approximated the
linear inverse Fourier transform. This can be seen by linearizing in F'. The factor
(1—|Fn|?)~%/? is quadratic and we disregard it. The remaining formula for a., and
beo is polynomial in F' and F'. If we only collect the constant and the linear term,
we obtain

(@00, boo) = (1, Z Fnz")
nez
Thus as, is constant equal to 1 in linear approximation and b, is the Fourier

transform
E F.2"
nez

in linear approximation.
The following lemma summarizes a few algebraic properties of the nonlinear
Fourier transform.

LEmMA 1.1. If F,, =0 for n # m, then

(1.4) ) = (1= (B 21, By
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=
If (F,) = (a,b), then we have for the shifted sequence whose n-th entry is F, 41
’ ‘ -1
(1.5) (Fat1) = (a,b277)
If the support of F' is entirely to the left of the support of G, then
(1.6) (F+G)= F G
If |c| =1 then
—~ =
(1.7) (cF,) = (a,cb)

For the reflected sequence whose n-th entry is F_,

——
(1.8) (F_p)(2) = (a*(z71),0(="1))

Finally, for the complex conjugate of a sequence, we have

=
(1.9) (Fa)(2) = (a"(z71),0"(=7))

Observe that statements (1.5),(1.7), (1.8) and (1.9) are exactly the behaviour of
the linearization a ~ 1 and b ~ 3 F,,z™. Statements (1.5) and (1.7) are most easily
proved by conjugation with diagonal elements in SU(1,1). Concerning statements
(1.8) and (1.9), observe that under the reflection n — —n or under complex con-
jugation the Laurent expansion of the diagonal element a turns into the expansion
with complex conjugate coefficients.

1.4. The image of finite sequences

Our next concern is the space of functions as, bse Obtained as Fourier trans-
forms of finite D-valued sequences Fj,.

It is immediately clear that a and b are finite Laurent polynomials. The fol-
lowing lemma describes the degree of these Laurent polynomials. Define the upper
degree of a Laurent polynomial to be the largest N such that the N-th coefficient is
nonzero, and define the lower degree to be the least IV such that the N-th coefficient
is nonzero.

LEMMA 1.2. Let F,, be a nonzero finite sequence with NLFT (a,b). Let N_ be
the smallest integer such that F_n # 0. and let Ny be the largest integer such that
Fn, #0, Then a is a Laurent polynomial

a= Z a(n)z*

n=N_—N_4

with exact lowest degree N_ — Ny and ezact highest degree 0. The constant term
of this Laurent polynomial is

a(0) = [J(t = 1F?) =2

k
Moreover, b is of the form

Ny
b= Z b(n)z"
k=N_
with exact highest degree Ny and ezxact lowest degree N_.
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A particular consequence of this lemma is that the order of the highest and
lowest nonvanishing coefficients for the Laurent polynomial of b are the same as for
the sequence F'.

PrOOF. The Lemma can be proved by induction on the length 1 + Ny — N_
of the sequence F,. If the length is 1, then (a,b) is equal to a transfer matrix (set
N=N_=N,),

(a,b) = ((1 _ |FN|2)—1/27 (1- |FN|2)_1/2FNZN>

This proves the lemma for sequences of length one.
Now let I > 1 and assume the theorem is true for lengths less than [ and assume
F,, has length [. Set N = N, then we have

a=(1—|Fn?)""%d + (1 - |En )% VENt/

where (a’,b’) is the NLFT of the truncated sequence F’ which coincides with F’
everywhere except for the N-th entry where we have Fjy = 0. By induction, 2=’/
has highest degree at most —1 (since b’ has highest degree at most N — 1), so the
constant term of a is (1 — |F,,)~/? times the constant term of a’ and there are no
terms of positive order of a. The lowest order term of a’ is at least N_ — Ny + 1,
while the lowest order term of z=™¥' is exactly N_ — N,. Thus for a we have the
lowest and highest order coefficients claimed in the lemma.
Similarly, we have

b=(1—|Fnx[>)"Y2d2NFy + (1 — |Fn|)~ Y20

Only the second summand produces a nonzero coefficient of degree N_ and this is
the lowest degree of b. Only the first summand produces a nonzero coefficient or
order Ny and this is the highest order coeflicient of b. O

The meromorphic extensions of ¢ and b to the Riemann sphere satisfy the
recursion (1.3). On the Riemann sphere, we shall be interested in the open unit
disc D = {z : |2| < 1} and the unit disc at infinity D* = {1/z : |z] < 1}. Observe
that a is holomorphic on D*.

=
LEMMA 1.3. Let (a,b) = F for some finite sequence F. Then a has no zeros
in the disc at infinity D*.

PRrROOF. It suffices to prove the lemma under the assumption F,, = 0 for n < 0,
because we can translate F' and use Lemma 1.1.

The constant term of a is nonzero, and therefore a is not zero at co.

For |z| > 1 we rewrite the recursion

1 1 F,z"
Con ) =g (o ) (e )

as
1 1 Ea(z/]2)" )
2["an by ) = ———===( [2|"an-1 bn— ¥ -n
(| | ) /71*|Fn|2(| | 1 1)<Fn(z/|z|) 1
Therefore

2" an|? = bal* = [2"an-1]* = [ba-af® > 2" tan1]? = [ba]?
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because |z| > 1. Now it follows by induction that
|2"an|* — |bn|2 >0
because this is true for n near —oo. Thus a is not zero at z. U

COROLLARY 1.4. We have |a,(2)| > 1 for |z| > 1. Moreover, a,(c0) is positive
and greater than or equal to 1.

PROOF. Since a has no zeros, the function log|a| is harmonic on D*. On the
boundary it is non-negative, and by the maximum principle it is non-negative on
D*. Tt remains to see positivity of a(co), but this is clear since a(co) is the constant
term in the Laurent polynomial of a. (]

Next we observe that if (a, b) is the NLFT of a finite sequence, then a is already
determined by b.

LEMMA 1.5. Let b be a Laurent polynomial. Then there exists a unique Laurent
polynomial a such that aa® =1+ bb*, a has no zeros in D*, and a(o0) > 0.

PROOF. Observe that P = 1 + bb* is a nonzero Laurent polynomial. It can
only have poles at 0 and co, and by symmetry the order of these two poles have to
be equal. Assume P has pole of oder n at 0, clearly n > 0. By symmetry P has
pole of order n at co. Since P is clearly has no zeros on T, by symmetry it has
exactly n zeros in D and n zeros in D*.

Uniqueness: In order for aa® to have the correct order of pole at 0, the Laurent
polynomial a has to be a polynomial in z=! of order n. In order for aa* to have
the same zeros as P, it has to have the same zeros as P in D and no other zeros.
This determines a up to a scalar factor. The condition a(occ) > 0 determines a up
to a positive factor. Since 1 4 bb* is nonzero, this positive factor is determined by
14 bb* = aa™.

Existence: Let a be a polynomial of degree n in 1/z whose zeros are exactly
the zeros of P in D. Then a(oco) # 0. By multiplying by a phase factor we may
assume a(oc) > 0. By multiplying by a positive factor we may assume that a*a
coincides with P on at least one point of T. Then 1 + bb* — aa™ has 2n + 1 zeros,
but at most two poles of order n. Thus 1 4 bb* — aa™ = 0. O

We are now ready to characterize the target space of the Fourier transform of
finite sequences.

THEOREM 1.6. The nonlinear Fourier transform is a bijection from the set of
all finite sequences (F),) in the unit disc into the space of all pairs (a,b) with b an
arbitrary Laurent polynomial and a the unique Laurent polynomial which satisfies
aa* =14 bb*, a(co) > 0, and has no zeros in D*.

Remark: While not stated explicitly in the theorem, all pairs (a,b) described
in the theorem satisfy not only a(co) > 0 but also a(co) > 1. Moreover, a and b
have the same length. This follows from the theorem and the previous discussion.

PRrROOF. Clearly the Fourier transform maps into the described space by the
previous discussion.

We know that the upper and lower degree of F' are the same as the upper and
lower degree of b. Thus it suffices to prove bijectivity under the assumption of fixed
upper and lower degree of F' and b. By shifting F' and b we may assume both have
lower degree 0, and we can use induction on the common upper degree N.
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In the case N = 0, meaning F' = 0, and the in case N =1 we have
b= Fo(1 —|Fo[)~/?

and the map Fy — b is clearly a bijection from D to C. Now assume we have
proved bijectivity up to upper degree N — 1.

We first prove injectivity, i.e., F' of upper degree N can be recovered from (a, b).
It suffices to show that Fy can be recovered from (a,b). Then we can by induction
recover the truncated sequence F”; which coincides with F' except for F{ = 0 from
the Fourier transform of F’ which can be calculated as

(a',b') = (1= [Fo[*)"/2(1, = Fo)(a, b)
However, this last identity also implies that
0= b(0) = (1 — [Fol*)/2H(0) = b(0) — Foa*(0)

Hence
b(0)
a*(0)
and this quotient is well defined since a*(0) # 0. Thus Fy is determined by (a,b)
and we have proved injectivity for upper degree N.

Next, we prove surjectivity. Let b have upper degree N and let a be the unique

Laurent polynomial which satisfies aa* = 1 + bb*, a(co) > 0, and has no zeros in
D*. We set formally

Fy =

b(0)

a*(0)

Observe that |Fy| < 1 since b/a* is holomorphic in D, continuous up to T, and
bounded by 1 on T. We calculate formally the truncated Fourier transform data

(alabl) = (1 - |F0|2)_1/2(1a _FO)(aab)

Iy =

Then ' is a polynomial of upper degree at most N and lower degree at least 1.

It now suffices to prove that (a’,d’) is the nonlinear Fourier transform of a
sequence of length N — 1. For this it suffices to show that a’ is the unique Laurent
polynomial such that 1+ b'0'" = a’a’™, a(c0) > 0, and a’ has no zeros in D*.

However,

1+ V0" =dd”
holds on T and therefore everywhere since the determinant of the matrix (a,b)
coincides with that of (a’,’) on T. The recursion

(a,0) = (1 = |Fo|*)"/2(1, Fo) (', V)
implies
a(o0) = (1 — [ Fo[*)71/2d/ (o0)
and thus a’(c0) > 0. Finally, we observe that
d(z) = (1= |Fo|*) % (a — Fob")

does not vanish in D* since b* /a is bounded by 1 in D* and thus a strictly dominates
Fyb* in D*. O
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1.5. Extension to [! sequences

We have defined the Fourier transform for finite sequences. Now, we would like
to extend the definition to infinite sequences.
As in the case of the linear Fourier transform, the defining formula actually
extends to sequences in [1(Z, D), i.e., summable sequences of elements in D.
Define a metric on the space SU(1,1) by
dist(G,G") = |G — G'||op

This clearly makes SU(1,1) a complete metric space, since C* is a complete metric
space and SU(1,1) is a closed subset of C* with the inherited topology.
Define L>°(T, SU(1,1)) to be the metric space of all essentially bounded func-
tions G: T — SU(1,1)
sup dist(id, G(z)) < oo

(in the usual sense of the essential supremum) with the distance
dist(G, G') = sup dist(G(z), G'(2))

On the space of all summable sequences in D define the distance

dist(F, F') = Z 1T — T}l op

where T,, denotes the transfer matrix defined in (1.2). This makes [*(Z, D) a
complete metric space. We claim that on sets

B ={F, :sup|F,| <1—¢}
n

with € > 0 (every element in ['(Z, D) is in such a set, and also every Cauchy
sequence in [1(Z, D) is inside one of these sets) this distance is bi-Lipschitz to

dist'(F, F') = Z |, — F',|
n

Namely, if F,, and F’,, are in B, then
1T — TlnHop =

= [ E )2 = R T [ R TR (= )T
This is bounded by a constant depending on €. Thus we only need to show equiv-
alence to |F,, — F’,| if the latter is smaller than a constant depending on e. This
however follow easily by Taylor expansion of the nonlinear terms in the expression
for | T — T || op-

In particular, we observe that the finite sequences are dense in ['.

LEMMA 1.7. With the above metrics, the NLFT on ly(Z, D) extends uniquely
to a locally Lipschitz map from 1*(Z, D) to L*(T,SU(1,1)). The NLFT of such
sequences can be written as the convergent infinite ordered product of the transfer
matrices.

Proor. To prove existence and uniqueness of the extension, it suffices to prove
the Lipschitz estimate on bounded sets for finite sequences.
Using ||T5|| > 1 we have by Trotter’s formula:

ITI7 =TI 7 allop < DT = T'allop LT Tllo T T 1775 )
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Moreover, we have
H [Tollop < eXp[Z[HTnHoz} 1] < eXp[Z 1T — id][op]
n n n

hence the right-hand side remains bounded on bounded sets of I*(Z, D). Thus, on
a bounded set we have

|| HTn - HTlnHop < C[Z HT"I - TI"HOP]
n n n

with C depending on the set. This proves the Lipschitz estimate on bounded sets.

By the abstract theory of metric spaces, the NLFT extends to a locally Lipshitz
map on [1(Z, D). Given any sequence F, the truncations of the sequence to the
interval [N, N] converge in ['(Z, D) to F, and thus the sequence of nonlinear
Fourier transforms converges to the NLFT of F'.

Convegence in the target space is not only in L*°(T, SU(1,1)), but also in
the space C(T, SU(1,1)) of continuous functions, which is a closed subspace. This
implies that the NLFT of the truncated sequences converge pointwise and uniformly
to the NLFT of F.

Observe that if F' € Be, then the truncations of F, to intervals [N, N| remain
in B, and converge to F' in [1(Z, D). Thus the products of the transfer matrices
converge to the NLFT of F'. (I

We observe that for F' € [1(Z, D) we have

sup f[(a(2), b(2)) lop < [TIa—1E57 20, Fl

or, applying the logarithm to both sides and using Lemma 1.55:
sup arccosh|a(z)| < Zarccosh((l —|E?) 7?2
z n

Define g(y) = (log(cosh(y)))'/2. Then g vanishes at 0 and is concave on the positive
half axis, and therefore g(z) + ¢g(y) > g(x + y) for all 0 < z,y, and the analogue
inequality holds for any countable number of summands. Applying g to the last
display we thus obtain

(1.10) sup(log la(2))'/2 <D (log((1 — [Ful?)~1/2))"2

In the following section, this estimate will be compared to estimates for sequences
in spaces (P(Z, D) for various p.

1.6. Extension to [ sequences, 1 < p < 2

In this section we define the nonlinear Fourier transform of [P sequences with
1 < p < 2. The discussion in this section is an extraction from the work of Christ
and Kiselev. Mainly we rely on [6] and we state and use but not prove theorems
from that paper.

Let F' € ly(Z, D) be a finite sequence. By the distributive law, we can write

) = [[ (- 1B 2, )
nez
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= <H(1—|Fn|2)_1/2> <Zl > H (0, Fy, 2™

nez n=0 Li;<---<in k=1

/)

Here all formally infinite products and sums are actually finite since almost all
factors and summands are trivial, and where the summand for n = 0 on the right-
hand side is equal to (1,0).

Observe that the first factor in the last display is independent of z and is a
convergent product under the assumption F € [?(Z,D) with 1 < p < 2. The
second factor in the last display is a multilinear expansion, i.e., a Taylor expansion
in the sequence F' near the trivial sequence F' = 0.

We shall see that for F' € [P(Z, D), each term in this multilinear expansion is
well defined as a measurable function in z and that the multilinear expansion is
absolutely summable for almost all z € T. This allows us to define the nonlinear
Fourier transform for [P sequences as a measurable function on T.

THEOREM 1.8. Let 1 < p < 2 and let p' be the dual exponent p/(p — 1). Let
F €1P(Z,D). Then the multilinear term

(1.11) > [H(O,Ekzi’“)

i1 < <ip Lk=1

is a well defined element of the quasi-metric space L”//"(T,ngg) and depends
continuously on the sequence F € IP(Z, D). The multilinear expansion

(1.12) z[z 110, F =)

n=0 Li;<---<inp k=1

is absolutely summable for almost every z. Defining
(a,b)(z) := (H(l— |Fn|2)_1/2> (Z [ Z H (0, F, 2° ])
nez n=0 Li;<---<ip k=1

we have |a|> = 1+ |b|? almost everywhere, the function a has an outer extension to
D* with a(c0) > 0, and we have the estimate

(113) |10 al) /210 ¢y < C | 1108 (1 = [£21%)[1/2

1»(Z)

The case p = 1 of inequality (1.13) has been observed in (1.10). Indeed, the
case p = 1 of this theorem is considerably easier than the case p > 1.

The multilinear expansion described in this theorem fails to converge in general
if p = 2, see [22]. However, inequality (1.13) remains true for p = 2 if the nonlinear
Fourier transform is defined properly. We will discuss this in subsequent sections.
It is an interesting open problem whether C), in inequality (1.13) can be chosen
uniformly in p as p approaches 2.

PROOF. The quasi-metric of the space LI(T, May2) is defined as

( /T 1G (=),

To prove that each multilinear term (1.11) is a well defined element in LP'/"(T, May3),
it suffices to prove that the multilinear map T, originally defined on finite sequences
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by
T (FU, FM)z) = Y hI@F?ﬁf

1< <ipn Lk=1
satisfies the a priori estimate

n
||Tn(F(1)7 s F(n))llp’/n <C H HF(k)Hp
k=1

By the general theory of multilinear maps on topological vector spaces, the map
T, extends then uniquely to a continuous map

IP(Z) % -+ x IP(Z) — LP'/™(T)

To prove the above a priori estimate, we use the following theorem formulated
slightly differently in [5]:

THEOREM 1.9. Let 1 < p < 2. Let kj for j = 1,...,n be locally integrable
functions on R x R such that the map

(1.14) K1) = [ ky(wa)f(a) da
which is defined on bounded compactly supported f satisfies the a priori bound
1K fllr < CllA

Then the operator T,, defined by

Tn(flw-'afn):/ LT ki, ) f;(25) da

1< <Tp j=1

satisfies the a priori bound

1T (frs s fadllprym < CTT il

j=1

For the proof of this theorem we refer to [5] with improvements on the constant
C in [6].

To apply the theorem to the case at hand we need to convert the integral in
(1.14) to a sum. This is easily done by considering functions that are constant on
each interval [I,l+1) for [ € Z, but some care is to be taken so that the integration in
the definition of T}, can be turned into a summation over a discrete set. Specifically,
define k;(y, z) to be zero for y ¢ [0, 27 and

ky(,y) = /)

where [z] denotes the largest integer smaller than = and the sign + is positive or
negative depending on whether j is odd or even. Further we define f; such that
for every integer m, the restriction of f; to the interval [nm,n(m + 1)) is equal to
Folin(m+1)—jn(m+1)—j+1) if 7 is odd and equal to the complex conjugate of this
expression if j is even. With z = e® one observes that for odd n

Tn(f17"-afn): Z Elzilﬂ2zi2...ﬂnz’in

i1 <<y
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and for even n

Tolfrseo i fu)= Y, Fiz"F,z2. F; 2
1< <y
Thus the desired bound for (1.11) follows from Theorem 1.9.

To obtain good bounds of the multilinear terms and conclude that the expansion
(1.12) is absolutely summable almost everywhere we invoke the next theorem from
[6].

Define a martingale structure on R to be a collection of intervals E7" with
m > 0 and 1 < j < 2™ such that the following conditions are satisfied modulo
endpoints

(1) The union U; 7" is equal to R for every m
(2) The intervals EJ" and EJ? are disjoint for j # j'
(3) Ifj<j'sx € E" and 2’ € EJ}, then x < 2’
(4) For every j,m we have EJ" = E;r;ﬂ U E;’;H
Given such a martingale structure, to each locally integrable function f we associate
gf € [07 OO] by
1/2

oo 2m
o= (X1 [ gF
m=1 \j=1 7E"

THEOREM 1.10. There is a constant B such that the following holds. Define

n

(1.15) To(frs--os fn) ;:/ 11 fi(z:) da

1< <Tp j_q
and let X be a finite set of locally integrable functions on R. Assume that we are

given a fized martingale structure and define

‘= max
g TR 95

Then for every n > 1 and every fi,...,fn € X,
I Ta(fr. - fu)l < ()12 B"g"

For each parameter y, we apply this theorem with the same k; and f; as in the
application of the previous theorem. Thus the number g depends on the parameter
y. Writing again z = €'Y we obtain for even n

Z Fy 2" Fy,zi2 . F;, zin < (n!)"Y2B"g"(2)
i1 < <inp
and similarly for odd n. If we can show that for a proper choice of the martingale
structure the function g(z) is finite for almost every z, then this implies immediately
that the multilinear expansion (1.12) converges for almost all z.
We choose the martingale structure adapted to f; in the sense of [6] (observe

that all the f; are identical up to complex conjugation). As in the remark to
Theorem 1.1 of [6] one checks that

lglly < 1IF1p

Thus in particular the expansion (1.12) converges for almost every z.
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The diagonal entry a of (a,b) is only affected by the even terms in the mul-
tilinear expansion (1.12). Thus we obtain with the same martingale structure as

before
la] < [H(l _ |Fn|2)71/2] Z((Qn)!)71/2B2n92n
< [H(l — |Fn|2)71/2] Z(n!)le%ngn _ [H(l N |Fn|2)71/2] eXp(BQg2)

(log|al)/2 < €T3 log(1 - [F)[2 + Cg
n
This easily proves (1.13).

To complete the proof of Theorem 1.8 it remains to prove that the nonlinear
Fourier transform (a,b) of an P sequence, which we have now defined using the
multilinear expansion, satisfies |a|?> = 1 + |b|> and a has an outer extension to D*.
We shall, for simplicity, only argue for sequences supported on Z>q. The case of
sequences on the full line Z is then a slight variation using truncations at both ends
of the sequence.

Assume F € [P(Z>, D) and consider the nonlinear Fourier transforms

(a(SN)’ b(SN))

of the truncations F(N). If we can show that (a(SN) 6(SN)) converge to (a,b)
almost everywhere, then we obtain immediately |a|?> = 1+ [b|2. Moreover, with the
additional a priori estimate (1.16) and Lebesgue’s dominated convergence theorem
we have that log |a(S™)| converges to log|a| in L' and one easily concludes that a
is outer. (]

THEOREM 1.11. Let F € IP(Z>o, D). With the notation as above, the sequence
(a=N) b(EN)Y converges for almost every z to (a,b). Moreover, we have the a priori
estimate

(1.16) Isuplog @SN < Collllog((L — 1Fal) Y2 1w

PROOF. We first show that almost everywhere convergence follows from the a
priori estimate (1.16).
Let M > N an write

(a(SM) pEM)Y — (SN p(ENDY (! by

By continuity of multiplication in SU(1, 1), we have to show smallness of (a’,b") for
large N, independently of M and outside a set of prescribed small measure.

This however is precisely what (1.16) provides if applied to the tail F(>N),

Thus it remains to prove (1.16). This a priori estimate follows by arguments
similar to those given before with the following theorem taken from [6], which is a
modification of Theorem 1.10.

For a given martingale structure E7" we define

1/2
o0

"
i =Y m(X1[ s

m=1
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THEOREM 1.12. Define

n

/ Hfz(lﬂz) dx;
y<z1<--<zn<y’ ;4

and let X be a finite set of locally integrable functions on R. Assume we are given
a fized martingale structure and define

(1.17) My(f1,..., fn) :==sup

vy’

g:= rfneagé(f)

Then for every n > 1 and every f1,...,fn € X
|M(fi,- .o, f)| < (n)"Y2B"g"

Applying this theorem as before proves Theorem 1.11. This also completes the
proof of Theorem 1.8. O

1.7. The nonlinear Fourier transform on [*(Z>)
1.8. Extension to half-infinite [? sequences

Most of this section is an adaption from an article by Sylvester and Winebrenner
[27].

Assume F' is a square summable sequence with values in the open unit disc,
i.e., an element of [?(Z, D).

As for the linear Fourier transform, the defining equation for the nonlinear
Fourier transform of F' (infinite product of transfer matrices) does not necessarily
converge for given z € T. Indeed, almost everywhere convergence of the partial
products - a nonlinear version of a theorem of Carleson - is an interesting open
problem, see the discussion in [23].

It however converges in a certain L? sense. As in the linear theory, the main
ingredient to prove this is a Plancherel type identity.

LEMMA 1.13. Let F,, be a finite sequence of elements in the unit disc. Then
A~
with (a,b) = F  we have

1
) 1
[ tosla(e 1 do = [ toglaz)| = 5 3 log(1 - [Ef?)
0 T ~

Remark 1: Observe that the integrand log|a(z)| on the left - hand side is
positive, as is each summand — log(1 — |F,|?) on the right - hand side. Thus this
equation has the flavor of a norm identity.

Exercise: prove that in lowest order approximation (quadratic) this becomes
the usual Plancherel identity.

Remark 2: This formula appears at least as early as in a 1936 paper by Verblun-
sky [32, p. 291].

PROOF. Since F,, is a finite sequence, a = a, is a polynomial in z~! with
constant term
[Ta-1m-2

n

and non-vanishing in D* by Lemma 1.3.
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Thus we have
1
| 1og(atz)) = logla(o0)) = =5 3 log(1 - £, )
T n
Since the right-hand side is real, we also have

1 2
[rlog|a(z)| =-3 zn:lOg(l = |Fal?)
(I

Let I2(Z>¢, D) be the space of sequences supported on the nonnegative integers
(“right half-line”) with values in D. We now proceed to describe the space H which
we will show is the range of the nonlinear Fourier transform on [?(Zxo, D).

Consider the space K of all measurable SU(1,1) functions on the circle with

(1.18) /rlog|a(z)| < oo

We can embed this space into the space L*(T) x L?(T) x L?*(T) mapping the
function (a,b) to the function (log|al,b/|al,a/|a]). Clearly by our assumption on
the space K, log|a| is in L!(T), while b/|a| is an essentially bounded measurable
function because (b, a) is in SU(1,1) almost everywhere, and a/|a| is also an essen-
tially bounded measurable function.

This embedding is indeed injective, since we can recover the modulus of a
almost everywhere from log|a|, we can recover the phase of a almost everywhere
from a/|a|, thus we can recover a almost everywhere. Then we can recover b almost
everywhere from b/|al.

We endow the space K with the inherited metric. Thus the distance between
two functions (a,b) and (a’, ') is given by

1/2 1/2
/ 1og|a|1og|a’|+< / |b/|a|b'/|a'||2> +< / |a/|a|a’/|a’||2>
T T T

Indeed, this makes K a complete metric space. To see this, it is enough to
show that the image of the embedding is closed, because the space L' x L? x L?
is complete. However, the image is the subspace of all functions (f, g, k) such that
f is real and nonnegative almost everywhere, g satisfies [gef|? + 1 = |ef|? almost
everywhere, and h has values in T almost everywhere. Any limit of a sequence
in this subspace satisfies the same constraints almost everywhere, and thus the
subspace is closed.

We observe that in the above definition of the metric we could have used quo-
tients of the type b/a — V' /a’ instead of b/|a| — V' /|a’| and obtained an equivalent
metric. This is because

[b/lal = b'/|a’l| = |(b/a)(a/lal) — (b/a)(a’/|a']) + (b/a)(a’/|a"]) — (' /a’)(a'/|a])]
< la/lal = a'/|a’|| +|(b/a) — (¥ /a')]
and similarly
b/a =V /a'| < |(b/|al) — (¥'/Ia’])] + |a/|al — a'/]a/|]

Here we have used |b|/|a| < 1.
Likewise, we could have used quotients b/a* in the definition of the distance. If
G denotes the group SU(1,1) and K is the compact subgroup of diagonal elements,
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then b/a parameterizes the left residue classes K\G while b/a* parameterizes the
right residue classes G/K.

Some calculations to follow will be slightly simplified if we note that we can
work with quasi-metrics rather than metrics. A quasi-metric on a space is a distance
function with definiteness, d(z,y) = 0 implies z = y, symmetry, d(z,y) = d(y, z),
and a modified triangle inequality

d(z,2) < Cmax(d(z,y),d(y, 2))

Just like a metric, a quasi-metric defines a topology through the notion of open
balls. This topology is completely determined by its convergent sequences. Also,
Cauchy sequences are defined, and one can talk about completeness of quasi-metric
spaces.

Two quasi-metrics on the same space are called equivalent if there is some
strictly monotone continuous function C vanishing at 0 such that

d(z,y) < C(d'(x,y))
d'(z,y) < C(d(z,y))
Two equivalent quasi-metrics produce the same convergent sequences and the same

Cauchy sequences.
A quasi-metric equivalent to the above metric is given by

dist((a,b), (a’,b")) =

/ |1og|a|flog|a’||+/ |b/|a|fb’/|a’||2+/|a/|a|fa’/|a’||2
T T

The space K is too large to be the image of the NLFT. As we shall see, the
image of the NLFT lies in a subspace of K on which the phase of a does not contain
any information other than that already contained in log |a|.

More precisely, let L be the subspace of K consisting of all pairs (a,b) such
that a is the boundary value of an outer function — also denoted by a — on D
that is positive at oo.

The outerness condition together with positivity of a at co can be rephrased as

a/lal =

where ¢
+z
9 =po. [ ogla(©lm(ED) dc
i.e., g is the Hilbert transform of log |a|. Recall that the harmonic extension of the
Hilbert transform to D vanishes at 0.

—Z

~~
LEMMA 1.14. Let F, be a finite sequence of elements in D and (a,b) = F .
Then (a,b) € L.

PRrooF. Clearly (a,b) € K. The function a is holomorphic in a neighborhood
of the closure of D* and has no zeros there. Therefore a and a~! are in H>(D*)
and by Lemma 1.54 in the appendix the function a is outer on D*. (I

LEMMA 1.15. The space L is closed in K. The restriction of the quasi-metric
of K to L is equivalent to the following quasi-metric on L:

dist((a,b), (a, 1)) = /T |log |a] — log|a/|| + /T 1b/la] - ¥/la|
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If (a,b) and (a’,b") are in L, then

/WWMfwAMFsc/M%MfMQM|
T T
Namely,

/WMfWWW
S[;MWUMfaVWH>AHM

< [ Afjtm(log(a) - log(a))| > X}/ dx
0

where log(a) and log(a’) are the boundary values of the branches of the logarithm
which are real at co. Using the weak type 1 bound for the Hilbert transform, we
can estimate the last display by

2
< [ XCllog o] ~ og | /)
0

< C||logla| —log|a'[|[x
This estimate shows that the quasi-metric defined in the lemma is equivalent on
L to the distance defined on K. Moreover, it shows that a sequence in L which is
convergent in K converges to an element in L and thus L is closed.
Observe that on L we have

(1.19) dist(id, (a, b)) < 3/rlog |al

because aa* =1+ bb* and 1 — z < log(1/x) imply

[ 1e1al <2 [ 1ogla
T T

Also observe that for (a,b) € L, knowledge of the quotient b/|a| (or b/a* or b/a)
is sufficient to recover (a, b). Namely, we can recover |a| almost everywhere using the
formula |a|? = 1+ |b|?. Then we can recover the argument of a almost everywhere
as the Hilbert transform of log |a|. Then we can recover b almost everywhere from
a and the quotient b/|a| (or b/a* or b/a).

Define the space H to be the subspace of L of all functions such that b/a* is
the boundary value of an analytic function on D (also denoted by b/a*) that is in
the Hardy space H?. Since the Hardy space H? (identified as space of functions on
T) is a closed subspace of L?, we have that H is a closed subspace of L.

If F is a finite sequence supported on the right half-line, i.e., F;,, = 0 for n < 0,
then clearly (a,b) € H.

The following string of lemmas will prove that the nonlinear Fourier transform
is a homeomorphism from [2(Zxg, D) onto H.

LEMMA 1.16. Let F be a sequence in 12(Z>o, D) and let F(SN) denote the
—~
truncations to [0, N]. Then (an,byn) = FSN) is a Cauchy sequence in H.

Remark: Once this lemma has been established, it is possible to define F to be
the limit of this Cauchy sequence.

PrOOF. We need the following auxiliary lemma:
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LEMMA 1.17. For G,G’ € L we have
dist(GG', G) < Cdist(G',id) + C [dist(G, id)dist (G, id)]"/?

PrOOF. We have

/
(1.20) dist(GG', G / |log |aa’ + bb/| — log |al| +/ |ab/—:_l;z/ — §|2

Consider the first summand. We have

|log |aa’ + bb/| — log |al|

= |log /| +log[1 + (b/a)(¥' /a’)(d’ /a’)]]
< |logd/|| + [log |1 + (b/a) (V' /a’)(a’ /a)]

Upon integration over T, the first summand is bounded by dist(G’,id). On the set
of all z such that (b'/a’)(z) > 1/10, we estimate

|log |1 + (b/a)(¥'/a’)(d’ /a")]]
< |log(1 — ['/a'])| < Cllog |1 — [V/a’[?| = 2C|log |d'||

which again upon integration is bounded by dist(G’,id). On the set of all z with
(t'/a’)(2) <1/10, we estimate

[log |1+ (b/a)(¥'/a’)(a’/d)|| < Clb/allb’ /d|

Upon integration over T and application of Cauchy-Schwarz, this is bounded by
the square root of dist(G, id)dist(G’,id).

We consider the second summand on the right-hand side of (1.20). We claim
that

a/

|@/]
This will finish the proof, since upon taking the square and integrating, the right-
hand side is bounded by dist(G’,id) (here we use that the distance functions on L
and K are equivalent). The claim is evident if |b’|/|a’| is greater than 1/10, since
the left-hand side of (1.21) is bounded by 2. Assume
| ]
10 “ @~ 10]a|

abl +ba’ b

aa’ + b0 a

|t']

= el

(1.21)

+c‘1

Then we use triangle inequality on the left-hand side of (1.21) and obtain

/ a/ / " /
abera_ié < ab’ + ba +CM§CM
aa’ +bb a aa’ |al |a/|
Assume [b'|/|a’| < {5]b]/|al. Then
ab +ba b ab’ b bl |@ |||
— - < =+ |( =——)|+|5 -1
aad’ +b a aa’ + bt/ aa’ + b  aa a |al
b/ b/ !
< Cu + Cu +C ‘ -
o'l -~ [e] |@/]

This proves Lemma 1.17. (I
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We continue the proof of Lemma 1.16. Consider

M N
dist([ [ Tn, [ ) = dist(GG', G)
n=0 n=0

where

N M
G=][1 and ¢'= [ T.
n=0 n=N+1
By the Plancherel identity and (1.19) we have

N
dist (G, id) < /1og|aN| <Y flog|l - |F.H| < ©

n=1

(since F' € [?) and similarly,

M
dist(G',id) < C Y |log|1 — |Fu[*|| < e
n=N+1

if N > N(e) is chosen large enough depending on the choice of e. Thus, for M >
N > N(e), we have by Lemma 1.17

M N
dist([] 7o, [ Tn) < C€'/2
n=0 n=0

—~
This shows that F(SN) ig Cauchy in H.

O

Thus we can define the NLFT on [?(Z>¢, D) as the limit of the NLFT of the
truncated sequences. We have not yet shown any genuine continuity of the NLFT,
but we will do that further below. Using Theorem 1.11, one can show that this
definition of the NLFT coincides with the old definition on the subset I?(Z>¢, D)
of l2(ZZO’D) for1 <p<2.

As the distance between the NLFT of the truncated sequence and the NLFT
of the full sequence converges to 0, the Plancherel identity continues to hold on all
of 1?(Z>o, D).

LEMMA 1.18. The NLFT is injective on 1*(Z>o).

PrROOF. We know for the finite truncations that
Fo = 5N (0) /a0 (0) :/ BEN) /(<N
T

Where we used that b/a* has holomorphic extension to a neighborhood of D.
By convergence of the data (a(SN) b(SN)) in H we see that b(ﬁN)/a(ﬁN)* con-
verges in L?(T) to b/a*, where (a,b) is the NLFT of F. Thus

FO = / b/a*
T

Observe that the quotient b/a* is sufficient to determine Fy. This is consis-
tent with the earlier observation that this quotient contains the full information of
(a,b) € H.
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To proceed iteratively, we need to determine the NLFT (a,b) of the “layer
stripped” sequence F' in 12(Z>0, D); this is defined by F, = F, forn > 0 and
Fy = 0. More precisely, we will determine the quotient l~)/ a* using only the quotient
b/a*. Write r = b/a*, 7 = b/a* etc.

Using the product formula for finite sequences we calculate

@,55Y) = (1= |Rof2) 3L, ~Fo) (@ =), b))

Aeny _ TEV - Ry
—FQ’I“(SN) + 1
As N tends to oo, the equation tends in L? norm to
_ r— Fy
= ——
—FQ’I" +1

For the left-hand side this follows directly from the definitions. For the right-hand
side this follows from the fact that the map

S — FO
—Fys+1
has bounded derivative on the closure of D and thus turns L? convergence of r into

L? convergence of —%fil (recall Fp is fixed and |Fp| < 1.)

Thus we can calculate b/a*.

By an inductive procedure (conjugate the new problem by a shift to reduce it
to the old problem for sequences starting at 0) we can calculate all F,,. This proves
injectivity.

s —

O

The layer stripping method in the proof of this lemma can be used to obtain
the following result: If F is in (% and if F(SN) and F(>N) are the truncations to
[0, N] and [N + 1, 00), then

(a,b) = (=N p(EN)) (g(>N) p(=N)y

This is clear if N = 0. If V = 1, this has been observe in the proof of the previous
lemma. Then one can use induction to prove this for all V.
For later reference we note that

ron = bCN /(@>M)*

has a holomorphic extension to D which vanishes to order N 41 at 0.
LEMMA 1.19. The NLFT is surjective from 1? onto the space H

PROOF. Let (a,b) € H. Then r = b/a* is an analytic function in D bounded
by 1. Moreover, r(0) < 1 since the extension of r to T is strictly less than 1 almost
everywhere. Following the calculations in the proof of the previous lemma, we set
formally

and

T — FO
7F07’ —1
Being the Mobius transform of a bounded analytic function, the right-hand side is
still an analytic function in D bounded by 1 and it vanishes at 0 by construction.
Thus, by the Lemma of Schwarz, we can divide by z and calculate formally 7 which

2T =
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is again an analytic function in D bounded by 1. This procedure can be iterated
and gives a sequence Fj,.

This iteration process can be applied to any analytic function bounded by 1,
regardless of any further regularity of this function. This process is called Schur’s
algorithm after [24].

We show that 7 as constructed above is of the form B/&* for some (a,b) € H.
To this end, it suffices to show that 1—|7|? (which is formally |@|~2) is log integrable
over T. Then we can determine the outer function @ and calculate b. Observe that
as bounded analytic function, 7 is automatically in H2(D).

We have L
| = Hor = 1P = I = Rl
|For — 1|2
(R =P = R 1
For— 1P
_ A= 1BAHA =)
|F07’7 ].|2

Observe that Fyr—1 is bounded and bounded away from 0 and so is its holomorphic
extension to D, thus its logarithm is integrable over T and equal to the value of
the logarithm at 0:

/log(l — For) = log(1 — |Fy|?)

Taking logarithms and integrating gives

/ log(1 — [7[2) = log(1 — | Fo?) + / (1 [r) - 2log(1 — | o)

/ log(1 — [7[2) = — log(1 — [Fol?) + / log(1 — |r[?)

Discussing the signs we obtain
(22) [ flog(t 7)) = ~[log(1 - [Faf) + [ log(1 ~[+P%)

Thus log(1 — |7|?) is integrable.
We can iterate to calculate formally F,,. Using (1.22) inductively, we obtain
o0
(1.23) > ftog(1 = |Faf)| < [ 11og(1 = )
n=0
Thus the sequence F,, we calculated is in [2(Z>¢, D) and it is a candidate for
the preimage of (a,b) under the NLFT.
Let (@,b) denote the NLFT of F,,. We will show that indeed, (a,b) = (&,b) and
we have equality in (1.23).
As noted earlier,

(d,?)) — (d(SN),[}(SN))(d(>N)75(>N))
where the factors on the right-hand side are defined by the usual truncations.
Observe that by unwinding Schur’s algorithm introduced above, we obtain

(a,b) = (@SN p(EN)) (@GN pN))
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where (a(>N) (>N is the unique element in H such that b)) /a(>N) is equal
to the N-th function in Schur’s algorithm.
Thus in the expression
(@,b)~"(a,b)
we can cancel factors to obtain
(1.24) (a,b) " (a,b) = (@) pEN) =1 (>N H(>N))y
Consider an off- diagonal entry of the right-hand side of (1.24):
(&(>N))*b(>N) _ 5(>N)(a(>N))*

This is a Nevanlinna function on D. The Taylor coefficients of this function at 0
vanish up to order N. By (1.24), this function does not actually depend on N,
therefore all Taylor coefficients at 0 vanish. Thus the function vanishes on D, and
so do its radial limits on T almost everywhere. Thus the off diagonal coefficients of

(@)~ (a,b)
vanish and we have for some function ¢
(aa b) = (&a 5) (C, 0)

This function ¢ has to have modulus 1 almost everywhere on T, since the last
display can be read as identity between SU(1,1) valued measurable functions on
T. Calculating a diagonal entry in the last display, we obtain

a = ac

Since a and a are outer, so is c. However, any outer function with constant modulus
on T is constant. Moreover, ¢ is positive since a and @ are positive at co. This
proves ¢ = 1. (I

LEMMA 1.20. The NLFT is a continuous map from 1?(Z>o, D) to H.

PROOF. Fix F € [*(Z>¢, D) and choose € > 0. Choose N very large depending
on €.
For F’ close to F depending on N, € we write

dist((a, b), (a’, b)) < dist((a, b), (a'=N), b(EN))) 4

—l—dist((a(SN), b(gN)), (a/(SN), b/(SN))) + diSt((a/(SN), b/(SN)), (a/, b/))

We intend to argue that all the terms on the right-hand side are less than e/3.

By the definition of (a, b), the first term can be made small by choosing N large
enough. Likewise the third term can be made small, since the distance between
the truncation and the full Fourier transform depends only on the {2 norm of the
sequence F’ and the I2 norm of the tail of this sequence, which can be both con-
trolled by choosing N large enough and F’ close enough to F. Thus it remains to
control the middle term.

Consider the space of D-valued sequences on [0, N] with the /2 norm. Since the
space is finite dimensional, the {2 norm is equivalent to the {* norm.

Observe that for two matrices (a,b) and (a/,?’) in SU(1,1) we have

|log |a| —logla'|| < |a —a’| <|(a,b) = (a, ) lop

and
b/|a] = b'/la’[] < [b =] < [(a,b) = (a's0)|lop
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Thus, if JAUSSAE sufficiently close to F(SN) wr.t. (2 and thus [', then

sup |log [a=NV)| — log |a'(SN)|‘ + sup ‘b(SN)/|a(§N)| - b'(SN)/|a'(§N)|

is small, and thus
dist((a’,b), (o', a5N))

is small. O

We remark that this proof does not give any uniform continuity. The weak
point in the argument is the comparison of the [? with the I norm of a finite
sequence without any good control over the length of the sequence.

LEMMA 1.21. The inverse of the NLFT is a continuous map from H to 1*(Z>o, D).

PROOF. We first prove that all F,, depend continuously on (a,b). This is clear

for Fy since
FO = /b/a*

and the integral is continuous in the L? norm of b/a*.

To use induction, we need to show that (see the proof of injectivity)
r — F

r— _70

—Fo’l" +1

is a jointly continuous mapping of Fy € D and r € H? into H?. This follows from
the fact that the Mobius transform with Fyy provides a Lipschitz distortion on the
closed unit disc, and the distortion depends continuously on Fj.

Now let (a,b) be given and let F be its inverse NLFT. Given ¢, we can find N
very large so that the [N, 00) tail of F' is very small. Let (a’,0") be close to (a,b)
and let F’ be the inverse NLFT. Then we can assume for all n < N

log(1 — [Fn]?) —log(1 — | E, )

is much smaller than e, by continuity of all F;, individually.
Next we have

D Nog(L—[ELP) = log(l — [E, %) = D [log(1 — | F,[?)]

n>N n n<N

<D [log(1 — |Fuf*)[ = Y [log(1 — [F|*)| + € < 2
n n<N

Here we have used that (a, b) and (a’, b') are close and therefore, by the Plancherel
identity, the quantities

> log(l —|Fuf?)
> log(l = [F'uf*)

are close. Also we have used the previously observed continuity for individual F,.
Now it is straight forward to obtain

> og(l = |Faf?) —log(1 — |F'a[?)] < 4e

by considering separately n > N and n < N. (|
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1.9. Higher order variants of the Plancherel identity

The main ingredient in the /2 theory of the nonlinear Fourier transform de-
scribed in the previous section is the Plancherel identy

1
logla| = —= log(1 — |F,|?
[ 1oglal = =3 3 toa(1 = |F2P)
Both sides of the identity are equal to a(co), which on the left-hand side is expressed
as a Cauchy integral and on the right-hand side is expressed in terms of the sequence
F by solving explicitly the recursion for a(o0).

There are higher order identities of this type, which arise from calculating
higher derivatives of log(a) at co. These identities are nonlinear analogues of
Sobolev identities, i.e., identities between expressions for Sobolev norm of a function
in terms of the function itself and in terms of its Fourier transform.

We discuss a* instead of a. The contour integral for log(a*)*)(0) can easily be
written in closed form:

log(a")2) = [ 5 oglal(©) = [ | 2 -1 oglali)

Taking derivatives in z we obtain for £ > 0

log(a")¥) (2) = /%Mgmm
log(a*)™® (0 /—log|a|

Solving the recursion in terms of the F, is harder to do in closed form. Such
formulae are stated in Case’s paper [4], see also [19].

We shall calculate only the cases k = 1,2. For an application to the theory of
orthogonal polynomials, see [10].

LEMMA 1.22. For F' a square summable sequence we have

2/ “loglal(z) ZF Fri1
T

4 [ 2 oglal(z) = = (PP + 2D Tl = Foa )
n
PRrROOF. We first reduce to the case of compactly supported seqeunces F' by
approximating an arbitrary sequence by its truncations F,,. At least for half infinite
sequences we have already seen that log |a,| converges to log|a| in L' norm, and in
the next section we will discuss and establish the same fact for general sequences
in ((D,Z). Thus the left-hand side of each of the identities in the lemma is well
approximated by the truncations. Also the right-hand side clearly converges if F'
is in {2. Thus it suffices to show the identities for compactly supported F.
Assume F' is compactly supported. We expand the product

[T = 1) 72((1,0) + (0, Foz")]
neZ
Only the terms of even order in F' contribute to the diagonal elements and thus

a*(2) [T = [Fa)?

n
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=14 Y FuoFpz™ ™+ Y By BB Fo 2™ e
ni<nz n1<nz<nz<ng
Since n1 < no and n3 < ny4 etc., we see that the bilinear term in F' is has lowest
order z and the four-linear term has lowest order z2, while all other terms have
order at least z3. Thus for the purpose of calculating the first two derivatives at oo
we only need to consider the terms that are explicitly written.
Indeed, we have

@ () [I0 - 1FY2 =14+ Y Fas

n

+ZF_nFn+222 + Z F_annJrlF_nanQJrlZQ +O(Z3)
n ni+1<ng
Considering the case kK = 1 we have

loa(a") (0 = X = S FoFn

This proves the first identity of Lemma 1.22.
Considering the case k = 2 we have

1 *\// 0 —
Og(a ) ( ) a(O) a* (0)2
=2 ZF_nFn+2 +2 Z F—an+1F—an2+1 - [Z F_nFn+1]2
n ni1+1<ns n

==Y (FuFnu1)’ +2)  Fo(l = |Fopa ) Foyo
This proves the second identity of Lemma 1.22. O

1.10. The nonlinear Fourier transform on [*(Z)
1.11. The forward NLFT on [*(Z)

We have defined the nonlinear Fourier transform for square summable sequences
supported on the nonnegative integers. Indeed, we have shown that it is a home-
omorphism onto H, the space of all measurable SU(1,1) valued function (a,b)
such that ¢ has an outer extension to D*, a(co) > 0, and b/a* has a holomorphic
extension to D which is in the Hardy space H?(D).

Demanding that property (1.8) of Lemma 1.1 continues to hold for infinite
sequences, we define for F' supported on n < 0:

P
F (2) = (a"(z71),b(z7"))

where (a,b) is the Fourier transform of the reflected sequence F with F,, = F_,,.

It is clear that the nonlinear Fourier transform thus defined is a homeomor-
phism from [?(Z<g, D) to H*, the latter denoting the space of all SU(1,1) valued
measurable functions (a,b) such that a has an outer extension to D*, a(co) > 0,
and b/a has a holomorphic extension to D* which is in the Hardy space H?(D*).

Let H{ be the space of all elements in H* such that b(oo) = 0. By the shifting
property (1.5) of Lemma 1.1, it is easy to deduce that this space is the homeomor-
phic image of 1*(Z<_1, D).
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If F,, is any square summable sequence in [2(Z, D), then we can cut it as
F, = FT(lS—l) + Fr(LZO)

where F,(F -

= 0 for n > 0 and F,(LZO) = 0 for n < —1. Then we define a
measurable SU(1,1

) valued function on T by

(1.25) T = P B0
in accordance with property (1.6) of Lemma 1.1. We shall use the suggestive nota-
tion
(a,b) = (a—,b-)(a4+,by)
for (1.25).

It is easy to verify that the NLFT defined by (1.25) on [?(Z, D) satisfies the
properties of Lemma 1.1. The properties of Lemma 1.1 imply that the exact location
of the cut we used in (1.25) is not relevant for the definition.

As noted previously, the definition of the NLFT on [?(Z>¢, D) was consistent
with earlier definitions on the subset {?(Z>¢, D) for p < 2. Passing from the half-
line to the full line, since definition (1.25) and the old definition of the NLFT on
IP(Z, D) are consistent with Lemma 1.1, the two definitions coincide on (P(Z, D).

LEMMA 1.23. The NLFT is continuous from 1*(Z, D) to L. The Plancherel

identity
1
[ 1oglaz) = —3 S tog(1 - | )

holds.

PROOF. Recall that L is the space of all SU(1,1) valued measurable functions
(@, b) such that a has an outer extension to D* and a(co) > 0.

First we check that the nonlinear Fourier transform indeed maps to L. We need
to verify that ¢ has an outer extension to D* and that a(co) > 0. But we have

a=a_ay +b_bY
and all functions on the right-hand side extend holomorphically to D* with
b_(c0) =0

Therefore
a(oo) = a_(o0)at(o0) > 0

b_ b}
a=a_ayt (1 + a—i)

Moreover,

and the first two factors on the right-hand side are outer. The last factor has
positive real part on on D* because the extensions of b_/a_ and b% /ai to D* are
bounded by 1. Thus the Herglotz representation theorem applies to the last factor,
which then can be seen to be in HP(D*) for all p < 1. The reciprocal of the last
factor has also positive real part and is also in HP(D*) for all p < 1. Thus the last
factor is an outer function.

The proof of continuity invokes Lemma 1.17. Given F', we can use the inde-
pendence of the cut in Definition (1.25) to cut F and any nearby F’ at a very large
integer N (depending only on F'), so that the tail to the right of N of both F and
F’ is negligible by the Plancherel identity and Lemma 1.17. Then we can apply
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continuity of the nonlinear Fourier transform on the (shifted) half line to show that
the parts of F' and F’ to the left of N have nearby nonlinear Fourier transforms.
The same argument also proves the Plancherel identity. O

‘We now observe

LEMMA 1.24. The nonlinear Fourier transform is not injective on 1*(Z, D).

2 1
(avb)< = 7Z+ )
z—1"2z-1

is in H N H*. Therefore it has nonzero preimages in [?(Z>o) and in 1*(Z<), and
since these preimages are not finite sequences (a is not a Laurent polynomial), these
two preimages are necessarily distinct members of 12(Z, D).

It remains to prove the claim. We observe

a(z)a®(2) — b(2)b* ()

PRrROOF. We claim that

_ 22)227Y)  E+DET+D
z=1D("1t=-1) (=-D1(E"1t-1)
_ 4 _ z42427 _

—z42—271 —z42-—2z"1
The function a is outer on D* since it is in H?(D*) for all p < 1 and its reciprocal
is in H*°(D*). We also have a(o0) = 2 > 0.
Moreover, both

b(z) z+1
@ 2z
and
b(z) 241
a(z) 2z
are holomorphic in D* and in H?(D*). This proves the claim. (]

We now discuss the inverse problem, i.e., finding a (sometimes not unique)
sequence F' whose nonlinear Fourier transform is a given (a,b).
Given data (a,b) € L, we need to factorize it

(a—,b-)(a4,by) = (a,b)
with (a—,b_) € H{ and (a+,b4+) € H. Any such factorization is in bijective corre-
spondence to a sequence F' € [?(Z, D) whose truncations satisfy

—_—
Fer=(a—,b-)
~~
F>o = (a+a b+)

Thus the inverse problem for the nonlinear Fourier transform is a matrix fac-
torization problem with (mainly but not exclusively) holomorphicity conditions on
the matrix factors.

Observe that the corresponding linear problem is the decomposition of a func-
tion f € L?(T) as the sum of a function in the Hardy space H? and a function in

the conjugate Hardy space ﬁé (where the index 0 stands for functions with mean
7€ero).
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Finding a factorization of a matrix function on T into a product of two matrix
functions, one extending to D and one extending to D* is called a Riemann-Hilbert
problem.

Our factorization is a somewhat twisted Riemann-Hilbert problem, because the
matrices both have entries which extend to D and D*. Moreover, the factorization
problem is constrained in that there are algebraic relations between the matrix
entries and there is an outerness condition on a_, a4+ and a normalization condition
at oo.

However, the factorization problem can be reduced to a more genuine Riemann-
Hilbert problem by the following algebraic manipulations. The factorization equa-
tion together with the determinant condition can be rewritten as

a+* *b+ ay b+ o 1 0
b at oot )T\ b oo

Here the second row comes from the factorization problem while the first row comes
from

(at,b1) Hay,by) = (1,0)
Similarly we obtain

(Ij_ *b+ ay —b_ _ 1 —b
—bt ay bt a- “\0 a

Multiplying the two equations and using the determinant condition on (a,b) gives

a+* —b+ ay —b_ . 1 —b
G )G ) =(e 1)
In the last equation, all entries of the first factor on the left-hand side extend to
D while all entries of the second factor on the left-hand side extend to D* (the
function b_ is in addition required to vanish at co). The Riemann-Hilbert problem
is still constrained in that the entries of the two matrices on the left are dependent,

however the constraints can be subsumed in the statement that the factorization
should be invariant under the map

a b a*  —c*
r( )= (G )
This map reverses the order of multiplication, T(G)T'(G') = T(G'G), and one can
easily check that this symmetry produces all algebraic constraints between the two
factors.
Observe that while a no longer appears explicitly in the factorization problem,

a* and a formally coincide with the determinants of the two factors and thus taking
determinants everywhere we formally obtain the equation

a*a =1+ bb*

Observe that for any solution of this Riemann-Hilbert problem we can produce
another solution by multipying the first factor by a function ¢ of modulus 1 on
T with holomorphic extension to D and the second factor by c¢*. To obtain any
hope for uniqueness, one has to make the additional analytic assumption that say
all functions of the first matrix are in N*(D) (as defined in the appendix) and all
entries of the second matrix are in N*(D*) and that the determinants of the two
matrices are outer on D and D* respectively. A sharper constraint is to require that
the diagonal entries of the two factors are outer functions on D and D* respectively.
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Then the only obvious ambiguity left is a scalar factor, which can be normal-
ized by requiring the determinants of both matrices to be positive at 0 and oo
respectively.

1.12. Existence and uniqueness of an inverse NLFT for bounded a

We shall now prove existence and uniqueness of the solution to the factorization
problem under the additional assumption that a is bounded. We shall use the
original formulation rather than the more genuine Riemann-Hilbert problem.

LEMMA 1.25. If (a,b) € L and in addition a is a bounded function, then there
is a unique F,, € 1?(Z, D) such that

=
F, = (a,b)

PrROOF. By the half-line theory it suffices to find and show uniqueness of a
decomposition

(1.26) (a_,b-)(as,by) = (a,b)
such that the factors on the left-hand side are in H and H respectively.
We first prove the following, which does not require a to be bounded.

LEMMA 1.26. Let (a,b) € L. For any factorization of the Riemann-Hilbert

problem
(a—,b-)(a4,by) = (a,b)

with (a—,b—) € HY and (a4,by) € H, we have that a_/a and ay/a are functions
in H*(D*).

PROOF. As a_/a and a4 /a are outer, it suffices to show that the boundary
values of these functions on T are in L2.

The Riemann-Hilbert problem gives

a=a_a:[l— (b_/a_ )b} /as)]
or equivalently,

(1.27) acayfa=[1—(b_/a_)(b/as)] "
We first show that the real part of the right-hand side is in L'(T).

This function extends to D* with positive real part, because the quotients
b_/a_ and b’ /ay arestrictly bounded by 1 on D*. By the Theorem 1.49 of Herglotz
discussed in the appendix, the real part of (1.27) is the harmonic extension of a
positive measure. Almost everywhere on T, the real part of the function a_a4 /a
coincides with the density of the absolutely continuous part of this measure and is
thus in L'(T).

As
a_a4

Re( )+ Re(b_abi) =1

from the Riemann-Hilbert factorization, we also have that

Lay b
(1.28) Re [a ar —ﬂ
a a

is absolutely integrable.
The Riemann-Hilbert factorization can be rewritten in terms of the equations

(a—,b-) = (a, b)(aia —by)
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(ay,by) = (a2, —=b_)(a,b)
These give
a_ = aa’y — bb
by =a*b—b_a"

Which in turn give

. O— bbf|r
a, = —+—
a a
b a*b
h =+
a* a*

€3 : : ( E) C

aa* aa* aa* aa*

Re

EWIRHA

aa* aa*
In the last line we have cancelled two terms inside the brackets which added up to
a purely imaginary quantity on T. From integrability of the last line, we observe
that

a_/a € L*(T)
and also, since aya} =1+ byb% and |a| >1on T,

ay/a € L*(T)
This proves the lemma. O

We now prove the uniqueness part of Lemma 1.25.
By Lemma 1.26, it suffices to prove uniqueness under the additional assumption
that a4, 0% ,a_,b_ are in H?(D*).
We rewrite the Riemann-Hilbert problem as
(a—,b_) = (a,b)(as", —by)
Since a is nonvanishing on T, we can rewrite the second equation as
b_ b
— =-b —a
a + a °

Let Pp be the orthogonal projection from L?*(T) to H?(D). Then the previous

display implies
b
by =Pp |-
- b (aa+)

since by is already in H?(D) and b_ /a is in H?(D*) with vanishing constant term.
Next, we have again from the Riemann-Hilbert factorization

a* *

e
prl
Applying the orthogonal projection Pp- from L?(T) to H?(D*), we obtain

a_(oco b*

ay = ( )+PD* <—b+>

a(oo) a*
Here we have used that a, is already in H?(D*) and the quotient a* /a* is in
H?(D) and thus its Pp projection is equal to its constant term, which is real and
equal to a_(00)/a(00).




1.12. EXISTENCE AND UNIQUENESS OF AN INVERSE NLFT FOR BOUNDED a 33

Observe that evaluating the extension of

a=a_ay+b b}

at oo gives
a(0o0) = a_(oo)ay (0c0) +0
Thus we can can rewrite the expression for a; as
1 b*
ay = ——F—— +PD* <—b+>

a4 (00) a*

For any constant ¢, the affine linear map

e v (£2) 0 (1)

is a contraction in L?(T) @ L?(T) (Hilbert space sum). Namely, Pp and Pp- have
norm 1 in L?(T), while multiplication by b/a or b* /a* have norm strictly less than
1 in L?(T). Here we use that a is bounded and thus
b BLL
- <|1-—= <1l-—e€
a ‘ |af?

Therefore, by the contraction mapping principle, this map has a unique fixed
point (4., B.). Indeed, by linearity, this fixed point is (cA1,cBi).

From the above it follows that (a,b;) is equal to this unique fixed point for
some constant ¢. To prove uniqueness of (a4, by ), it therefore suffices to show that

we can determine ¢ uniquely.
The phase of the constant ¢ is determined by the requirement

a4 (00) = cAi(o0) >0

The modulus of ¢ can then be determined by

cA; (00) = m 4 Pp Gbi) (c0)

and thus b
cAy(00)? =1+ PD(abj_)(oo)cAl(oo)

The second summand on the right-hand side is necessarily real and positive since
the left-hand side is larger than 1. This gives a quadratic equation for ¢A;(co) with
a positive and a negative solution. Since cA;(c0) is necessarily positive, it is there-
fore uniquely determined. Thus we can recover (ay,b;) = (cAy,cA;) completely
from (a,b). By matrix division, we also obtain (a_,b_). Thus the solution to the
Riemann Hilbert problem is unique.

It remains to prove existence of the solution to the Riemann-Hilbert problem.
In the next section, we will prove existence without assuming boundedness of a.
However, the proof of existence for bounded a is much easier. Therefore we choose
to present it here.

Consider again the above fixed point equation and let (A, B) € H*(D*)®H?(D)
be the unique solution for ¢ = 1.

Observe that by interpolation, the linear map is also a contraction on H2¢ @
H?*¢ for small e. Namely, the map is bounded in any space H? @ H? with 2 < p <
00. The operator norm may be large for any fixed p, but interpolating this estimate
with the estimate for H? @ H?, where the operator norm is less than 1, gives for
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sufficiently small € an operator norm on H?t¢ @ H?*t¢ which is still less than 1.
Hence the unique solution in H? @ H? is actually in the subspace H?T¢ @ H?*e,
since this subspace also contains a solution by the contraction mapping principle.
Hence the regularity of the solution to the Riemann-Hilbert problem will be slightly
better than Lemma 1.26 suggests. We shall not need this extra regularity in the
current proof.

We claim that the function

AA* — BB*

is constant on T. Since it is manifestly real, it suffices to show that it is in the
Hardy space H'(D) (being in a Hardy space H? with p > 1 makes the linear
Fourier coefficients supported on a half-line, while being real makes the moduli of
the Fourier coefficients symmetric about 0). Use the fixed point equation to write
the function as b b
=A[l+ PD(EB*)] + B*PD(EA)
=A[1-(id - PD)(SB*)] + B*(id — PD)(SA)

Here the two terms involving the identity operators that have artificially been in-
serted are negatives of each other. Observe that id — Pp is projecting onto the
space HZ(D*) of functions in the Hardy space H?(D*) with vanishing constant
coefficient.

Thus the entire last displayed expression is an element in H!(D*), since it is
the sum of products of functions in H?(D*).

Moreover, we observe that the constant coefficient of this expression is that of

A:
/AA*—BB*:/A:A(OO)
T T

Thus the constant coefficient of A is real. Indeed, it is positive, as we see from the
following calculation:

/ AA* + BB*
T

a
:/ A+ 25+ B2a
T a a

- [au+ros) +mroa
T a

In the last line we have dropped the projection operators, because the operands are
integrated against functions in the Hardy space H2(D*). However, estimating the
last display using |b/a| < 1 on T, we obtain:

/AA*+BB*§/A+2/|A||B|
T T T

/T (4]~ |B))? < A(oo)

Thus the constant coefficient of A is nonnegative.

Indeed, in the above string of inequlities, identity holds ounly if |A| = |B| =
0 almost everywhere on T, since |b/a| is strictly less than 1 almost everywhere.
However, A = B = 0 is inconsistent with the fixed point equation. Therefore, we
have strict inequality and the constant coefficient of A is strictly positive.

or
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Set
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Then
las|? = [bs* =1
almost everywhere on T and a; € H*(D*) and by € H*(D).
Now we can define a_ and b_ by

(a—,b-) == (a,b)(a+", —by)

but to complete the proof we need to show that (a—,b_) € Hf. We also need to
show that a4 is outer.

Clearly we have a_a* = 1+ b_b" almost everywhere on T since the other
matrices in the equation are SU(1,1) almost everywhere.

Next we check that a_ and b_ have the correct holomorphicity properties.
From the fixed point equations,

a_ = aa’y — bb’y
1 b
= Pp(-=b bb*
Varooy TP (GhT) —bbs
1 b
(o) a(id — Pp)(~b+7)

Clearly this is an element of H2(D*). Moreover, the constant term obeys
a(0)
a+(o0)

a_(o0) =

and so is positive as required.
Similarly, using the fixed point equation for b,

b_ = —ab+ + ba+

b
= —aPD(acu_) +bay

= (1~ Pp)(Zay)

Thus b_ is in H%(D*)

To prove that we have indeed solved the Riemann-Hilbert problem, we have to
verify that a_ and a4 are outer.

Consider the equation

a=a_ay+b b}
Every function in this equation is holomorphic in D*. We divide by the outer
function a to obtain
l=a_ara ' +b_ b "a™!
since the first summand on the right is larger in modulus on T than the second, we
conclude that
Re(a_ara™') >1/2
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almost everywhere on T. This implies that the function a_a,a™!, which is in
H'(D*) and thus equal to its Poisson integral on D*, has real part larger than 1/2
on D*. Then the reciprocal function —%— is in H* (D*) and

s (E)

is in H?(D*) by Lemma 1.26. By Lemma 1.54, a is outer. Likewise one concludes
that a_ is outer.
This completes the proof of Lemma 1.25. O

1.13. Existence of an inverse NLFT for unbounded «

In this section we prove that for every (a,b) € L, there exists a factorization

(a—,b-)(a4,by) = (a,b)

with (a—,b_) € Hj and (a4,b;) € H. We shall call such a factorization a Riemann-
Hilbert factorization. This factorization is not necessarily unique. If it is unique,
then we say that (a,b) has a unique Riemann-Hilbert factorization.

In the previous section we used the Banach fixed point theorem to produce a
Riemann-Hilbert factorization when a € H*°(D*). This same approach does not
work in the general case; we shall instead use the Riesz representation theorem
for linear functionals on a Hilbert space. In general there will be several choices of
Hilbert space to work with, which will cause non-uniqueness of the Riemann-Hilbert
factorization.

We introduce two examples of such Hilbert spaces, which in general may be
different and will turn out to be extremal examples. They are vector spaces over
the real (not complex) numbers. Given (a,b) € L, we consider the following inner
product on pairs of measurable functions on T:

(1.29) (A, B"),(A,B)) = /

T
whenever the integral on the right-hand side is absolutely integrable. We empha-
size that absolute integrability is only required for the real part of the algebraic
expression in the integrand.

This inner product is positive definite, as we see from the following calculation:

Re[A/(A" — ZB*) + (BB - SA)]

(A, B)|| := {(A, B), (A, B)) > /T [A* + |BI* — 2[b/al | A|| B

> /T b/al(A] — |B])? + / (1 - b/al) (AP + |BP?)

> 5 [ 0= /a1 + B
=5 [047 + 1B > 0

Equality holds in the last estimate if and only if A and B vanish almost everywhere
on T. Therefore the inner product is positive definite. Moreover, we have seen that
the integrand in (1.29) is nonnegative almost everywhere if (4, B) = (4', B').

The above calculation also shows that a necessary condition for for the inner
product (1.29) to be defined is A/a € L?(T) and B/a € L*(T).
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Define Hpax to be the space of all pairs (A, B) such that A/a € H?*(D*)
and B/a* € H?(D) and ||(4, B)| < co with respect to the inner product (1.29).
This space is evidently a pre-Hilbert space with inner product (1.29). It is indeed
a Hilbert space, because for any Cauchy sequence, the boundary values of A/a
and B/a* converge in L?(T) and thus remain in H?(D*) and H?(D) respectively.
By an application of Fatou’s lemma, the limit has again finite norm and thus
is in Hpax. The previous display shows that Hpax is continuously embedded in
aH?*(D*) x a*H*(D).

The space H?(D*) x H%(D) is contained in Hyay, because

(A,B).(A,B)) <2 /T A2 + B2

Define Hy,in to be the closure of H2(D*) x H*(D) in Hpax. As we will see, there
are examples of data (a,b) for which the space Hy,iy is strictly contained in Hpax.

We now introduce the real linear functional to which the Riesz representation
theorem will be applied. It takes the same form on Hy.x and Hpyi, and is given by

A: (A, B) — Re[A(c0)]

Observe that this linear functional is indeed continuous on Hpa.x and thus also
Hmin, since it is even continuous on the larger space aH?(D*) x a*H?(D), as can
be seen immediately from

ReA(o0) = a(oo)Re/ Ala
T
Let (Amin, Bmin) be the unique element in Hp;, which produces this linear
functional in Hy,;, and is guaranteed to exist by the Riesz representation theorem:
<(Amin; Bmin); (A7 B)> = )‘(A7 B)

for all (A,B) € Humin. Let (Amax, Bmax) be the unique element in H,x which
produces this linear functional in Hpax.

THEOREM 1.27. Let (a,b) € L. Then there exists a factorization

(a,b) = (a_,b_)(as.bs)

with (a—,b_) € H} and (a4,by) € H. Moreover, with (Amax, Bmax) and (Amin, Bmin)
defined as above, two possible choices of such a Riemann-Hilbert factorization are
given by

(1~30) (aJra b+) = (Amina Bmin)Amin(m)71/2
and
(1.31) (a4,by) := (Amax, Bmax)Amax(00) /2

with the corresponding (a—,b_), which are easily determined by matriz division.

PRrROOF. The proofs that (1.30) and (1.31) give Riemann Hilbert factorizations
are very similar. We shall formulate the proof for (1.30) and comment on the
changes needed to prove (1.31).

Define L to be the space of all pairs (A4, B) of measurable functions such that
AJa € H*(D*), B/a* € L*(T), and ||(A, B)|| < occ.
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We claim that H?(D*) x L?(T) is dense in L. Indeed, let (4,B) € L be
orthogonal to all elements of H?(D*) x L*(T). Choosing A’ = 0 and B’ of modulus
one such that (B')*(B — 2 A) is nonnegative real, we have

0= (. BBy = [15- 24

and thus
(1.32) B — SA =0

almost everywhere. Now choosing A’ € H? arbitrary and B’ = 0 we obtain
0= <(Alv Bl)a (Aa B)>

:/TA’(A*—SB*):/TA’A*(1*|b/a|2):

By Beurling’s theorem (see [16]), since a is outer, the set of all A’/a with A’ €
H?(D*) is dense in H?(D*). Thus, redefining A’,

[ty
T a

for all A’ € H?(D*). But A*/a* € H*(D), thus A*/a* = 0. Hence A = B =0 by
(1.32) and we have shown that the orthogonal complement of H?(D*) x L?(T) is
trivial, thus proving our claim.

Define H,, to be the closure of H?(D*) x z"H?(D) in L, in particular Hy =
Hin. (Here is the main difference in proving the theorem for (Amin, Bmin) and
(Amax, Bmax). To prove the theorem for (Amax, Bmax), one would need to define
H,, to be the space of all (4, B) € L such that B/a* € z"H?*(D).)

Since evaluation of 2™ B at 0 is a continuous functional on H,,

2 "B = a*(O)/ 2z "B/a*
T

we see that H,i1 is precisely the subspace of H,, of all (4, B) such that z~"B
vanishes at 0. Thus H,,4+; has real co-dimension two in H,,.

Let H be the intersection of all H,, for n € Z, then it is clear that H,, consists
of pairs (A, B) such that B vanishes to infinite order at 0 and thus is identically
equal to 0. Finiteness of the norm of (A, B) is then equivalent to A € H?(D*) and
thus evidently Ho = H?(D*) x {0}.

Let H_, be the closure of the union of all H, for n € Z. Since every element
of H?(D*) x L*(T) can be approximated by a sequence of elements in spaces H,
with decreasing n, we see that H_., is equal to the closure of H?(D*) x L?(T)
which is all of L.

Let (A, B,) be the element which represents the linear functional A\ in the
subspace H,,. It is easy to see that

(AOO, BOO) = (17 0)
(Ao, B-oo) = a(o0)(a, b)
Observe that the operation (A4, B) — (B*z™, A*2™) is a bijection on the space

H?(D*) x z2"H?(D), and extends to a bijective isometry of H,,.
We claim

(133) (An+17Bn+1) = (A'r‘mBn) - Fn(B:LZn5A:IZn)

AA

T a a*
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for a certain complex number F,, € D.
Indeed, since A is non-zero (it is so on Hy,), we have

(1.34) ReA,(00) = ((An, Bn), (An, Bn)) > 0

and there is a unique F,, € C such that the off-diagonal entry on the right-hand
side of (1.33) vanishes to order n+1 at 0. For later reference we pause to argue that
taking real part on the left-hand side of (1.34) is superfluous since A, (c0) itself is
positive. Namely, (A, B) — (cA, ¢B) is an isometry of H,, for |¢| = 1 and since

Re[cA,] = ((An, Bn), (cApn,cBy))

is maximized for ¢ = 1, we have that A, (co) > 0.
Now we observe that

(Bpz", A, 2")
is orthogonal to H,, 1. Namely, let (A, B) € H,, 11, then
((Brz", Ar2"), (A, B)) = ((Apn, By), (B*2", A*2™)) = \(B*z", A*2") =0
Thus the right-hand side of (1.33) is the orthogonal projection of (A,, B,) onto
H, 41 and thus indeed equal to (An41, Bnt1)-
We now verify that |F,| < 1. This simply follows from the fact that

1(By2"; Azl = [ (An, Bn)|l
and the fact that the terms in (1.33) form a Pythagorean triple and (Ap41, Bry1) #
0. Another consequence is that

(1.35) 1(An+1, Bosn) | = (1= |Eal*)?[[(An, Bn)|

Each vector (A4,, By) is the orthogonal projection of (A_o, B_s) onto H,,
and the projection of (A, B,) onto Hs is (Aco, Bso). Thus the length of each
vector (A4, By) is squeezed between two finite numbers

1(A—co, B—oo) || Z [[(An, Bn)ll = [[(Ase, Boo)|
By an inductive argument using (1.35) we see that
[Ta—1E.2)1?
n

is a convergent product and thus the sequence F' = (F,) is in I*(Z, D).
Let (a,b) be the nonlinear Fourier transform of F. We need to show that
(a,b) = (a,b). We claim that

(4n. Bo) [T 0~ |Fuf?)

k>n

is the nonlinear Fourier transform (d(Z"), 5(2")) of the truncated sequence F(=™).
Consider

(1.36) ((@=)", =0 (A, Ba) [T (1= B2
k>n

where we have used the convention to read each vector as the first row of a positive
scalar multiple of a SU(1,1) matrix.
Observe that (1.33) reads as

(An—i-h Bn—i—l) = (17 _Fnzn)(An; Bn)
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Therefore, by the recursion equation for (a(=™,b(2™), the quantity (1.36) is inde-
pendent of the parameter n.

There is an increasing sequence nj of integers such that pointwise almost ev-
erywhere on T we have

(@Zm) p(Em)y - (1,0)
(Anys Bny,) = (Aso, Boo) = (1,0)

as k — oo. For the first limit this follows from convergence of the sequence F(=™)
to 0 in /2 and thus convergence of 1og|&(2")| in L', convergence of the phase
a=" /|a=™)| in L2, and convergence of 5™ /a(=™) in L2. For the second limit
this follows from convergence of A,/a and B,/a* in L?. Thus (1.36) is equal to
(1,0) almost everywhere. Taking a similar limit as n — —oo we observe

(d*7 _6)(14—0073—00) H(l - |Fk|2)1/2 = (170)
k

This proves that (a,b) is a positive scalar multiple of (d,g), but since both are
SU(1,1) valued they are indeed equal.

Finally, we observe from splitting the sequence F as F(<0) 4+ F(20) that (a(=9), p(=0))
is the right factor of a Riemann-Hilbert factorization of (a,b), and that we have

(Amin; Bmin) = dO(OO)(dO7 60)

This completes the proof that (1.30) produces a Riemann-Hilbert factorization.
The proof for (Amax, Bmax) is similar with changes as indicated above. (I

The above construction of a Riemann-Hilbert factorization easily provides the
following strengthening. Let (a,b) € L and

(a,b) = (a—,b-)(a+,by)

be any Riemann-Hilbert factorization. Then the vector (Amin, Bmin) constructed as
above with respect to (a,b) is identical to the vector (A4 min, B min) constructed
as above with respect to (ay,b;). To see this, it suffices to show that the inner
products
/ / / * b * 1\ * b
(A B).(AB) = [ Rl (A" = 2B+ (B) (B - L4)

T

b b
(A, B), (A, B)) = / Re[A(A" = —=B") + (B')"(B — —-4)]
T a4 a4
coincide on the space H?(D*) x H?(D). Indeed, by polarization it suffices to show
this for (A, B) = (A’, B’). However, the difference of these inner products is then

given by
Re/ 2[é - b—+]AB*
T G G4
We have
b_ = —aby + bay
b_ b by

aa 4 a ay
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Observe that here the right-hand side is bounded on T, while the left-hand side is
in H3(D*) and thus in H°(D*). The difference of the inner products is then given

by
b_
Re | 2—AB*
T a4+
Since A and B* are in H?(D*), this difference is equal to 0.

THEOREM 1.28. Let (a,b) € L. Then there is a unique factorization

(a,0) = (a——,b-—)(ao, bo)(at+,by+)
such that
(a—_,b__) € Hj
(a0,b0) e HyNH
(a4+,b44) € H

and (a—_,b__) and (a44,b4y) do not have any Riemann-Hilbert factorizations
other than

(@44,044) = (1,0) (@44, b4 1)
and
(a——,b_—) = (a——,b__)(1,0)
Moreover, we have the sub-factorization property: Any Riemann-Hilbert factoriza-
tion
(1.37) (a,b) = (a—,b-)(a,by)
comes with further (obviously unique) Riemann-Hilbert factorizations

(a_,b.) = (a_,b_)(a_ob_o)
(a4,b4) = (Go+, bot)(at4b44)

where (a—_,b__) and (ay4,by1) are as above and
(a—ob_0), (Go+,bot) € H NH

We have

(138) (20,50 = (a_ob_o)(dot:bos)

The passage from the Riemann-Hilbert factorization (1.37) of (a,b) to the Riemann-
Hilbert factorization (1.38) of (ae,bo) constitutes a bijective correspondence between
the Riemann-Hilbert factorizations of (a,b) and the Riemann-Hilbert factorizations

of (o, bo)-
Before proving the theorem, we prove the following lemma.
LeEMMA 1.29. If (a,b) € H and
(a,b) = (a—,b-)(a,by)
is a Riemann-Hilbert factorization, then (a—,b_) € H. Conversely, if
(a_,b_) e HyNH
(a+,by) € H

then
(a.b) == (a_,b_)(as,bs) € H
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Observe that by reflection there is an analogous lemma with (a,b) € Hf and
(a4,by) € HE.

PROOF. Assume we have a Riemann-Hilbert factorization of (a,b) € H. Then
by =a*b—b_a"

(1.39) bbb

a* a* a* a*

Every summand on the right-hand side is in H?(D), hence so is the expression on
the left-hand side. This proves the first statement of the lemma.
Next, assume
(a_,b_) e HyNH

(av,by) € H
Clearly the product (a,b) is in L by Lemma 1.23. Then b/a* € H(D) follows again
from (1.39). This proves the second statement of the lemma. (]

Now we can prove Theorem 1.28.
ProoOF. With the notation of Theorem 1.27, set
(Agq,b14) = Amin(oo)71/2 (Amin, Bmin)

As we have observed in the discussion prior to the statement of Theorem 1.28, for
any Riemann-Hilbert factorization

(a,0) = (a_,b_)(as,by)
we have a Riemann-Hilbert factorization

(a4,b4) = (Go+,bot)(a4+,b14)
The lemma just shown implies that
(a0+, b0+) S HS NH

Thus we have shown the sub-factorization property for (a4, by ).

By the sub-factorization property, (a44,b4++) is the only possible right factor
in a Riemann-Hilbert factorization of (a, b) which does not have a Riemann-Hilbert
factorization other than identity times itself. We claim that (a4 ,byy) indeed does
not have any further Riemann-Hilbert factorization. Assume we have a Riemann-
Hilbert factorization

(@44, b44) = (@, 0) (@444, b4 14)
Then by an application of Lemma 1.29 we observe that (a444,b444) is a right
factor of a Riemann-Hilbert factorization of (a,b), and thus by the sub-factorization
property ~
(@444, b 14) = (@%, =b)(ay 4, b1)

is also a Riemann-Hilbert factorization. Thus both (d,l;) and its inverse are in
H N H;. Thus b/a is in H2(D) N H(D*). Therefore b/a = 0 and consequently
(@,b) = (1,0). This proves that (ay,b; ) does not have any nontrivial Riemann-
Hilbert factorization.

Since by Lemma 1.29 any triple factorization of (a,b) as in the Theorem gives
a Riemann-Hilbert factorization

(a,) = [(a——, b——)(ao, bo)][(a++, by+)]
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we have uniquely identified the factor (a4 ) as the only possible in such a triple
factorization. Similarly we can uniquely identify the factor (a—_,b__), and by an
application of the sub-factorization property we actually obtain the triple factor-
ization from knowledge of these two factors.

Finally, we observe that any Riemann-Hilbert factorization of (a,b) gives a
Riemann-Hilbert factorization of (ae,bo) as described in the theorem, and vice
versa every Riemann-Hilbert factorization of (ae, bo) necessarily has two factors in
Hj NH by Lemma 1.29 and therefore comes from a Riemann-Hilbert factorization
of (a,b). This proves the theorem. O

For any (a,b) € L call log |a(co)| the energy of (a,b). The energy of (a,b) is a
nonnegative real number. Indeed, it is positive unless (a,b) = (1,0). If

(a,b) = (a—,b-)(a+,by)
is a Riemann-Hilbert factorization, then we have additivity of the energies
log |a(00)| = log |a (c0)] + log |a_ (o)

(evaluate a = a_a + b_b% at 0o).

The sub-factorization property shows that the right factor (ay,b4+) of the
triple factorization minimizes the energy among all right factors of Riemann-Hilbert
factorizations of (a,b), and indeed is a unique minimizer. Since (ayy,bt4) was
constructed through a minimal Hilbert space Hy,i, in Theorem 1.27, it is natural to
guess that the solution constructed from the space Hy,ax in Theorem 1.27 maximizes
the energy. This is the main content of the following lemma:

LEMMA 1.30. With the notation of Theorems 1.27 and 1.28 we have
(@0, bo)(aty,b1 1) = (Amax, BmaX)AmaX(m)71/2

Proor. Consider the notation of Theorem 1.27 and the space Hpax. We claim
that for every Riemann-Hilbert factorization

(a,b) = (a—,b-)(a4+,by)
we have
(a+vb+) € Hyax
By Lemma 1.26, a4 /a and b% /a are in H?(D*). Therefore it suffices to show that
[[(ay,bs)| is finite. However, we have

lar o)l = [ Relaslat - 26%) + i by — pa3)

_ brbo
- / Re[Z+%= _ 2477
a a
and the right-hand side has been shown to be finite in the proof of Lemma 1.26.
Therefore, (a1,b+) € Hmax-

We have the quantitative estimate

Hm%mm:fuo/Rd ]

< —1+2a4(00)a_(o0)a(oo) ™t =1
In the inequality we have used the observation in the proof of Lemma 1.26 that
a_ay /a has positive real part, and thus the real part of its value at oo is the total
mass of the positive measure given by the Herglotz representation theorem. The

aya_
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total mass of this measure dominates the total mass of its absolutely continuous
part Re(ata_/a).
Applying the linear functional A to (ay,by) € Hpmax gives

a+(oo) = <(a+a b+)7 (Arnax; Bmax))
< H (a-‘ra b-‘r)” HAmax; Bmax)”
S AAmax(oo)l/2

This proves that (a, by ) has smaller energy than the solution (Amax, Bmax)Amax(00)
of the Riemann-Hilbert factorization theorem. Thus (Amax, BmaX)AmaX(oo)_l/ 2
maximizes the energy of the right factor of a Riemann-Hilbert factorization of (a, b).
On the other hand, by symmetry (a__,b__) (uniquely) minimizes the energy of
the left factor of a Riemann-Hilbert factorization, just as (a4, b4+ ) minimizes the
energy of the right factor. By additivity of the energy this proves the lemma. [J

1.14. Rational functions as Fourier transform data
1.15. The Riemann-Hilbert problem for rational functions

The class L of nonlinear Fourier transform data of I? sequences contains ele-
ments (a, b) such that a and b are rational functions in z. We call (a,b) rational if
a and b are rational.

Indeed, any pair (a,b) of rational functions is an element of L if aa* = 1 4 bb*,
a(oc) > 0, and the function a has no zeros and poles in D*. These pairs can easily
be parameterized by the function b, as the following lemma states:

LEMMA 1.31. For each rational function b there is precisely one rational func-
tion a such that aa® = 1+ bb*, a has no zeros and poles in D*, and a(oco) > 0.
This is the unique function a such that (a,b) € L.

For rational (a,b) € L, we have (a,b) € H if and only if b has no poles in D,
and (a,b) € Hy if and only if in addition b(0) = 0. Likewise, we have (a,b) € H* if
and only if b has no poles in D* and we have (a,b) € H{ if and only if in addition
b(c0) = 0.

PROOF. Let b be a rational function. Consider the rational function g = 1+bb*.
Then g(z) = ¢g*(z) and the zeros and poles of g are symmetric about T: if z is a
pole of order n, then so is z* and likewise for the zeros. Moreover, there are no
zeros of g on T and the poles of g on T are of even order.

Let a be a rational function whose zeros and poles in D are precisely the zeros
and poles of g in D with the same order, whose poles on T are precisely the poles
of g but with half the order, and which has no zeros on T U D* and no poles on
D*. Thus poles and zeros of a are completely specified and a is determined up to
a scalar factor. We assume a to be positive at oo, which determines the phase of
this scalar factor.

Consider

f= (aa*)™ (1 +bb")
Then this rational function evidently has no zeros and no poles and therefore it is
constant. Since it is positive on T, we may normalize a with a positive factor such
that f = 1.

We claim that (a,b) € L. Certainly aa* = 1 4 bb* by construction. The
function a is holomorphic in D* with no zeros in D*. Any rational function with

—1/2
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these properties is outer on D*. To see this, it suffices by multiplicativity of outer
functions to show that functions of the form (1/z —1/zg) with zg € DUT are outer,
which is easy to verify.

This proves that there exists an a with (a,b) € L. Uniqueness follows very
generally from the fact that the normalized outer function a is determined by |a|
almost everywhere on T, and the latter is determined by b. This proves the first
statement of the lemma.

Clearly holomorphicity of b in D is necessary for (a,b) € H(D). However, if
b is holomorphic in D, which is the same as saying b has no poles in D, then b/a
is a rational function holomorphic in D and bounded by 1 almost everywhere on
T, and thus holomoprhic in a neighborhood of D U T and thus in H?(D). This
proves (a,b) € H(D). The statement about Ho(D) is clear. This together with the
symmetric statement for D* proves the remaining statements of the lemma. O

The next lemma states that solving the problem of Riemann-Hilbert factoriza-
tion does not leave the class of rational functions.

LEMMA 1.32. Assume (a,b) € L is rational. Given any factorization

(a—,b-)(atby) = (a,b)
with (a—,b_) € H*(D*) and (a,b) € H(D), then (a_,b_) and (ay,bs) are also
rational.
PRrROOF. Recall from Lemma 1.26 that
_ b b*
a_a_aa_+a_+ € HQ(D*)

a a a a

LIt ose

for r > 1. Now aa™ = 1 + bb* implies that the poles of b on T have the same order
as the poles of @ on T. Thus b/a, which is also a rational function, is actually
holomorphic on a neighborhood of T.

In particular

Using
a* =aya* —b"by
we obtain
a4 1 G/*_ b b+
a*  a*a* | a* a*

On the right-hand side, the functions a* /a* and by /a* are in the Hardy space
H?(D), while the rational functions 1/a* and b*/a* are holomorphic in a neighbor-
hood of T.

Therefore, a4 has a meromorphic extension to D which is holomorphic in an
annulus 1 — e < |z| < 1 for some small € and satisfies

o]
T!a*
forl—e<r<1

Observe that a and a* have comparable moduli in a small neighborhood of T
since the quotients a/a* and a*/a are holomorphic near T.

Thus 5
at
L )<
/I“a (r)<C

(r) <C
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for 1 — e < r < 1 for some small ¢, and the same estimate has been observed
previously for r > 1.

We claim that holomorphicity of a4 /a in a neighborhood of T with possible
exception on T together with the above estimates implies that a4 /a is indeed
holomorphic across T.

In the current situation that ay/a is in addition meromorphic in D and D*
with finitely many poles we can argue as follows.

We may remove the poles of a4 /a in D by the following recursive procedure. If
a4 /a has a pole at zo, € D, then we subtract a constant from a4 /a so that the new
function has a zero at a distinct point zg € D, and then we multiply the function
by (2 — 2z00)/(2 — 20). This reduces the order of the pole at zo, and leaves the
order of all other poles unchanged. Iterating this procedure we obtain a function g
which is holomorphic in D and D*. The above L? estimates prevail throughout this
iteration, possibly with different constants C, so g is in H?(D)NH?(D*). Therefore
g is constant, and we conclude that a4 /a is rational. The estimates near T then
imply that it has no poles on T.

More generally, the claim can be proved using the theorem of Morera: a function
is holomorphic in a disc if the Cauchy integral over each triangle vanishes. For
triangles which avoid T this is obvious for a4 /a, and for triangles which intersect
T one obtains vanishing of the Cauchy integral by approximating the triangle by
shapes avoiding T and then using maximal function estimates to pass to the limit.

This proves that ay is rational, and one can argue similarly that b;,a_,b_ are
rational.

This proves Lemma 1.32. (I

The lemma just proved reduces the Riemann-Hilbert problem for rational (a, b)
to a purely algebraic problem in the class of rational functions. Even better, the
following lemma states that the solution functions a_,b_, a4, by are in a sense sub-
ordinate to a,b. This reduces the Riemann-Hilbert problem to a finite dimensional
problem.

If f is meromorphic near z € C, denote by ord(f,z) the order of the pole of f
at z. Thus

F(O)(z = ¢)erdEn)

is holomorphic at z and does not vanish at z. For rational functions we define the
order at oo in the usual manner using a change of coordinates on the Riemann
sphere. Observe that the order is a negative number if f vanishes at z.

Call a rational function g subordinate to another rational function f on a
certain domain if for all points z in the domain such that ord(g,z) > 0 we have
ord(f,z) > ord(g,z). We call g subordinate to f if g is subordinate to f on the whole
Riemann sphere. Clearly, if we fix f, the set of rational functions g subordinate to
f is a finite dimensional vector space.

LEMMA 1.33. Let (a,b) € L be rational. Then a is subordinate to bb*.
If (a_,b_) € Hy and (a4,by) € H such that

(a—,b-)(a+,by) = (a,b)
then the rational functions b_ and by are subordinate to b.

PROOF. Since (a,b) € L, we have aa* = 1 + bb*. Since a* does not vanish in
D UT, we see that a is subordinate to bb* on a neighborhood of D U T. Since a
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has no poles on D*, it is subordinate to bb* on D* and thus on the whole Riemann
sphere.

Now let (a_,b_) and (a+,by) be a Riemann-Hilbert factorization as in the
lemma. Then

b, = —ab+ —+ ba+
b_ ay

by = ——= +b2E
+ a + a

On D*U'T, the functions b_ /a and a4 /a have no poles, since they are in H%(D*).
The last display then implies that by is subordinate to b on a neighborhood of
D*UT. Since by has no poles on D, it is subordinate to b on the whole Riemann
sphere.

Similarly one proves that b_ is subordinate to b. (I

LEMMA 1.34. Let (a,b) € L be rational. Then there exists a unique Riemann-
Hilbert factorization

(1'40) (a’b) = (a—ab—)(a-i-ab-l-)

such that by does not have any poles on T. The factor (ay,bs) coincides with
the factor (ayy,biq) in the triple factorization of Theorem 1.28. Similarly, there
exists a unique Riemann-Hilbert factorization (1.40) such that b_ does not have
any poles on T. For this factorization, the factor (a—,b_) coincides with the factor
(a——,b__) in the triple factorization of Theorem 1.28.

PROOF. If there exists a Riemann-Hilbert factorization (1.40) such that by has
no pole on T, then the factor (at,by) has to coincide with (ayy,byy). Namely,
it is clear that (a4, by) has no further nontrivial Riemann-Hilbert factorization by
Lemma 1.25. This implies that (a4,by) is equal to (ay4,byy).

In particular we have proved that the requirement that b, has no poles on T
makes the Riemann-Hilbert factorization unique.

It remains to show that such a Riemann-Hilbert factorization exists.

We set up a Banach fixed point argument as in the proof of Lemma 1.25. Recall
from the proof of that lemma that, for every constant ¢, the affine linear mapping

b* b
T:(A,B)— (c+ PD*(EB)’PD(EA))
is a weak contraction mapping in the sense that
IT(A, B) —T(A", B')|| < ||(4, B) — (A, B)|

where the norms are with respect to L?(T) @ L*(T). Indeed, unless (A’,B’) =
(A, B), the inequality is strict since multiplication by b/a strictly lowers the L2
norm of any nonzero element. This implies that on any invariant finite dimensional
subspace of L?(T), the mapping is a strict contraction in the sense

IT(A, B) = T(A", BY)| < (1 = 6)[|(A, B) — (A", B)

for some e depending on the subspace. This can be seen by a compactness argument.

Consider the finite dimensional space V' of all rational (A, B) such that B is
subordinate to b, A is subordinate to b*, and A and B have no poles on T. This
is clearly a subspace of L?(T) @ L?(T). For any rational function f without poles
on T the projection Ppf is up to an additive constant the sum of the principal
parts of the poles of f in D*, while Pp« f is up to an additive constant the sum of
the principal parts of the poles of f in D. Therefore, Ppf is a rational function
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subordinate to f with no poles in D and Pp- f is a rational function subordinate
to f with no poles in D*.

We observe that for (a,b) € H the quotient b/a has no poles on T and is
subordinate to b on D*. Thus for any (A, B) € V we have that Pp-(b*B/a*) is
subordinate to b* and Pp(bA/a) is subordinate to b. Thus V' is invariant under the
mapping T for any c. Since T is a strict contraction mapping on V', there exists a
fixed point in V' under this mapping. Using this fixed point (A, B) for ¢ = 1, we
can as in the proof of Lemma 1.25 produce a right factor

(ay,by) = A(Oo)il(Av B)

to the Riemann-Hilbert factorization problem for (a,b). Clearly by has no poles on
T, so this is the desired right factor.

The symmetric statement concerning left factors is proved similarly. This com-
pletes the proof of Lemma 1.34. 0

The above shows that there is a very satisfactory description of the set of
rational elements in L which qualify to be left, middle, or right factors in a triple
factorization as in Theorem 1.28. Namely, possible left (middle, right) factors are
exactly those rational (a,b) € L for which b has only poles in D, (T, D*).

It remains to study the possible factorizations of a rational middle factor in the
triple factorization. Thus we are reduced to study the Riemann-Hilbert problem
for rational (a,b) € H§ N H. Any factorization consists again of rational factors in
H;NnH.

This problem too has a very satisfactory answer, though the formulation of the
answer is a little more involved.

Before we proceed further, we shall briefly digress on the maximum principle.
The maximum principle says that any nonconstant holomorphic function on D
which is continuous on D U T attains its maximum only on T. If the function
is actually differentiable on D U T, then the following lemma gives more precise
information. It is a version of the maximum principle which may be less well
known.

LEMMA 1.35. Let f be a nonconstant holomorphic map from D to itself and
assume that f and f' have continuous extensions to the boundary T. Thus f and
f map DUT to DUT.

If f attains its mazimum at z € T, then f'(z) = z*wf(z) for some strictly
positive w.

Proor. Multiplying f by a constant phase factor, if necessary, we may assume
f(z) = 1. Consider the real part u of f. It has a maximum at z. In particular, u
has zero derivative in the direction tangential to T. Therefore, the gradient of u
has to be radial and is either 0 or outward pointing. This proves

ou i Ou

=

ox oy
for some w > 0 Thus, by the Cauchy Riemann equations,

= QW 00 0w O e
f(z)_az—i_laz_a:c zay—wz =wz"f(z)

It remains to show that w is not zero, i.e., that the harmonic function u does
not have vanishing derivative at z. Assume by a rotation that z = 1. It will

wz
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suffice to find some function @ which dominates w in the intersection of D with a
neighborhood of 1, such that u is differentiable at 1 with nonvanishing derivative.

Since u is not constant, we find two points on T where u is strictly less than
1. The two points divide the circle into wo arcs C7 and C5. Let L be the line
connecting the two points. Assume w.l.o.g. that C; contains 1 and let zy be a
point of Cs. Define

u(¢) =1+ eReg Rkl

— 2
for some small € > 0. Since u is 1 on the arc C}, it dominates u there. Since u is
strictly less than 1 in the (compact) line L, we can choose e small enough so that
@ dominates v on the line. By the (easy) maximum principle, & dominates u inside
the enterior of Cy U L. It remains to prove that @ has nonvanishing derivative at 1.
This however can be done easily by direct inspection. (I

We continue to study Riemann-Hilbert factorizations

(a,b) = (a_,b_)(asbs)

for rational (a,b) € HNHY. Thus b and a have only poles on T. Indeed, they have
the same poles as 1 + bb* = aa™ shows.

By Lemma 1.33, the functions a4 and a_ can only have poles where a has
poles. Consider the identity

1.41 =a_ 1+ ——
(1.41) a=a-a( +a7 a+)
The function

b_ by
(1.42) — =

a_ a4

maps DUT to itself. Therefore, the last factor on the right-hand side of (1.41) can

only vanish at point z € T when z is a maximum of the function (1.42) on D U T.

By Lemma 1.35, the last factor in (1.41) can only have a simple zero at z.
Therefore, for every pole z of a, we have either

(1.43) ord(a,z) = ord(a—,z) + ord(ay, z)
or
(1.44) ord(a,z) = ord(a—, z) + ord(at,z) — 1

We say that the pole z is split if (1.43) holds, and we say that it is shared if (1.44)
holds. If z is a shared pole, then both functions b_/a_ and b% /a; have modulus
one at z. Therefore, both functions a4 and a_ have a pole at z and by (1.44) both
poles have order at most ord(a, z).

For each pole z of a we define

n:=ord(a,z), n~ :=ord(a_,z), nj+ :=ord(a4,z)
Define the functions
byt al 1

Ay =1 S T aa
aya ara a+a+1+

—_

<o

+

*

bz

a a

+
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bob* ay 1 1
Ai:lia*a:a*a:a a* b b}
- - -1+ oo

On T, the functions A, and A_ have positive real part except possibly where
a has a pole (use the first representation for A, A_). There, A vanishes of order
n+n_ —ny and A_ vanishes of order n+ ny —n_ (use the second representation
for A, , A_). In particular, A, vanishes of order 2n* if the pole is split or 2n™ — 1
if the pole is shared.

For each shared pole z, we define u™ and p~ by the asymptotic expansions

ALQ) = =it =2 Tz = 2 0=

A(Q)=—p2"(C—2)" (

We claim that 4+ and u~ are positive.
To see this for A, we set

)N O -2 )

N =
IS

41

ar(C) =1(C—2)"" 0 —2) "t
and, by Lemma 1.35,
b* b b* b b*b
—)(2) = (=) (2) = (—

-4 -4y -04

)(2)2 = —2"p

for some positive p. Using the third representation of A, we obtain

pt =1/(uly[?)

awhich shows that pt is positive. The proof that p~ is positive is similar.
Write

(€)= ulC — 2)"(% — 2y 4 O(¢ - P

¢ =z
Then the identity
1
AfA = —
aa
shows that
T =p

Our goal is to see that the parameters n* and n~ for all poles together with
the parameters p#+ and p~ for all shared poles parameterize the Riemann-Hilbert
factorizations of (a,b). We shall first adress the easier statement that all Riemann-
Hilbert factorizations are uniquely determined by these parameters.

LEMMA 1.36. Let (a,b) be rational in H N H§. Then any Riemann-Hilbert
factorization
(a,b) = (a—,b-)(a4+,by)
is uniquely determined if the parameters n™ and n~ for all poles and the parameters
ut, and p= for all shared poles are specified.

PROOF. We assume to get a contradiction that there are two Riemann Hilbert
factorizations with right factors (a4, b) and (a4, b4 ) respectively, which have the
same parameters listed in the lemma.

Define (¢, d) by
(d-‘ra 6-‘:—) = (Cv d)(a+7 b-‘r)
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Our task is to show that (¢, d) = (1,0). It suffices to show that d is constant. Then
d has to be constant 0 as one can see from evaluating the defining equation for
(c,d) at 0 and using that b, b, vanish at 0 while a’ does not. Then ¢ = a4 /ay is
an outer function on D* and of constant modulus 1 on T, and thus it is constant.
This constant is equal to 1 as one can see from evaluating ¢ at oco.

Observe that d is a rational function and can only have poles where a has poles.
Therefore, it suffices to show that d is holomorphic at all poles of a.

Fix a pole z. Define r := b/a and similarly r1,r_, 7. Then we have
Sy = (1)

1 * *
r—r+:T—*(1—r ry —(1—r r)):r_*

Observe that r* has modulus one at z and 1 — 77* = (aa*)~! vanishes of order 2n

at z. Moreover, A, vanishes at least of order 2n* —1 at z and its Taylor coefficient
of order 2n* at z is determined by u™.

Therefore, r—r, vanishes at least of order 2n* —1 at z and its Taylor coefficient
of order 2n is determined by r and p*. The same holds for r — 7, , and by taking
differences we see that ry — 7, vanishes of order 2n™ at z. Since ay has a pole of
order nT at z, we see that

(ry —Fp)atdy =byay —bray =d
has no pole at z. O
THEOREM 1.37. Assume (a,b) € HNHY is rational. Let z; € T, j=1,...,N
be the distinct poles of a and denote the order of the pole z; by n;.

Assume we are given numbers 0 < n;r, n; <n; forj=1,...,N such that for
each j either

(split case) or
T —1=n,
ny +n; — 1=n;
(shared case). Assume further that for each j in the shared case we are given
positive real numbers ,u;', p; with

wiug = uy
where p1; 1s defined by

L (¢) = m(¢ - sz'(% —Lym 4 0(¢ — 2yt

*
aa 2

Then there exists a unique Riemann-Hilbert factorization

(a,b) = (a—,b-)(a,by)
such that
ord(ay,zj) = ni
ord(a_,zj) =n
and, if j is in the shared case,
ALQ) = =1 5(C = )T (7 = 2 ) +0((¢ = 2))

1 1

A-(Q) =~y 5 (= 2)" (G =2 )" T HO(C=2)™)

All Riemann-Hilbert factorizations of (a,b) are obtained in this way.
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PROOF. Our previous discussion of the parameters nj,n;,uj and p; already
implies that every Riemann-Hilbert factorization of (a,b) comes with parameters as
described in the theorem and the parameters determine the factorization uniquely.

It thus remains to show that for a given set of parameters such a Riemann-
Hilbert factorization exists.

It is enough to consider the case when b is nonzero at oo, because

(a,0) = (a_,b_)(as,by)
is equivalent to
(a,bz") = (a—,b_z")(ay,bs2")
and thus one can reduce the case of b vanishing at oo to the case of b not vanishing
at oo.
We first prove existence of a Riemann-Hilbert factorization in the easier case
when all poles are split. We write

b(=) = b(oo) [ [Tz = ww)] [TTCz = 27"

where yj, are the zeros of b counted with multiplicities.
For each j, consider points z]+ € D" and z; € D close to z;. It shall be enough

to consider z;t such that they avoid the zeros of b and are all pairwise distinct as

well as distinct from all (z;t)* Consider the perturbation b of b defined by

b(z) = b(oo) [ T] (e )| [TT= — =)~ | [TTz - )7 |

This function has the same zeros with multiplicities as b, but the poles are at
perturbed locations.
Since the zeros y are fixed, we have an upper bound on

[ 108, 1
T

uniformly in the choice of the points z]i

By Lemma 1.31, there is a unique rational a such that (a, 5) € L. The equation
1+ bb* = aa* implies that there is a uniform upper bound on

/ log, |al
T

and since a is outer on D* we have a uniform upper bound on a(oc). Trivially, we
also have the lower bound 1 < |a(c0)].

Since a is bounded on T, Lemma 1.25 gives a unique Riemann-Hilbert factor-
ization ~ ~ ~

(a,b) = (a—,b-)(a+,by)

Applying Lemma 1.33 thoroughly to the situation at hand, we conclude that a,
has poles only at the points (z]"’)* with order at most n;', while a_ has poles only
at the points z; with order at most n;. Moreover, since |G+ (o0)| and [a—(co)|
are bounded below by one and a4 (00)a—(o00) = a(o0), we obtain that a4 (oo) and
a_(o00) are in a fixed compact set avoiding 0.

We can write
+
J

i () = v (00) [Tz = &) [[TCz = ()™
N

where x; are the zeros of a, with multiplicities and ﬁj < n;r
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Now we consider a sequence of choices of z]i such that for each j both points z;r

and z; converge to z;. For ea Since the zeros acz remain in the compact set DUT

and the value a4 (co) remains in a compact set away from 0, there is a subsequence
for which the ﬁj‘ are constant, each zero acg converges (assuming the zeros are
appropriatelyenumerated), and the value a4 (co) converges. For this subsequence,
a4 converges uniformly on compact sets away from the poles of a to a limit a.
The zeros of ay are still in D U T an the poles are on T. Thus ay is still outer.
Clearly also a4 (c0) is positive as a limit of positive numbers.

Similarly, one can choose a further subsequence so that all other terms in the
identity

(a,b) = (a—,b-)(a+,by)

converge uniformly on compact sets away from the poles of a. In the limit, we
obtain a Riemann-Hilbert factorization

(a,b) = (a—,b-)(a+,by)

By construction, the poles of a4 and of a_ at z; are at most of order nj and n;
respectively. Since the sum of these orders for any Riemann-Hilbert factorization
has to be at least n;, the orders of a; and a_ at z; are exactly nj' and n; . Thus we
have proved existence of a Riemann-Hilbert factorization for the given parameters
in the completely split case.

Now we modify the above argument so that it works in the case when there are
shared poles.

For each split pole z;, we choose again 2T and z; exactly as before. For every

J
shared pole, we choose 2z and z; as before but with the additional constraint that

J
* + — = -
(1.45) B = 2P = g |2y — 2]

J
We define

b(z) = b(o0) [H(z - yk)} H (z —zj) {H(z - z;')fnﬂ {H(z - zj_)fnji}

z; shared

Compared to the completely split case, we have defined b to have an additional
zero at each shared pole z;. Since for each shared pole we have nj +n; =n;+1,
the numerator and denominator of the rational function defining b have the same
degree and b(oco) is again finite.
As before, we obtain a unique Riemann-Hilbert factorization
(@,0) = (a_,b_)(@s,by)

Then we let z;t tend to z; respecting the additional constraint (1.45) for each shared
pole. As before, we can choose a subsequence so that all quantities in the Riemann-

Hilbert factorization converge uniformly on compact sets away from the poles z;.
In the limit, we obtain a Riemann-Hilbert factorization

(a,b) = (a—,b-)(a+,by)
We need to show that this factorization has the given parameters n]i and ,uji.
As before, for each split pole z; the order of poles of the limits a4 and a_ are at
most n;r and n; and thus have to be exactly n;r and n; .
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We consider a shared pole z;. We calculate

At the shared pole z;, the left-hand side vanishes:

a’(z)  a-(z)
Since for every element (a’,b’) € L, the modulus of b"/a’ on T can be expressed in
terms of the modulus of a, we conclude from (1.46) that

(1.47) |ay(z5)] = la—(z;)|
In a compact neighborhood of z; avoiding the poles z;, with k # j, we can write

ar(z) = (== ())) " ()

a_(2)=(z—2z;) " h™(2)

where h™ and h~ converge uniformly on the neighborhood to functions A+ and h~.
The equation (1.47) then becomes

x1—nt 7 —1=n. |7
|25 = ()" 177" |h* (z5)] = |25 — 25 |79 [P (25)]
By choice of the zji we thus have for some constant ¢:
B (z5)] = &(uy)~"?
P (z5)] = &(uy)~*?
Taking the limit, we obtain
B (z)] = e(u)~?
™ (z5)] = e(uy)~*?

for some constant c. We claim that c is not zero. Assume to get a contradiction
that it is zero, then ht and h~ vanish at z;. From the equations

as(z) = (z —2) 7" bt (2)

a(z) = (2= 2) " ™ (2)
we see that a; and a_ have order of pole at most n — 1 and n; — 1 at z;. The
sum of these orders is less than n;, a contradiction. Therefore c is not zero.
Then h™ and A~ do not vanish at z; and a4 and a_ have poles of exact order

nj and n; at z;. Thus we are indeed in the case of a shared pole.
Moreover, we calculate in the limit

las? 1y
la_>  pf

+ - + -
P Zj|_2nj +2nj 4 O(|Z _ Zj|_2nj +2nj +1)
Now we use u;r pj = pj and

1 _ _
i = il =l Ol = )
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to obtain

|a+|2

T - —2nt42n7 ;
a_?la]2 |15 1712 = 2 2y bany s

_2n;+2n;+2n,~ + O(|Z _ Zj|
Comparing with the asymptotics for A_ and doing the analogue calculation for A
we conclude that the shared pole z; has indeed the parameters u;r and p; . (|

1.16. Orthogonal polynomials
1.17. Orthogonal polynomials

In this lecture, we describe how the nonlinear Fourier transform on the half-
line relates to orthogonal polynomials. The material on orthogonal polynomials is
folklore, a standard reference is [28] and a more recent introduction with interesting
applications is [8].

Let u be any compactly supported positive measure on the plane C with the
normalization ||u|| = 1.

Let H be the Hilbert space completion of the linear span of the set of functions

2% =1,21,22,... (monomials) under the inner product
(f.9) = / fgdu
If a finite set 2°, ..., 2™ of monomials is linearly dependent in this Hilbert space,

then necessarily p has finite support. Namely, linear dependence means that some
linear combination of these monomials, which is nothing but a polynomial P(z), is
equivalent to 0 in the Hilbert space. This means

1P| = / ()P dp =0

As |P|? and dpu are positive, this can only happen if the support of x is contained
in the null set of P, which is finite. Conversely, if ;1 has finite support, then it is
easy to find a polynomial which vanishes on the support and thus is equivalent to
0 in the Hilbert space.

From now on the standing assumption is that u has infinite support.

We can apply the Gram-Schmidt orthogonalization process to the sequence of
vectors z". Let

po=2"=1

and let ¢,, be the unique polynomial of degree n which has unit length in the Hilbert
space H, has positive highest coefficient, and is orthogonal to all polynomials of
degree less than n. Since the space of polynomials of degree less than n has exact
codimension 1 in the space of polynomials of degree less than or equal to n, such a
polynomial ¢,, exists and clearly has exact degree n. The orthogonality condition
determines ¢,, up to a scalar factor. The modulus of this scalar factor is determined
by the requirement that ¢, has unit length, and the phase is determined by the
requirement that the highest coefficient of ¢,,, which is the coefficient in front of
2™, is positive.

The polynomials ¢,, form an orthonormal set. Indeed, they form an orthonor-
mal basis of H since they span the same subspace as the monomials z™, which by
definition span the full space H.

The linear operator

T:f—z2f
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originally defined on all polynomials f, is bounded with respect to the norm on H
because the function z is bounded on the support of u. Therefore, the operator T
extends to a unique bounded operator on H.

We can express the map 7T in the basis ¢,. This means we represent elements
in H as infinite linear combinations ) a;¢; and let T act on the column vector
(a;);>0 by matrix multiplication from the left by a matrix (J;;); j>o0:

(aj) = (Z Jija;)

As z¢; is a polynomial of degree j+1, we have J;; = 0if i > j+1. Moreover, z¢;
has positive highest coefficient, and thus J;11 ; > 0. We call a matrix a Hessenberg
matrix if it satisfies these two constraints, namely positivity on the subdiagonal
and vanishing below the subdiagonal.

The requirement that Hessenberg matrices be positive on the subdiagonal is a
matter of convenient normalization to produce uniqueness results. One can conju-
gate a Hessenberg matrix by a diagonal unitary matrix and thus obtain an equiv-
alent matrix which vanishes below the subdiagonal but is merely nonzero on the
subdiagonal. In the literature, one often calls these more general matrices Hessen-
berg matrices.

We will specialize to two cases.

Case 1: The measure p is supported on the real line R. In thiscase T : f — zf
is selfadjoint since

(Tf.g) = / ofgdu = / fZgdu = {f,Tg)

where we have used that z is real on the support of u. Thus J is a selfadjoint
matrix, and since it is Hessenberg, it is tridiagonal (J;; = 0 if |[i — j| > 1). A
Hessenberg matrix which is self adjoint is called a Jacobi matrix.

Observe that the j-th column vector of a Jacobi matrix has two real parameters
not determined by the previous columns: the subdiagonal is a positive number by
definition of Hessenberg matrices and independent of the previous columns, the
diagonal entry has to be a real number by selfadjointness and is independent of
the previous columns, while the superdiagonal entry is determined by the previous
column.

We know that 7' and thus J have to be bounded operators. For tridiagonal
matrices .J;;, boundedness is equivalent to sup,; |J;;| < co.

Case 2: The measure is supported on the circle T. In this case we have T*T = id
since

(T*Tf.g) = (Tf.Tg) = / - fzgdu = / 3du = (f,9)

Observe that T*1T" = id does not imply that 7' is unitary, since T7T* = id may fail.
For example, if the measure p is a normalized Lebesgue measure on T, then the
monomials z™ form an orthonormal set. The operator T in this case is the standard
shift operator and is obviously not surjective since the image of T contains only
functions with zero constant term.

Unlike in the selfadjoint case, the matrix J is not sparse above the diagonal.
However, we still have two new real parameters per column. The condition J*J = id
implies that the column vectors are orthonormal. Thus the first n entries of the
n-th column have to be orthogonal to the previous columns, and thus there is only



1.17. ORTHOGONAL POLYNOMIALS 57

a complex parameter in D (the vector of the first n entries must have norm less
than 1) as degree of freedom, and then the (n + 1)-st entry is determined since it
is positive and makes the column have unit length.

Observe that boundedness of a matrix satisfying J*J = id is automatic.

THEOREM 1.38. The above construction of a Jacobi matrixz provides a bijective
correspondence between

(1) A compactly supported positive measure p supported on the real line with
||l = 1 and infinite support.

(2) A tridiagonal selfadjoint matriz J = (Jij)ij>0 that has strictly positive
elements on the subdiagonal and has finite operator norm.

PROOF. We need to show that the map from measures to Jacobi matrices
described above is injective and surjective.
The matrix J determines the moments of dy because

/z"du = (T"¢o, o) = (J"e0, €0)

where e, denotes the n-th standard unit vector whose n-th entry is 1 and all other
entries are 0. But then by the Stone-Weierstrass theorem, this determines dpu.
Hence the map p +— J is injective.

To show surjectivity, let J be a Jacobi matrix and write down the Neumann

series
1 — J"
(T-2""==> 5
n=0
Since J is bounded, for |z| greater than the operator norm of J the Neumann series
converges and provides a proper meaning to the left-hand side of the last equation.
We can form the function

1 _
m(z) = - ((J —2)""eq, e0)
This function is holomorphic in a neighborhood of co on the Riemann sphere since

the Neumann series converges there. Moreover,
m(z) = —1/z+0(z"?%)

as z — 00.

We would like to show that m can be extended to the open upper half-plane
and has positive imaginary part there. Let z have positive imaginary part and let
2o be purely imaginary with sufficiently large (in modulus) negative imaginary part.
Then the Neumann series

oo

U= = (=m0~ =) = D

J = z)"
(z — 20) ”*1

converges because
|20 — 2% = |20 — Im(2)|* + [Re(2)[* = |20]* + 2|20/ [Im(2)| + O(1)

while

lz0 = JII* = = up ((J = 20)f, (J = 20) )

= (z0f,20f) + (Jf, Jf) = |20]* + O(1)
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This shows that both (J — 2)~! and m extend holomorphically to the upper half-
plane.
For Im(z) > 0, let ¢, := (J — 2)"leg. We observe

tn(m()) = = (62, (J — 2)6.) = (=)

Thus m has positive imaginary part in the upper half plane.
By the Herglotz representation theorem there is a positive measure p on the
real line such that

1 1
=— | —d
mio) =+ [ = dul)
The measure is compactly supported on R since m is holomorphic in a neighborhood
of oco.
As m(z) has the asymptotics
21+ 0(27?)

near oo, we have ||u|| = 1.
We prove that u is not supported on a finite set. The most important ingredient
in the following argument is that J has no zeros on the subdiagonal i = j + 1.
Assume to get a contradiction that the measure is supported on a finite set.
Then the integral representation for m shows that m is a rational function and
therefore there is a polynomial

m
p(z) = Z apz”
k=0

such that p(z)m(z) is a polynomial. The latter polynomial has the form

1 m o0
- k —(n+1) n
- Z aRpz Z z (J"eo, €o)
k=0 n=0

Since this is a polynomial, for sufficiently large n the coefficient in the Laurent
series has to be zero. This leads to the identity

Zak <J”+keo, eo> =0

k=0
for large n. By selfadjointness of J, we also obtain for large n and all m >0

m
Z ar <J"+keo7 Jmeo> =0
k=0

Since the vectors J™eg with m > 0 span the full Hilbert space 1?(Z>o), this gives

m
§ arJ"Feg =0
k=0

This is however absurd if J is a Hessenberg matrix with positive elements on the
subdiagonal.

To complete the proof of surjectivity, it remains to show that the measure p
that we have constructed gives rise to the matrix J. By construction we have for
large |z|

/ (€= 2 Q) = (T — =) eo, e0)
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Comparing coefficients in the Neumann series gives for n > 0

/C" du(¢) = (J"eo, eo)

By self adjointness of J we also have
/(” du(¢) = (J"eo, J"eg)

The same identity holds with J replaced by the matrix J constructed from the
measure 4 by the Gram-Schmidt orthogonalization process. Therefore, it suffices
to show that the numbers

(1.48) (T, J™eo)

determine J. We claim that knowing these numbers, we can express all of the
standard basis vectors e, as linear combination of J%q, ...J"eg. This is clear for

n = 0. Assume by induction we can express e, ..., e, in terms of JOe,..., J €.
We can calculate the coefficients <J”+1eo, ej> for j < n by expressing e; in terms of
JOo, ..., J7e; and using (1.48). As J""1eg is a linear combination of ey, ..., ent1,

it remains to determine the coefficient in front of e, 1. This coefficient is positive,
hence we can then determine this coefficient by determining the length of J™t!eg,
which we can do by (1.48). This poves the claim.

Using the claim, we can calculate (Jey,, e, ) for all n,m and thus obtain all

coefficients of J. This completes the proof of surjectivity.
O

In the case of measures on the circle we obtain

THEOREM 1.39. The above construction of a Hessenberg matriz provides a
bijective correspondence between

(1) A positive measure p supported on the circle T with ||p|| =1 and infinite
support.

(2) A matriz J = (Jij)i ;>0 which satisfies J;; =0 fori > j+1, Ji1); >0
for all 3, and J*J = id

PROOF. The proof is a reprise of the arguments in the proof of the previous
theorem. We shall only describe the inverse map and leave the other details as an
exercise.

We can use Neumann series to define

Z+J Z+JZ —(n+1)

z—J

z+J
m(z) = P Jeo,eo

b, = (z—J) teo

for |z| > 1. Then we define

on D*. Setting

we have

Rem(z) = Re((z + J)¢., (2 — J)¢.)
= (202, 26.) — (Jé., J¢.) = (|z]> = 1)||6.
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Thus m has positive real part on D* and by the Herglotz representation theorem
is the extension of a unique positive measure u:

m(z):[rijgdu

This is the desired measure. O

Assume J is a matrix with J*J =1 and J;; = 0 for  — 1 > j. Then we have
JJ*J = J and thus JJ* = 1 on the image of J. We claim that the image of J
has codimension at most 1, and in case that the codimension is exactly 1, then eq
complements the image:

image(J) + span(eg) = 1*(Z>0)
The claim simply follows from the fact that
eo, Jeo, J2eo, ..., J e
evidently span the same space as
€0, €1, €2, . ..Cp

If the codimension of the image is 0, then J is unitary. This happens if and only if
ep is in the image of J. A criterion when this happens can be derived from Szegd’s
theorem stated below. Namely, J is unitary if and only if both sides of the identity
in Szego’s theorem are zero.

THEOREM 1.40. (Szegs) Let pu be a measure on T with a.c. part wdf (we denote
by df Lebesgue measure on T normalized so that fT d0 =1). Then

inf/|1ff|2du:exp/ log |w| df
f T

where f runs through all polynomials in z with zero constant term and ||f|| =1 in
L*(p).

In case the left-hand side is nonzero, it has the meaning of | (u, 1) | where u is
the unit vector perpendicular to the image of J. The right-hand side becomes zero
if [log|w| = —oo.

We will prove this theorem in the next section in the case that both sides are
finite.

1.18. Orthogonal polynomials on T and the nonlinear Fourier
transform

In this section we relate orthogonal polynomials on the circle T to the nonlinear
Fourier transform on the half-line.

The nonlinear Fourier transform (a,b) of a sequence in 1*(Z>1, D) gives rise
to an analytic function b/a* which maps D to itself and vanishes at 0. Via a
Mobius transform of the target space D, such an analytic functions is in unique
correspondence with an analytic function m on D which has positive real part and
is equal to 1 at 0:

1-b/a*

~ 1+b/a
By the Herglotz representation theorem, this function is uniquely associated with
a positive measure on T with total mass 1. By Theorem 1.39, assuming for the

m(z)
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moment that this measure does not have finite support, the measure is in unique
correspondence with a Hessenberg matrix. The following theorem states that the
diagonal and subdiagonal entries of the Hessenberg matrix can easily be expressed
in terms of the sequence F'.

THEOREM 1.41. Let F € 1*(Z>1,D) and let (a,b) be the nonlinear Fourier
transform of F'. Let u be the positive measure on T whose harmonic extension to
D is equal to the real part of

1—bla*
miz) =17 Ib);Z*

Then the Hessenberg matriz associated to pn via Theorem (1.39) satisfies

(1.49) Jitim1) = (1= [F[*)1/?

(1.50) Ji=—FF 1

fori>1 and

(1.51) Joo = —F1

The main point of this theorem is that taking the forward nonlinear Fourier
transform is equivalent to calculating the spectral data (the measure 1) of a Hessen-
berg matrix, while taking the inverse nonlinear Fourier transform or “layer stripping
method” is equivalent to the Gram-Schmidt orthogonalization process.

PROOF. For F asequence in [*(Z>1, D) with nonlinear Fourier transform (a, b),
we consider the truncated sequences F<,, and their nonlinear Fourier transforms
(aémbﬁn) = (an,bn)
Define for n > 0
(1.52) $n(2) = 2"[an(2) + b, ()]

By Lemma 1.2, ¢, is a polynomial in z of exact degree n, and the highest coefficient
of ¢, is equal to the constant coefficient of a, and therefore it is positive. In
particular, ¢g = 1.

We can write (1.52) in matrix form (with our standing convention to complete
the second row of a matrix by applying the % operation to and reversing the order
of the entries of the first row) as

(1.53) (z7"Pn, 2" ¢r) = (1,1)(an, by)

Thus we obtain a recursion formula by multiplying a transfer matrix from the
right:

(270G, 2" 1) = (270, 2765 (1= [Faia )72 (1, Py 2™
In particular, we have the identity

G = (L= [Foa )22 0n + Frnz ' 93

which can be rewritten as
(1.54) 2¢n = (1 — |Fn+1|2)1/2¢n+1 — Fp12" ¢y,

This recursion formula (1.54) together with ¢y = 1 contains all information on the
sequence ¢, but it will be convenient to rewrite the recursion in a different form.
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In (1.53), we may also multiply from the right by an inverse transfer matrix to
obtain

(=D g1, 277G ) = (2, 265) (L — [Fal2)"V2(1, — Fy2)
DGy = (L= |F?) [ — Fr)

(1'55) On = (1 - |Fn|2)1/2z¢n—1 +F_nzn¢;

Let the collection of polynomials ¢, be fomally an orthonormal basis of a
Hilbert space H. Thus abstractly the Hilbert space is the set of all linear com-
binations of the ¢, with square summable coefficients, and the inner product is
given by the standard inner product on the space of square summable sequences.
Further below we will identify the measure on T with respect to which the ¢,, are
the Gram-Schmidt orthogonal polynomials, but for now we only need H abstractly
defined.

We claim that T : f — zf, originally defined on the set of polynomials, extends
to an isometry on H. This will follow once we have shown that the ¢,, are the Gram-
Schmidt orthogonal polynomials of a measure supported on T. However, we find
the following proof instructive, and the proof will also help to calculate the diagonal
and subdiagonal entries of the Hessenberg matrix representing 7.

We shall prove by induction the following two statements

(1.56) lzbnall = 1

(1.57) (2n-1,6n) = (1= [Fu|)"/?

Observe that equation (1.52) applied for n = —1 gives ¢_; = 2~ 1. In this sense the
above two statements for n = 0 reduce to the fact ||¢o| = 1.

Assume by induction that (1.56) and (1.57) are true for some n. Then by
pairing (1.55) with z¢,,_1 we see that the two summands on the right-hand side of
(1.55) are orthogonal. As the coefficients in (1.55) form a Pythagorean triple, we
conclude

(1.58) 12" ¢n ] =1

Using this in (1.54) together with the obvious fact that ¢,,41 is orthogonal to 2™ ¢,
we obtain |z¢,| = 1 and (2¢n, 1) = (1 — [Fny1|?)/2. This concludes the
induction step.

Now we prove by induction on n that

(1.59) (z2¢n, 2¢m) =0

for m < n. Fix n and assume that (1.59) is true for all indices smaller than n.
By eliminating 2"¢ from (1.54) and (1.55), z¢, becomes a linear combination of
terms manifestly orthogonal to z¢,, if m <n—1. If m = n — 1, we use (1.55)
and (1.57) to observe that z"¢} is perpendicular to z¢,_; and we insert this into
(1.54). This proves (1.59) for the index n.

Therefore, the orthonormal basis ¢,, is mapped to an orthonormal set via the
operation T : f — zf. This proves that T is an isometry.

The operator T in the basis ¢,, is given by a Hessenberg matrix J, i.e., J;; =0
for i > j+1 and Jj4+1,; > 0 (recall the highest coefficient of ¢,, is positive).
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Indeed, we read from the above recursions that the Hessenberg matrix satisfies
(1.49), (1.50), and (1.51). Only the proof of (1.50) is slightly more involved. It
follows from adding F}, times (1.54) and F), 41 times (1.55) to obtain

Fozon + Foion = Fu(1 = [Foia ) 20011 + Fri (1= [Fal*) 2261
Taking the ¢,, component everywhere gives
F_n <Z¢)na ¢n> + a1 = Fn+1(]— - |Fn|2)

Which proves (1.50).

We know from the abstract theory discussed in the previous section that there
is a positive measure p on the circle with ||u|| = 1 such that the ¢,, are the Gram-
Schmidt orthogonal polynomials with respect to this measure. We need to show
that the Herglotz function m of this measure satisfies

1—s(2)
m(z) = 1+ s(2)
where we have set s = b/a*.

We first argue that it suffices to prove the claim under the additional assumption
that the sequence F' is compactly supported. To pass to the case of general F', we
approximate s by s,. Clearly s, converges on the disc D pointwise to s since we
know convergence of (ay, b, ) to (a,b) in H. Thus the measures p,, (defined as above
by the function s,, = b, /a}) converge weakly to the measure p (defined as above
by the function s). Observe that the polynomials ¢,, defined as 2™ (a, + b},) do
only depend on the first m coefficients of F' and thus are the same as if defined
by the truncated sequences as long as the truncation parameter n is larger than or
equal to m.

Suppose we can prove that the inner product (¢, dm/) with respect to the
measure p, for all sufficiently large n is equal to the Kronecker delta of m and
m/. By passing to the weak limit, the inner product with respect to u is also the
Kronecker delta. Thus the ¢, are an orthonormal basis for pu.

We now prove the orthonormality property of ¢, under the additional assump-
tion that F;, is a finite sequence. Then a, b and m are analytic across the circle T,
and the measure p associated to the Herglotz function m is absolutely continuous
with respect to normalized Lebesgue measure and has density Re(m). We can write

1({1-s 1-5s*
Re(m) =3 L—i—erl—l—s*]
_ 1— ss*
o (T+s)(1+s*)

1
~ (a* +b)(a+b¥)
We need to show that with respect to this measure,
¢n = 2"(an +by)
is orthogonal to all z* with k < n and has length 1.
Consider the decomposition (we write a4 for as, etc.)

(a b)=(an bo)(ar bo)
or equivalently
(a b)(ai b )=(as b))
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We obtain
an + by, = aa’ —bb’ +b*a’ —a*bl
= (a+b")a} — (a" +b)b7y
And thus
/ 27k 2" (a, +b%)
T (a* +b)(a+b*)
a’ bt
160 — n—k + _ +
(1.60) /T ? {a* +b a+b*
However,
@
a*+b
is holomorphic on D and
b
a+ b*

is holomorphic on D* with a zero of order n + 1 at co. Thus the above integral
(1.60) is zero for 0 < k < n.
For n = k we write for (1.60)

a’ b
/1‘ a*+b a+b
~ai(0) 1
~a*(0) +b(0)  an(co)
As the highest order coefficient of ¢,, is a,,(c0), we obtain

[@nll® = an(00) (2", én) = 1

Thus we have verified that p is the measure with respect to which the ¢,, are
orthonormal.
We remark that if F' is a finite sequence and n is the order of the largest nonzero
element of F', then the density of the measure is given by
1 1

(ah + bn)(an +05)  |dnl?

O

We are now ready to prove Szegd’s theorem under the assumption that F), is a
square integrable sequence and thus log |a| is integrable.

The measure p splits as u = ps + pac Where ug is singular with respect to the
Lebesgue measure and fi,. is absolutely continuous with density w € L'(T).

Since Re(m) is equal to w almost everywhere on T, we have

Jrosv= [0y

*/loiJr/loLJr/lo !
B g|a|2 ®1+s S

The last two integrals vanish because the function 1/(1 + s) is holomorphic and
outer on D and equal to 1 at 0. Thus

/logw = 72/10g|a|
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On the other hand, inf; ||1 — f|| on the left-hand side of Szegd’s theorem is
equal to the modulus squared of the inner product (u,1) where u is a unit vector
perpendicular to the image of T': f — zf. (We shall momentarily establish that
under the assumption of square integrable F), this image has indeed codimension
1.) We claim that the vector u is the strong limit as n — oo of the vectors

2"y,
These vectors are unit vectors by (1.58) and perpendicular to z¢o, ..., 2¢,—1 by
(1.55). Thus the strong limit of these vectors has to be a unit vector perpendicular
to the image of T : f — zf.

To show the existence of the strong limit, we observe that applying the star
operation to (1.55) and multiplying by 2" we obtain

(1.61) 20 = (L= [F?) 22 gy — Fud

This recursion implies that
n
Zn¢;; = Z Ck,an¢k
k=0

for some constants ¢y, bounded by 1. Using orthogonality of the vectors ¢, we
obtain that the sequence (z,¢Z) has a limit .
Using (1.61) and orthogonality of ¢, to ¢o for n > 1, we obtain
o0
(1) = ] - 1B

i=1
Thus the left-hand side of Szegd’s theorem is [[;=, (1 — |F,,|*) and the identity of
Szego’s theorem follows by the nonlinear Plancherel identity.

This proves Szegos theorem in the setting of square summable F. It can be
shown that in case F' is not square summable, orthogonal polynomials can still be
defined using the Hessenberg matrix associated to the sequence F, and both sides
of Szegd’s theorem vanish.

1.19. Jacobi matrices and the nonlinear Fourier transform

Orthogonal polynomials on R and Jacobi matrices are related to the nonlin-
ear Fourier transform on [?(Z>1,[—1,1]), i.e., the space of bounded real valued
sequences Fj, on the the half-line. Since Jacobi matrices are a discrete model for
Schrédinger operators, the material discussed here also relates to the spectral the-
ory of Schrédinger operators. We only touch upon the subject, entry points to some
related current literature are [19], [7], [25].

Our main concern is again to show that on the one hand one can parameterize
a class of Jacobi matrices easily by sequences F' € [2(Z>1,[—1,1]), and on the other
hand one can determine the measure p associated to such a Jacobi matrix easily
from the nonlinear Fourier transform (a,b) of F'.

We first observe that if F is a sequence in [?(Z,[—1,1]), then the nonlinear
Fourier transform (a, b) of F satisfies

(1.62) a(z") =a*(z), b(z")=0b"(2)
by property (1.9) stated in Lemma 1.1. Conversely, any element (a,b) € H satis-

fying (1.62) has a real sequence F € [?(Z>o, D) as preimage under the nonlinear
Fourier transform.
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THEOREM 1.42. Let F € 1*(Z>1,[—1,1]) and let (a,b) be the nonlinear Fourier
transform of F. Let p be the positive measure on [—2,2] whose harmonic extension
to the upper half plane is the imaginary part of the function m defined by

1 1—bw)/a*(w)
w —w* 1+ b(w)/a*(w)

Then the Jacobi matriz associated to p via Theorem 1.38 satisfies

m(w+ w*) =

(163) Jn,n = (F2n+1(1+F2n) *Fanl(]- 7F2n))
(1~64) Jn+1,n = (1 + FQn)l/Q(l - |F2n+1|2)1/2(1 - F2n+2)1/2
form>1 and

(1.65) Jio =2Y2(1 — |F Y2 (1 — Fy)l/?

(1.66) Jo,o =2F;

We remark that the elements of the sequence F,, with even n enter into the
formulas for J;; in a different manner from the elements with odd index. Interesting
special cases occur when either all F;, with even index n vanish, or all F}, with odd
index n vanish, but we do not further elaborate on this here.

PrROOF. We study orthogonal polynomials for measures supported on the in-
terval [—2,2]. By a simple scaling argument, it is no restriction if we fix the length
of this interval. One can relate these polynomials to orthogonal polynomials on the
circle T using the conformal map

w—y=w+w"

from D to the Riemann sphere slit at [—2,2]. This map is sometimes called the
Joukowski map. The Joukowski map extends to the boundary T of D and maps
T\ {—1, 1} two-to-one onto the interval (—2,2) and maps {—1,1} to one to one to
the endpoints {—2,2} of that interval.

Using this map on T, one can push forward measures on T to measures on
[—2,2]. This provides a bijection from measures p’ on T with the symmetry p/(w) =
' (w*) to measures p on [—2,2]. The relation between ' and p is given by the

formula
/f w+ w*) dp (w /f ) du(y

We shall assume that the measure p is positive and normalized to ||g/|| = 1. Then
the same normalization holds for p.

By the Herglotz representation theorem, there is a holomorphic function m’
on D whose real part is the harmonic extension of y'. By the Herglotz represen-
tation theorem for the upper half-plane, there is a function m on the upper half
plane whose imaginary part is the harmonic extension of the compactly supported
measure g on R. We claim

m' (w) = (w —w")m(w + w*)

Namely, using the Poisson kernel for the disc, we have

i) = [ )

v—w
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Using the symmetry of u’, we obtain

1 *
mm@:—/”+w+”+w¢mm
TV—wW V" —w

1—w? ,
N /T (v —w)(v* —w) dp'(v)
- [r (vw* — 1)(v* — w) i (v)
= (w*w*)/T[(er’U*)*(w+w*)]71du'(v)

= (w - ") /R[y — (w+w")] " duy)

= (w—w")m(w + w*)
This proves the claim.

We now discuss how the orthogonal polynomials in the variable y = w + w*
can be identified with orthogonal polynomials in the variable w on T with respect
to u'. As in the previous section, let ¢, denote the orthogonal polynomials in the
variable w on T with respect to the measure p’. Thus

Pn(w) = w"[an(w) + by, (w)]

where (ap,b,) are the truncated nonlinear Fourier transforms of a sequence F,
supported on Zs;. Due to the symmetry of p/ we have

¢*(w) = p(w"), @ (w) = a(w"), b (w) =bw")

and the sequence F), is real.
As ¢, is orthogonal to all monomials of degree up to 2n — 1, the function

Pn(w) = (w")" pan(w)
is orthogonal to all functions w® with —n < k < n — 1. Consequently, 1, is also
orthogonal to all

(1.67) (w+w)* | 0<k<n-—1
By symmetry under w — w*, also 1% (w) is orthogonal to all (1.67), and so is
(1.68) U, =, + ¢ =[w(a+bd") +w " (a" + )]

However, U, is itself symmetric under w — w*, and thus a polynomial in y = w+w*
of degree n. Therefore, up to an as of yet unspecified scalar factor, ¥,, is the n-th
orthogonal polynomial with respect to .

To determine the scalar factor we calculate

[ watw)w; wyd
=/wmwmw+ﬁ>
=2+ 2Re / Y2 dv

=2+ 2Re/w_2n¢2n¢2n
If n = 0, this is simply equal to 4.
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Assume n > 0. Since ¢, is an orthogonal polynomial in the variable w with
respect to u’, we see that the last display is equal to

(1.69) =2+ 2Re/¢2n(w)w_2nco

where ¢ is the constant coefficient of ¢, which can be obtained from (1.55) and
(1.61)

2n

co = E H(l — |Fk|2)71/2
k=1
However, again by the fact that ¢, is an orthogonal polynomial, (1.69) is equal to

=2+ 2Re / Pan (W) B3, (w)co(Ez)

where cgnl is the highest coefficient of ¢9,,. From (1.61) and the value of ¢ stated

above we obtain
2n

o= [T = [F?)~12
k=1
Thus, since F, is real,
1951 = 2(1 + Fy)
Define
Dy =1
and, for n > 1,
®, =27V2(1 4+ Fy,) V%0,
Then ®,, is the n-th orthogonal polynomial with respect to u. Observe that the
expression for @,, in the case of generic n remains correct if we set Fy = 1.

We calculate the Jacobi matrix associated to the polynomials ®,. Assume first
n > 1. We can write for (1.68)

(U, ¥,) = (1,1)(a,b)(w™,0)(1,1)
Then we have the recursion equations
(1= | Fonta )2 (1 = [Fanyal )2 (W1, Ung)
= (1,1)(a,b)(L, Fonr1w™™ (1, Fanpaw ) (w™,0)(1,1)
= (L, 1)(a, b)(w", 0)(w, Fant1)(1, Fani2)(1,1)
(1.70) = (1, 1)(a, b)(w", 0)([w + Fan41][(1 + Fan2],0)(1,1)
In the last step we have used that for any real number v and any (a,b) we have
(a,0)(7,7) = (a+0,0)(7,7)
Similarly,
(1= [Fana )2 (1 = [Fon )2 (W1, W)
= (1,1)(a,b)(1, = Fopw?)(L, = Fop—1w®* ) (w"1,0)(1,1)
= (1,1)(a, b)(w", 0)(1, =Fan)(w", —F2n-1)(1,1)
(1.71) = (L 1)(a,b)(w", 0)(w" — Fapw — Fap—1 + FonFon-1,0)(1,1)

Multiplying (1.70) by (1 + an)/(l + Fypy0) and adding to (1.71) we obtain on the
right-hand side

(1, 1)(&, b)(w”, 0)(11} + ’LU»< + F2n+1(1 + an) — an_l(l — an), O)(l, 1)
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= (W4 w" + Fopy1(1 + Fop) — Fop_1(1 — Fo,)) (9, )

where we have pulled a real scalar matrix out of the product. Collecting the terms
and expressing V,, in terms of ®,, gives for n > 2:

(14 Fon) (1 = |Foni1[P)2(1 = Fang2) @1
(14 Fon—2)"2(1 = |Fan—1)Y2(1 — Fon)' 2@,y
= (w+w")P, + (Font1(1 + Fop) — Fop—1(1 — F,)) P,

This identity shows that we can express multiplication by y = w + w* in the basis
®,, by a matrix J with

Jn,n = (F2n+1(]- + FQn) - F2n71(]- - F2n))q)n

and
Tntin = (14 Fan)' 2 (1 = [Fania[))2(1 = Fany)'/?
for n > 1. To obtain the value for J; g, we review the above calculation for n =1

and observe that it remains correct if ®q is replaced by 2'/2® in view of the special
normalization of ®3. Thus

J21 _ 21/2(1 o |F1|2)1/2(1 o F2)1/2
To calculate Jy o, we specialize (1.70) to n = 0:
21/2(1 _ |F1|2)1/2(1 _ F2)1/2(@17¢1)

221 — |F[HY2(1 — Fy)Y28, = (w + w*) By + 2F, By
Thus
Jo,o =2F;

1.20. Further applications
1.21. Integrable systems

The linear Fourier transform takes partial differential operators into multi-
plication operators by coordinate functions. Hence the linear Fourier transform
takes simple partial differential equations such as linear equations with constant
coefficients into algebraic equations. The latter can often be solved by explicit ex-
pressions modulo the task of taking the linear Fourier transform and inverting it.
In this section we discuss that the nonlinear Fourier transform can be used similarly
to obtain explicit solutions to certain nonlinear partial differential equations, again
modulo the task of taking the nonlinear Fourier transform and inverting it. We
will present the calculations on a purely formal and thus expository level. They
can be made rigorous in appropriate function spaces, e.g., by the precise calculus
in [3]. The formal calculations for the particular example of the modified Korteweg
de Vries equation that we choose for the exposition can be found in [30]. A more
general discussion can be found in [15].

We need the nonlinear Fourier transform of functions on R and we shall briefly
introduce it.
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Recall that the linear Fourier transform of sequences is defined by
F(0) =) Fue ™
nez

Here 6 lives on the interval [—m, 7] C R. To pass to the continuous Fourier trans-
form on R, one can do a limiting process by letting § € [—7 /€, /€] and n € €Z with
€ approaching 0. Taking an appropriate limit, one obtains the Fourier transform of
a function F on R

(1.72) Fk) = /RF(x)e%’“‘ d

Here we have used a special normalization of 2ikz in the exponent of the exponential
function, which is maybe unusual but convenient for the discussions to follow.
Now consider F' € [3(Z, D), its truncations F<, and their nonlinear Fourier

~ =
transforms F<n = (ap, by). Then we have the recursion equation
1
(@n(2),bn(2)) = (an-1(2), bu-1(2))

1—[Fp[?
Subtracting (a,—1,b,—1) on both sides we obtain

(an(2),bn(2)) = (an-1(2), bp-1(2))
1
= (an—1(2), bn— —
(001(2), b D) | T
A similar type of limiting process as in the linear case, leads to an expression for the

nonlinear Fourier transform on R. The discrete variable n becomes a continuous
variable z € R, and the variable z becomes e¢?** for some real k, and we obtain

(1, Fn2")

(1, F,z") — (1,0)

@%(a(kvﬂf)vb(k,w)) = (a(k, ), b(k,x))(0, F(x)e?*™)

In case of compactly supported F, solutions (a, b) to this ordinary differential equa-
tion are constant to the left and to the right of the support of F'. We denote these
constant values by (a(k, —c0), b(k, —00)) and (a(k, ), b(k,0)). To obtain the non-
linear Fourier transform, we set the initial value condition
(a(k7 —OO), b(k7 _OO)) = (15 O)
and then define
A~
F (k) = (a(k,0),b(k,o0))
We review how the linear Fourier transform is used to solve linear constant

coefficient PDE. Our example is the Cauchy problem for the Airy equation. Thus
the problem is to find a solution F(x,t) to the Airy equation

Fy = Foye
(where a variable in the index denotes a partial derivative) with the initial condition
F(0,2) = Fy(x)

for some given function Fy. Taking formally the linear Fourier transform of F' in
the x variable one obtains a function F'(t, k) satisfying

F, = (—2ik)*F = 8ik’F
F(0,k) = Fy(k)
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For fixed k this is an ordinary differential equation in ¢ which has the solution
F(t, k) = 1 Fy (k)
Taking the inverse Fourier transform, one obtains
F(t,2) = (5 Fo(k))

Aanlogously, the nonlinear Fourier transform can be used to solve certain non-
linear partial differential equations. As an example we discuss the Cauchy problem
for the modified Korteweg-de Vries (mKdV)

(1.73) F, = Fppy + 6F?F,
F(0,2) = Fy(x)
Observe that the mKdV equation is a perturbation of the Airy equation by the

nonlinear term 6F2F,.
We take the nonlinear Fourier transform of the initial data:

~~
Fo (k) = (a(k), b(k))
Then the solution to the mKdV equation is formally given by

=~ 3
(1.74) F (t,k) = (a(k), 3" tb(k))

Therefore, safe for the task of taking a nonlinear Fourier transform and an inverse
nonlinear Fourier transform, this is an explicit solution.

We outline a proof of (1.74) on a formal level. The argument can be made
rigorous in approriate function spaces.

A Lax pair is a pair of time dependent differential operators L(t), P(t) in spatial
variables such that L is selfadjoint, P is anti-selfadjoint, and

d

L) = [P(), L(t)]
This Lax pair equation implies that eigenvectors of L are preserved under the flow
of P. More precisely, this means that if we have a solution ¢ to the evolution

equation

P(t)L(t) - L(t)P(t)

d
Z6(t) = P@)o()
and at time t = o we have

L(to)9(to) = Ao(to)
then we also have
L(t)o(t) = Ad(1)
for all t. Namely,
%[Lé —A¢| =[P, L]¢ + LP¢p — A\P¢
= P[L¢ — A\

Thus if L¢ — A\¢ vanishes for some tg, then it vanishes for all time.

We introduce the Lax pair which is useful for the mKdV equation. The op-
erators L and P are two by two matrices of differential operators. For some real
function F'(t,x) define the selfadjoint operator

0 —i(Z + F(t,z)
M”<u%+F@@ 0 )
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where F' denotes the operator of multiplication by F. We remark that this operator
is called a Dirac operator, since it is a square root of a Schrédinger operator:

oy [~z + Fut F? 0
LA(t) = 22 2
0 2 FE.+F

Thus L? separates into two operators that are of Schrodinger type.
We consider the eigenfunction equation for L:

Lo =ko
If we make the ansatz
[ alt k,x)e?*® +b(t, k,x)e ke
(1'75) ¢(ta k, Z) - ( a(t, k,:c)e“m _ b(t, k,x)e_“m
then the eigenfunction equation for L turns into the ordinary differential equation
0

%(av b) - (av b)(oa F€2ikx)

used to define the nonlinear Fourier transform.
Define the anti-selfadjoint operator P = P(t) by

p_ [ 4 +3{E Fot F?} - 4(ik)° 0
- 3 P
0 A 4 3{Z —F, + F?} — A(ik)?

where {A, B} = AB + BA denotes the anti-commutator of A and B. The operator
P(t) depends on the parameter k, but only through an additive multiple of the
identity matrix which vanishes upon taking a commutator.

Using some elementary algebraic manipulations, the Lax pair equation

d
—L =[P L
dt [7]

turns into the mKdV equation (1.73) for F. Thus L and P as above are a Lax pair
precisely when F satisfies the mKdV equation.
With the ansatz (1.75), the evolution equation for ¢,

d
0= Po

becomes a partial differential equation for a and b.

We shall now assume that F(¢,z) is compactly supported in = and remains in
a fixed compact support as t evolves. This assumption is only good for the purpose
of an exposition of the main ideas. In reality no solution to the mKdV equation
remains supported in a compact set under the time evolution, so in a rigorous
argument one needs to discuss asymptotic behaviour of the solutions for large |z|.

To the right and to the left of the support of F', the functions a and b are
constant and we write a(t, k, £00) and b(t, k, £oo) for the values to the right and
left of the support of F'. Outside the support of F, the partial differential equations
for for a(t, k, £00) and b(t, k, £00) become
3

d ” d
e +oo)ethT = [4 5
dta(t,k, oo)e [d:ﬁ

- 4(ik)3} a(t, k, £00)e*®

d —ikx __ d’ 1.\ 3 —ikx
Eb(t’ k,too)e = [4@ — 4(ik) } b(t, k,+oo)e
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The right-hand side of the equation for a vanishes and thus we obtain that a remains
constant:

a(t, k, £o00) = a(0, k, +00)
The equation for b reduces to

%b(t, k,+o00) = 8ik3b(t, k, +00)

which has the solution
b(t, k, -00) = b(0, k, +00)e5* "t

We now specialize to the solutions to the eigenfunction equation for L such
that

a(t,k,—o0) =1
b(t, k, —00) = 0

This is consistent with the evolution calculated above. Thus we have

o 8ik3t
F (t,k) = (a(t, k,00),b(t, k,00)) = (a(0, k, 00),b(0, k, 00)e>™ ")
This is the explicit form of the solution F' to the mKdV equation that we claimed.

1.22. Gaussian processes

We shall very briefly discuss the link between the nonlinear Fourier transform
and stationary Gaussian processes. A detailed account on the subject of Gaussian
processes can be found in [12].

Probability theory in the view of an analyst is a theory of measure and in-
tegration where the underlying measure spaces are hidden as much as possible in
language and notation. For probabilists’ intuition, the underlying measure spaces
are uninteresting. Many statements in probability theory are fairly independent of
the special structure of the underlying measure space.

A random variable f is a measurable function on some measure space of total
measure 1. Analysts would write f(x) referring to an element x of the underlying
measure space. The integral of this function over the measure space is called the
mean or the expectation E(f) of f. Analysts would write [ f(z)du(z) referring to
the measure p. A collection of random variables living on the same measure space
is called a family of random variables. The measure of a set in the measure space
is called the probability P of the set. Inded, since the set is usually discribed by
conditions on one or several random variables, the set is called the “event” that the
random variables satisfy these conditions.

For example, one writes

P(f>M\)

for the measure p({x : f(x) > A}) and calls it the probability of the event f > A.
The function P(f > \) in A is called the distribution function of the random variable

f.

A real valued random variable is called Gaussian, if

P(f>A) = c/ e (5750)*/20 g
A
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where ¢ is normalized so that P(f > —oo0) = 1. Observe that for a Gaussian
variable, the distribution function is determined by the mean value E(f) = so and
the variance

E((f - E(f)*) = B(f*) - E(f)* =0

A Gaussian family indexed by Z consists of a family of random variables
f ny n e Z

such that each f,, is Gaussian distributed with mean zero and also each finite linear

combination
f = Z ’Ynfn
nez

is Gaussian distributed.

In particular, E(f,) = 0 for all n. By linearity of the expectation, E(f) = 0 for
all finite linear combinations f as above. Therefore, the distribution of each linear
combination f is determined by the variance E(f?). By linearity of the expectation,
we have the formula

E(f2) = Z 'Yn'YmE(fnfm)
n,meZ

On the space of finite sequences (), identified as random variables f as above,
we can define an inner product of two elements f and f’ by E(ff’). It is positive
definite since E(f?) > 0 for all f. Let H be the Hilbert space closure of this inner
product space. The elements of this Hilbert space are again random variables.

Orthogonality in this space translates to the probabilistic notion of indepen-
dence. Independence means a factorization of the distribution functions:

P(f >\ f' > X) = P(f > NP(f' > X)
If two random variables are orthogonal in H, then

E(mnz2) = 0= E(m)E(n)
and E(mn2) = E(n1)E(n2) is a necessary condition for independence. In the setting
of Gaussian variables, it is also sufficient for independence.
If H' is a subspace of H, then every f € H can be split as

f — f/ + f//
where f’ is in H and f” is in the orthogonal complement of H'. The probabilistic
interpretation is that f’ is known if all elements in H are known, while f” is

independent of any knowledge about H’.
A stationary Gaussian process is one for which

E(fnfm) =Q(n—m)
for some sequence of numbers @ € [*°(Z). Equivalently, a Gaussian process is
stationary if it is equal to the shifted proces fn = fn_1. In particular, the length
of the vectors f, in a stationary Gaussian process is independent of n.

We observe that Q(n) = E(fn, fo) < E(fo, fo) = Q(0) for all n. This is a
special case of the property

3 Q= m)m > 0

for all finite sequences ,,. Indeed, the left-hand side has the meaning of E(f?) for
some f and is therefore non-negative. This property is called positive definiteness
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of the sequence . The following theorem by Bochner characterizes all positive
definite sequences.

THEOREM 1.43. A nonzero sequence Q.,, satisfies

Z Q(n - m)’yn%n >0
n,m
for all real valued finite sequences 7y, if and only if it is the Fourier series of a

positive measure on T:
Qn :/ 2" dp
T

We only prove one direction of the theorem. Assume @Q,, is the Fourier series
of a positive measure. Then

D> QM —m)ymym = / 2" Y dp

m,n

:/|Z%z”|2dpzo
n

This proves one direction of Bochner’s theorem.
Now there is an evident isometric isomorphism from H to L?(u). It maps the
elements f,, to the function z". Isometry is seen as follows:

E(fn, fm) = Q(n —m) = /Zn—m dp = <Zn’zm>L2(#)

Surjectivity follows from the definition of L?(u) as the closure of the linear span of
the monomials z™.

The space L% () takes us into the setting of orthogonal polynomials on the circle
T. Indeed, by reflection we consider polynomials in z~' and have the following
immediate consequence of Szegd’s theorem:

COROLLARY 1.44. The past, namely the span of f_1, f—2,... determines the
present fo, i.e., fo is in the closed span of f_1, f_o,... if and only if

/ log |w| = —oc0
T

where w is the absolutely continuous part of .

1.23. Appendix: Some Background material

This lecture has two sections. The first section gives some background material
on boundary regularity of harmonic and holomorphic functions on the unit disc.
This section contains several theorems that are important for a rigorous develop-
ment of the nonlinear Fourier transform.

The second section recalls some facts about the group Si3(R) and the isomor-
phic group SU(1,1). This section is meant to help understand some of the algebraic
manipulations done in this lecture series on a group theoretical level, but otherwise
is somewhat irrelevant for the overall understanding of the lecture series.
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1.24. The boundary behaviour of holomorphic functions

We shall study classes of holomorphic functions on the unit disc defined by
some size control.

For example, for any monotone increasing function ¢ : R>9 — R>¢ we can
consider the space of holomorphic functions

(1.76) s [ 9017 < )

Here fT denotes the integral over the circle T, i.e., the set of all z € C with |z| = 1,
with the usual Lebesgue measure on T normalized to have total mass 1.

71 27 0 d9
/Tf-*% . f(e”)

Thus for fixed r the integral in (1.76) has the meaning of an average over the
circle of radius r about the origin.

We shall mainly be interested in ¢(z) = 2P (producing Hardy spaces) and
¢(x) = log, (x) = max(0,log|z|) (producing Nevanlinna class).

The largest space we consider and the space containing all functions we shall
be concerned with is the Nevanlinna class:

N = (7w [ log, |7(r)] < o)
r<lJT

This space can be identified with a space of almost everywhere defined functions
on the circle, as the following theorem describes:

THEOREM 1.45. If f € N, then f has radial limits
lim f(rz)
r—1

for almost every z in T. (Here r is real and less than 1.) If the radial limits of
two functions f1, fa € N coincide on a subset of T of positive measure, then the
functions are equal.

The proof of this theorem will be discussed below.

The uniqueness result is not special to Nevanlinna class, provided one passes
to the notion of nontangential limits. A precise version of this statement is given in
the theorem below. The previous theorem also holds with “nontangential” in place
of “radial”, but we shall not need this.

THEOREM 1.46. Assume that two holomorphic functions on the disc each have
nontangential limits on sets of positive measure, and the limits coincide on a set of
positive measure, then the two functions are equal.

This statement is false if “nontangential” is replaced by “radial”.

For a proof of this theorem and a discussion of nontangential limits see Garnett’s
book [16].

Thus we can talk about “the holomorphic extension” of a function defined on
a positive set on T, provided such an extension exists.

One of the reasons for us to try to identify holomorphic functions with their
limits on the boundary is that on the Riemann sphere, the circle T is the boundary
of the unit disc about 0 and the boundary of the unit disc about co. We would
like to study simultaneously and compare the spaces of holomorphic functions on
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both discs. The boundary values of the functions on T are the only link between
the two spaces.

While knowledge of the real part of a holomorphic function on the disc is
sufficient to determine the imaginary part up to an additive constant, the above
uniqueness result heavily relies on the fact that we know the limits of both the
real and imaginary part. In particular, the analogue statement fails for harmonic
functions, as the example Re(iﬂ) shows, which has limit 0 almost everywhere on
the circle T but clearly is not zero.

Thus the notion of harmonic extension cannot be used as freely as that of
holomorphic extension, indeed it cannot be used easily in the context of functions
defined almost everywhere. However, harmonic extensions of measures are well
defined. This is described in the following theorem:

THEOREM 1.47. Given a complex Borel measure p on'T (an element in the dual
space of the space of continuous functions with the supremum norm), the function

f(2)=/Pzdu

where P, is the Poisson kernel,

11«)Re(§fi>

is a harmonic function on the disc. Radial limits of this function exist almost

everywhere and coincide almost everywhere with the density f € L' of the absolutely
continuous part of u, i.e.

1
p=5-fdo+ p,
T
where pg is singular with respect to Lebesgque measure df

PRrROOF. The kernel P, is harmonic in z € D, and thus the superposition
| P. du of harmonic functions is again harmonic (use the mean value characteriza-
tion of harmonicity and Fubini’s theorem). To study the existence and behaviour of
radial limits, it suffices to consider separately the cases of u absolutely continuous
and p singular with respect to Lebesgue measure. If u is absolutely continuous,
w= %fd@, we estimate

() - /T P f] < |£(2) = g(2)| + lg(2) — /T Progl +| /T Pe(f —9)l

< 1F(2) - g(=)| + lol2) — /T Pragl + CIM(f — g)(2)|

where M is the Hardy - Littlewood maximal function, which up to a constant factor
C dominates the integration against the Poisson kernel independently of r, and g
is some appropriate smooth function. If g is sufficiently close to f in L' norm,
then outside a small set the difference |f — g| is small. Outside a possibly different
small set, M(f — ¢) is small by the Hardy - Littlewood maximal theorem. The
term g(z) — fT P,.g can be made small by choosing r close to 1 depending on the
choice of the smooth function g. Making this argument rigorous using the correct
quantifyers one proves convergence of fT P..f to f(z) outside a set of arbitrarily
small measure, i.e., almost everywhere.
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If p is singular, one proves using a Vitali - type covering lemma that p has
vanishing density almost everywhere,

lim p([t — h,t 4+ h])/2h =0
h—0

for almost every ¢. For points ¢ of zero density one then observes that P, * f(t)
tends to 0. O

Observe that if p is absolutely continuous with a continuous density function,
then one can prove that the harmonic function f defined in the above theorem has
continuous extension to D UT. On T the function f coincides with the density
of u. Moreover, by the maximum principle, this extension is the unique harmonic
function which has continuous extension to T coinciding with the density function
of u.

The following is a variant of the above theorem:

THEOREM 1.48. Given a real measure p on T, the function

1) = [1m(

is a harmonic conjugate to the function defined in the previous theorem in the unit

disc. Its radial limits exist almost everywhere and are equal almost everywhere to
the Hilbert transform of u.

) du(C)

PRrROOF. Harmonicity (holomorphicity) follows again by characterizing harmonic
(holomorphic) functions by mean value (Cauchy) integrals and then using Fubini’s

theorem and the fact that the kernel gfﬁ is holomorphic. To see that radial lim-
its exist, one has to study convergence of the conjugate Poisson kernels, which
amounts to estimating maximal truncated singular integrals. We leave details as

an exercise. 0

There is a nice intrinsic characterization of those harmonic functions which are
extensions of positive measures, due to Herglotz [17].

THEOREM 1.49. Any positive harmonic function is the harmonic extension of
a unique positive measure.

We shall sometimes call a holomorphic function whose real or imaginary part
is positive a Herglotz function.

A real harmonic function is the extension of a measure if it can be written as
f1 — f2 with two positive harmonic functions.

PRrooF. If f is a positive harmonic function, then for each radius r there is a
positive measure y, on T with density f(rz). Let pu be a weak-* limit as  — 1 of
an appropriate subsequence of this collection of measures (each of them has total
mass equal to f(0) by the mean value property). By weak convergence, the Poisson
extension of y is equal to the pointwise limit of the Poisson extensions of u,, and
thus equal to f. This proves existence of a measure whose Poisson extension is f. If
w1 and po are two measures with the same harmonic extension, then the difference
measure has vanishing Fourier coefficients (this follows from calculating the Taylor
coefficients of the harmonic extension at 0), and thus is zero. (]
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Just as the real and imaginary parts of boundary values of a holomorphic
function do not individually determine the function, neither does the absolute value
of the boundary values. Indeed, the absolute value of the boundary value function
a.e. does not even in general determine membership in a space. For Nevanlinna
class, observe that Fatou’s theorem implies (let f also denote the boundary value

function on the circle)
[ tog. 1#1 < sup [ 10 15
T r<lJT

/10g+|f|<00
T

is a necessary condition for f to belong to N. But it is not a sufficient condition
since Fatou’s inequality can be strict and finiteness of

/10g+ |f]

does not imply membership in Nevanlinna class. An example is the function
exp( ﬁz), which has absolute value 1 almost everywhere on the circle T but is
not Nevanlinna class.

Similar statements hold for most function spaces, in particular the Hardy
spaces.

Let us note another application of Fatou’s theorem to Nevanlinna class func-

tions.

LEMMA 1.50. If f € N and f # 0, then log |f]| is absolutely integrable on T.

Thus

The point of the lemma is that originally we control only the positive part of
log | f], but via the lemma we also control the negative part.

Proor. By dividing by a power of z if necessary, we may assume f(0) # 0
(here we use f # 0). As log|f(z)| is subharmonic in the disc, we have

log |£(0)] < / log |£(r)| = / log, |£(r)] + / log_ |£(r)|

The first inequality is a consequence of subharmonicity and can be shown by Green’s
theorem (analoguously to the proof of the mean value property of harmonic func-
tions), using the fact that the distributional Laplacian of log | f| is a positive measure
(instead of zero as for harmonic functions).

Using the Nevanlinna class assumption we observe

log | £(0)] — C < / log_ |£(r-)|

and so Fatou’s lemma implies

log | £(0)] - C < / log_ /]
[}

Observe that this lemma also proves the uniqueness part of Theorem 1.45.
Since the difference of two Nevanlinna functions is Nevanlinna again, it suffices to
prove that if the limit function vanishes on a set of positive measure, then it is
constant 0. However, if the limit function vanishes on a set of positive measure,
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then log | f] is not integrable on the circle, so by the lemma f is identically equal to
0.

When estimating the size of holomorphic functions, it is natural to consider
the logarithm of |f|, which produces a harmonic function if f is zero free and a
subharmonic function if f has zeros. Thus Nevanlinna class functions are related
to harmonic extensions because for zero free Nevanlinna functions log|f| is the
harmonic extension of a measure.

LEMMA 1.51. If f € N then f can be factored as f1fo where f1 is an analytic
function in D bounded by 1 and log|f2| is the harmonic harmonic extension of a
measure. If f has no zeros, we may pick f1 = 1.

PRrROOF. As before, we consider the measures pu, defined by

/T gdjiy = /T 9()log, | ()]

By the Nevanlinna property of f, these measures have bounded total mass (in-
dependent of r), and thus there is a weak-x limit, u, of a subsequence of these
measures. Let fy be a function in N such that log|f2| is the harmonic extension
of p. Using subharmonicity of f and a limiting process, one can show that f
dominates f, thereby proving the above theorem.

If f has no zeros, then f/fs has no zeros, and log(f/f2) is a holomoprhic
function with negative real part. Thus its real part is the harmonic extension of a
negative measure. Thus log(f) is the harmonic extension of a measure. (I

We can now prove existence of radial limits almost everywhere for any Nevan-
linna function f. It suffices to prove existence for f; and fo where f = f1f2 is a
splitting as in the last lemma. By adding a constant to fi, we may assume that
f1 has positive real part. For such functions we proved existence of the radial lim-
its almost everywhere before. The function f2 has no zeros, and thus log(f2) is
holomorphic and its real part is positive. Thus radial limits of fy exist.

The bounded function f; cannot be omitted from the last theorem, because
f may have zeros. Using Blaschke products, one may choose f; to be a possibly
infinite Blaschke product. This can be deduced from the following lemma.:

LEMMA 1.52. Let f € N and let z, be the zeros of f (multiple zeros appear in
the sequence according to multiplicity). Then

3 (1 Jza) < o0

n

Conversely, if z,, is any such sequence with 0 appearing m times, then the (Blaschke)
product
m _

|Zn| 1-

Zn#0

converges uniformly on compact subsets of D to a bounded analytic function with
exactly the zeros z,. The radial limits of B on T have modulus 1 almost everywhere
on T.

PROOF. See Garnett’s book [16]. O
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We define an outer function to be a Nevanlinna function without zeros such
that log|f| is the harmonic extension of an absolutely continuous measure. Thus
log | f] is the Poisson integral of its a.e. radial limits.

Outer functions are very special functions: they are determined (up to a con-
stant phase factor) by the modulus of their limits almost everywhere.

This relates to the following lemma, which is a form of an “inverse Fatou” for
outer functions.

LEMMA 1.53. If the boundary value functions of an outer function is in LP,
then the outer function is in HP.

Proor. By Poisson extension we have

log | (2)| = / P.()log 1)

By convexity of the function €™ and Jensen’s inequality we have

s@P < [ POIOP
This implies that the restrictions of f to smaller circles are uniformly in LP. O

We will use the following criterion for outerness.
LEMMA 1.54. Let f and 1/f be in HP(D) for some p > 0. Then f is outer.

PROOF. Since f and 1/f are hoplomoprhic in D, we can choose a branch of
log(f) which is holomorphic in D. The L? estimates for f and f~! can be used to
obtain L? estimates of log(f) on circles of radius r about 0, uniformly in 7. Thus
log(f) in H?(D), which implies it is the Poisson extension of its boundary values.
This implies that f is outer. ]

1.25. The group Si2(R) and friends

The general linear group Glz(C) consists of all 2 x 2 invertible complex matrices
with the usual matrix product as group multiplication.
This group acts on the complex vector space C? by linear transformations

(2)= () (%)

Indeed, Gl(C) can be identified as the group of linear automorphisms of C2. The
projective (complex) line P! is the set of all complex lines in C? of the form

Lo ={(az,pz),z € C}

with parameters (a, 8) and af # 0.

The projective line P is a complex manifold with two charts C — P! given by
z— L, and 2’ — Ly .. The first chart misses only the line L; o and the second
chart misses only the line Lo ;. The transition between the two charts is given by
z=1/7"

Thus P! is isomorphic to the Riemann sphere. We shall mainly use the first
chart described above and write z = oo for the line L o.

The action of Glz(C) on P is then given by the linear fractional transformation

az+b
%
cz+d
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Thus the action is by biholomorphic maps (Mobius transforms) of the Riemann
sphere. Indeed, every biholomorphic self map of the Riemann sphere has to be
a fractional linear transformation (exercise), and thus be given by action of an
element in Glz(C). Thus we have a surjection of Giy(C) onto the set of Mdbius
transforms of the Riemann sphere.

Two elements in Gl3(C) give the same Mobius transform, if and only if they
are scalar multiples of each other. (The trivial action only comes from the scalar
matrices). The group of matrices in Glz(C) with determinant one is called Siz(C).
Since every matrix can be normalized to have determinant one (if det(g) = A, then
det(rg) = 1if v2 = A7, an equation that can always be solved for v in the complex
numbers), Sla(C) still covers all Mébius transforms. However, the two elements id
and —id of Si3(C) both map onto the identity Mobius transform. Thus Slz(C) is
a double cover of the group of Mébius transforms. The quotient of Slz(C) by the
central subgroup with two elements id and —id is called PSLy(C). The group of
Mébius transforms of the sphere is isomorphic to PSLy(C).

The group of Mobius transforms which leave the real line (a great circle) on
the Riemann sphere invariant, has to come from an automorphism of C? which
maps real vectors in C? to real vectors, and thus has to come from a real linear
automorphism of R?2.

These maps precisely give the matrices in Gla(C) with real entries. The group
of these matrices is Gla(R). This group has two connected components, the com-
ponent of elements with positive determinant and the component of elements with
negative determinant. The elements of the first component map the upper half
plane (positive imaginary part) to the upper half plane, the elements of the other
component map the upper half plane to the lower half plane. The group of matrices
in Gl3(R) with determinant 1 is called Si3(R). The group can be identified as a
double cover of all biholomorphic self maps of the upper half plane. The quotient
by the central subgroup of two elements is called PSiz(R).

By conformal equivalence, more precisely by a rotation of the Riemann sphere,
the M6bius transforms of the upper half plane correspond to the Mobius transforms
on the unit disc D = {z : |z| < 1}. The latter are matrices in Sl2(C) which leave
the set of vectors of the form (e!?z,z) with ¢ € R invariant. These vectors are
exactly the null vectors of the quadratic form

B(u,v) = [uf” — [v]?

A linear map preserving the null vectors of this form has to leave the whole quadratic
form invariant up to a scalar multiple. By the determinant constraint, this multiple
has to be 1 or —1, again corresponding to the maps which map inside of the unit
circle to inside, or inside to outside respectively. The matrices in Sl3(C) which
leave B invariant are precisely those that can be written in the form

()

with |a]? — [b|*> = 1. These matrices form the group SU(1,1). It is a double cover
of PSU(1,1), which is SU(1,1)/{id, —id}. By the above discussion this group is
isomorphic to Sla(R), and an explicit isomorphism can be given by conjugating
with a Mé&bius transform mapping the upper half plane to the disc. An explicit
isomorphism is given by

Sl(R) — SU(1,1)
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a b . (a+d)/2+i(b—¢c)/2 (a—d)/2+i(b+¢)/2
c d (a—d)/2—i(b+¢)/2 (a+d)/2—-i(b—1c)/2
Let us discuss eigenvalues of matrices in Sl3(R). The eigenvalues of a matrix
G in Si3(R) satisfy the equation

M —Tr(G)A+1=0

and the trace, Tr(G), is a real number. For |Tr(G)| < 2, the two solutions are
conjugates; they are distinct and have modulus one. In this case we call the group
element elliptic. For |Tr(G)| = 2, there is a double root 1 or —1. Such group
elements (in general Jordan blocks) are called parabolic. For |Tr(G)| > 2, we have
two distinct real roots. Such group elements are called hyperbolic.

The Mébius transformation associated to a matrix in Slz(C) will have two fixed
points on the Riemann sphere unless it is the identity transformation (which fixes
all points), or is a Jordan block and so has only one fixed point. For matrices in
SU(1,1) or Si3(R) the classification into elliptic, parabolic, or hyperbolic points
can be understood by the location of these fixed points relative to the domain (disc,
half plane).

The elliptic elements have a fixed point in the interior of the domain (disc, half
plane). Rotations of the unit disc are easy examples, but any fixed point is possible.
Parabolic Mobius transforms have a single fixed point on the boundary of the
domain. Horizontal translation of the upper half plane is an example. Hyperbolic
elements have two fixed points on the boundary. Multiplication of the upper half
plane by a positive scalar is such an example.

Intuitive geometric coordinates on SU(1,1) are

(b/|al,arg(a)) € D x R/27Z

Observe that the modulus of b/|a| determines the modulus of a and b via the
constraint |al? — |b|> = 1. The argument of b is equal to the argument of b/|al,
and the argument of a is given. Thus the above coordinates indeed determinant a
and b. Since b/|a| lies in the open unit disc, the group SU(1,1) can be visualized
as a solid open torus or equivalently an infinite cylinder in C x R where the last
coordinate is taken modulo 27. The main axis b/|a| = 0 consists of the elements in
the compact subgroup of elements

el 0
0 e i@

In Si3(R) these elements correspond to the rotations

(oo e )

Rotating about the main axis by an angle 2¢ corresponds to multiplying b
by a phase factor e?*?. This can be achieved by conjugating with the previously
displayed diagonal element of SU(1,1). Thus rotating the torus about the main
axis is an inner automorphism.

Reflecting across the plane determined by requiring b to be real corresponds to
replacing b by its complex conjugate. This corresponds to transposing the matrix,
which is an anti-automorphism (it changes the order of multiplication). Using the
previous rotation symmetry, reflecting across any plane through the main axis is
an anti-automorphism.
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General Lie theory puts the tangent vectors at the identity element in one-
to-one correspondence with one parameter subgroups. We claim that any such
subgroup lies in the plane spanned by the tangent vector and the main axis. For
the compact subgroup along the main axis this is trivially evident. For any other
subgroup, observe that reflecting across this plane gives another one parameter
subgroup (these groups are commutative) with the same tangent vector, and thus
the reflected subgroup has to be the same as the original subgroup. Thus the
subgroup lies inside the plane.

Moreover, we claim that the subgroups are contained in traces of the form

(1.77) sin(arg(a))|al/|b| = const

Which is to be read projectively.

Indeed it suffices to prove this for those subgroups with real b. Consider two
matrices in SU(1, 1) with parameters a,b and o', b’ and assume b, b’ real. If the two
elements are in the same subgroup, than the off diagonal element of the product is
again real,

0 = Im(ab’ + ba’) = |a| sin(arg(a)b’ — |a| sin(arg(a’))b

This proves the claim.

If the modulus of the constant in (1.77) is less than one, the entire trace de-
termined by the above equation is contained in the solid torus. The entire trace is
a subgroup consisting of elliptic elements. The subgroup is compact. We remark
that the special subgroup consisting of the main axis of the infinite cylinder is only
special in the chosen coordinates. It is by inner automorphisms equivalent to any
of the other elliptic subgroups.

If the constant in (1.77) has modulus equal to one, the solution set of the
equation (1.77) meets the boundary of the solid torus. Intersecting with the open
torus, we obtain two connected components. The component containing the identity
element is a non-compact subgroup, the other component is —1 times this subgroup.
All elements in these groups and remainder class are parabolic.

If the constant has modulus larger than one, then the trace of the equation
intersected with the torus has again two components. On component is a subgroup
consisting of hyperbolic elements, the other component is —1 times the subgroup
and also consists of hyperbolic elements. (The two components are mapped onto
the same group in PSU(1,1).)

If the constant is infinite, which means sin(arg(a)) = 0, then the trace consists
of two lines, one through the origin is a hyperbolic subgroup, the other one through
—1is —1 times this subgroup.

Note that all automorphisms of the group leave the infinitesimal cone of para-
bolic elements near the origin invariant. The group acts naturally on its Lie algebra,
which is R3. Since the group leaves a cone invariant, it is easy to see that it acts
as SO(2,1). Thus there is a map from Slz2(R) to SO(2,1). The kernel of this map
consists of the identity matrix and minus the identity matrix, therefore there is an
embedding of PSLy(R) into SO(2,1).

Ezercise: If K is the compact subgroup of SU(1, 1) of diagonal elements, calcu-
late the residue classes SU(1,1)/K and K\SU(1,1). They are spirals in the solid
torus representing SU(1,1).
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LEMMA 1.55. If G € SU(1,1), then
1Gllop = laf + [b]
log ||G||op = arccosh(|a|) = arcsinh(|b|)

PROOF. The operator norm of G does not change if we multiply from the left
or from the right by an element in the subgroup of diagonal elements. Thus we may
assume that a and b are real and positive. Now the matrix is real and symmetric
and thus its operator norm is equal to the maximal eigenvalue. However, a basis of
eigenvectors is (1,1) and (1, —1) so the eigenvalues are |a| + |b| and |a| — |b|. This
proves the lemma.






CHAPTER 2

The Dirac scattering transform

87



88 2. THE DIRAC SCATTERING TRANSFORM

2.1. Introduction

The linear Fourier transform on the integers can be defined as follows. If F;, €
12(Z) is a square-summable sequence of complex numbers, then we can (formally,
at least) define the linear Fourier transform F'(z) on the unit circle T := {z € C:
|z] = 1} by the formula

nez

Strictly speaking, this summation is absolutely convergent only when F}, is in I(Z),
but of course the Plancherel theorem guarantees that the map F — F can be
continuously extended from [*(Z) to [?(Z), and is in fact a unitary transformation
from [%(Z) onto L?(T) (where we normalize the measure on T to have total mass
one). We also remark that if F' is supported on the discrete positive half-line
[0,00) := {n € Z : n. > 0}, then F is in fact contained in the Hardy space H2(D)
of the unit disk D := {z € C: |z| < 1}, and conversely. Similarly if F' is supported
on the discrete negative half-line (—oo, —1] then F is contained in the Hardy space
HZ(D*) of the exterior disk D* := {z € C: |z| > 1} U{oo}, where HZ(D*) denotes
those elements of H?(D*) whose extension to D* vanishes at infinity.

The linear Fourier transform is of course useful for many tasks. We just mention
one of them here: if one wishes to solve the linear discrete Schrodinger equation®

DiFu(t) = i( P (t) + Faos(t))
then one can easily verify the formula
(2.1) EF(t,z) = exp(i(z + 2 ) EF(0, 2).

Thus, if one knows how to compute Fourier transforms and inverse Fourier trans-
forms, one can solve the Cauchy problem for the linear discrete Schrodinger equation
(or indeed for any linear discrete equation) explicitly, say for initial data F,(0) in
1%(Z).

The purpose of this paper is to generalize the above (very well-known) results
to the (Dirac) non-linear Fourier transform (NLFT) on the integers. The NLFT
will be defined on potentials F}, € [?(Z) which obey the additional constraint that
|F,| < 1 for all n; such potentials will be called admissible. Formally, the NLFT

~~
F (2) of such a potential is defined for z € T by the formula

/= 1 1 F,z "
(2.2) F(z)=1]] NS ( Fono1 ) ;
nez n

where the (non-commutative) product is interpreted from left-to-right, thus for-
mally we have

HM =...M_oM_1{ MMM, . ...

nez
This infinite product is only absolutely convergent when F is in [}(Z), but we
will show (in analogy with the linear situation) that we may extend the non-linear

11t is traditional to also place a factor of —2iFy, (¢) on the right-hand side, but we have elected
not to do so here (or later on in (2.7)) in order to simplify our formulae slightly. In any event this
factor of —2iF,(t) can be restored simply by multiplying F,(t) by e~2%.
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Fourier transform? from [1(Z) to [?(Z) by developing a non-linear version of the
Plancherel theorem.

Thus the NLFT F (z) is a multiplicative analogue of the linear Fourier trans-
form F'(z), but takes values in the space of 2 x 2 complex matrices instead of the

complex numbers; the factor ﬁ ensures that this matrix has determinant 1.

In fact it must take the form

where |a(z)|?—|b(2)|? = 1; the functions a(z) and b(z) (or more precisely 1/a(z) and
b(z)/a(z)) are sometimes known as transmission and reflection coefficients. In fact,
as we shall see, these functions are closely connected with the scattering transform
of a discrete Dirac operator L = L[F), defined as follows. Let L?(T) & L?(T) be

a(C)

the space of pairs
P P < B(C)

) of square-integrable functions on the unit circle® T,

with inner product

a a _ -
<( 511 ) ; ( 522 )>L2(T)@L2(T) = [FOQOQ + B152.
We endow L?(T) @ L?(T) with the orthonormal Fourier basis

s e (§) ()

and then define the linear operator L : L*(T) & L*(T) — L*(T) & L?(T) on the
Fourier basis vectors by the formulae

Lv, = /1 — |Fp|?vn41 + Frwy,
Lwpi1 := —F)vpy1 + V1 — | By 2wy,

It is easy to check that L is well-defined and in fact extends to a unitary operator
on L?(T) @ L?(T), with inverse L~ = L* given by

L™ 1 = /1 = |Fy|2vn — Fownia

L w, = EFrv, + /1 — |Fy|2wnqq.

(2.4)

(2.5)

In particular, the spectrum of L resides entirely on the unit circle. This fact will
ensure, for instance, that L has no bound states away from the unit circle, which
makes the analysis of these operators somewhat simpler than similar operators such
as Jacobi matrices. However, when F' is slowly decaying (e.g. if it is admissible
but no better) it is still possible for L to have embedded bound states or singular
continuous spectrum on the circle; we shall see that this will cause some difficulties
with analyzing the NLFT.

2We do not however resolve the very interesting question of whether this infinite product
converges in a pointwise sense for almost every z when F is in 12(Z). This would be a non-linear
version of a famous theorem of Carleson [Terry: Supply reference! Maybe also discuss NL Walsh
case, Christ-Kiselev].

3We parameterize the circle here by ¢ to distinguish it from the complex parameter z. The
relation will be given by z = ¢*2.
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The NLFT shares many features in common with the linear Fourier transform,
except of course that it is non-linear. When the potential F' is very small, we in
fact have the Born approximation

L+ 3P0 1o [ F17(2) F(2) )

26)  FY >~<
' “\ B 1+ 3P oo |F2(2)

which is easily obtained by discarding all terms of cubic and higher order in F'. Here
Pio,40) is the Riesz projection that maps ) ., c,2" to Zne[07+oo) cn2™ (i.e. the
orthogonal projection from L?(T) to H?(D), and similarly for P(—so,0- Later on
we shall see other common features, for instance the non-linear Fourier transform
enjoys many of the same symmetries as the linear Fourier transform and also has a
Plancherel identity. Moreover, just as the linear Fourier transform can be used to
solve the discrete linear Schrodinger equation, the non-linear Fourier transform can
be used to solve* the discrete non-linear Schrédinger equation (or Ablowitz-Ladik
equation)

(2.7) O Fy =i(1—|Fy?)(Fue1 + Fry1).

The factor (1—|F},|?) will ensure that the property of being admissible (in particular,
that |F,| < 1for all n) is preserved by the flow (2.7). As is well known, this equation
is completely integrable, and in fact can be placed in Lax pair formulation with the
operator L defined above in (2.4); we review this fact in ?77. As a consequence, we
can show (in analogy with (2.1), see also (2.6)) that

(2.8) b(t, z) = exp(i(z + 2~ Ht)b(0,2); alt,z) = a(0,2)

whenever F solves the Ablowitz-Ladik equation (2.7). Initially we will only be able
to derive this for sufficiently fast decaying potentials F', but later on we will use a
continuity argument to extend this fact to all admissible solutions to (2.7).

In view of (2.8), one sees that one could solve (2.7) explicitly (for 2(Z) poten-
tials, for instance) if one knew how to compute the NLFT and its inverse for 12(Z).
The forward NLFT is straightforward, being given more or less explicitly by (2.2),
but the inverse NLFT is more difficult. When the potential F' has sufficient decay
(e.g. is integrable), then the non-linear Fourier transform is a bounded function
of z, and one can use the inverse scattering methods of Gelfand-Levitan (based
on inverting Hankel operators) and Marcenko (based on solving a discrete integral
equation, basically a linear Fourier transform of the Gelfand-Levitan approach) to
invert the NLFT uniquely; for ease of reference we reproduce that result here. In
the special case when F' is supported on a half-line one can also use a “layer strip-
ping” (or Schur algorithm) approach to recover the potential; this method works
even when F' is admissible and no better. [Terry: insert references here!]

However when F' is supported on the full line, and is admissible and no better,
then inversion becomes more difficult. In fact we show that it is possible to have
several potentials with the same NLFT. This phenomenon is partly due to the
presence of singular spectrum of the Dirac operator L (a fact which is only partially
detected by the scattering data a(z), b(z)), however even if one restricts to those
class of potentials F' for which L has purely absolutely continuous spectrum, there
is still breakdown of uniqueness, in that it is still possible to find two distinct

4n fact, the NLFT can solve a number of discrete evolution equations, including a discrete
version of the modified KdV equation; see [Terry: insert Ablowitz-Ladik reference here].
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admissible potentials with the same NLFT. For Jacobi matrices, this phenomenon
was first observed by Yuditskii and Volberg [34].

Nevertheless, we are still able to obtain some results regarding the inverse
NLFT. First, by modifying the Hilbert space method introduced by Yuditskii and
Volberg, we are able to show that every set of scattering data a(z) and b(z) which
is “admissible” (specifically, that a(z) is an outer function on D, is positive real-
valued at the origin and |a(z)|? —|b(2)|? = 1 almost everywhere on T) is the NLFT
of at least one admissible potential on the line. In fact we supply two methods for
giving such a potential, and the two potentials thus produced coincide if and only if
the solution to the inverse NLFT is unique. Indeed, these two potentials form the
two extreme solutions to the inverse NLFT; we will show in a very specific sense
that all other solutions lie “in between” these two extremes.

[Emphasize that this work is mostly self-contained despite touching on a number
of different fields.]

[Thank Camil, John Garnett, Barry Simon, anyone else?]

2.2. Functions on the circle, disk, and exterior disk

In this section we set out some standard notation for complex functions on the
disk and recall some known facts concerning these functions. A standard reference
for these facts is [16].

We will be considering various complex-valued or matrix-valued measurable
functions from the circle T := {z € C : |z| = 1}, endowed with normalized circle

d
measure % thus

T ?

71 27 i do
[rfﬁ% . f(e™) do.

Many of these functions will have holomorphic or meromorphic extensions to the
disk D := {# € C : |z| < 1} or the exterior disk D* := {z € C : |z| > 1} U
{o0}. We abuse notation and use z to denote the identity function z — z, z~
to denote its reciprocal z — z~! etc. Note from the Plancherel theorem that
the functions {z"},cz form an orthonormal basis of L?(T). We define a (scalar)
Laurent polynomial to be a finite linear combination é of integer powers of z, thus
¢ =) ,czcn?" for some compactly supported sequence c,; such functions extend
of course to the punctured plane C — {0}, and extend also to 0 if ¢ is supported on
[0,4+00) and to oo if ¢ is supported on (—oo, 0].

We also shall need other circles (1 +¢)T := {z € C: |z| = 1 £ &} close to
the unit circle T. We always give these circles normalized arclength measure, so
that the total mass of these circles is always 1. Observe from Cauchy’s theorem
that fTT f= fT,T f if f is holomorphic on an open neighborhood of the annulus
bordered by rT and r'T.

We will identify a function f on the circle T with its holomorphic extensions (if
they exist) to D or D* (possibly with singularities at 0 or 0o), where these extensions
converge non-tangentially a.e. back to f on T. By the theorem of [?7Riesz??] we
know that such extensions, if they exist, are unique. We also adopt the usual
convention of identifying two functions on T if they agree almost everywhere.

Given any (possibly infinite) interval [p,q] := {n € Z : p < n < g} of the

integers, we let H, [2p d be the closed subspace of L?(T) generated by the orthonormal

basis {z" : n € [p,q]}; note that this is the image of I?([p,¢]) under the linear
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Fourier transform, and L*(T) = H, In particular we can define the usual

Hardy spaces

2
(700700) ’

H*(D) := Hfy , . H*(D*) :== HY
together with their mean zero variants
H3(D) := Hj |y H3(D*) := H ;-

As is well known H?(D) consists of boundary values of holomorphic functions in
D which are uniformly in L? on circles slightly smaller than the unit circle, while
HZ(D) is the codimension one subspace of H?(D) consisting of functions which
vanish at the origin; there are similar properties for H2(D*) and HZ(D*). Also
observe that HZ(D) (resp. HZ(D*)) is the orthogonal complement of H?(D*) (resp.
H?(D)) in L*(T).

If f is a complex-valued function on T, D, or D*, we define the conjugate f*
to be the function

f(z)=fE1);
thus if f is defined on T, D, or D*, then f* is defined on T, D*, or D respectively;
in particular, f € H?(D) if and only if f* € H?(D*), etc. We note that the
conjugation operation preserves holomorphicity, and is a skew-linear involution.

On the circle T we of course have f*(z) = f(z). We observe that the conjugate of
identity function z is z71.

[Define Nevanlinna, Smirnov, outer]

A Herglotz function on D* is any holomorphic function f : D* — {z € C :
Re(z) > 0} from the unit disk to the right half-plane, normalized so that f(cc) = 1.
The Herglotz representation theorem (see e.g. [16]) shows that one can associate

to each Herglotz function f a unique probability measure p on T such that
z + eié i
= sdp(e”
f(2) /T —gdn(e”)

for all z € D*. Furthermore, f lies in the Hardy space HP(D*) for all 0 < p < 1
(but not necessarily at p = 1!) and thus has non-tangential limits a.e. on T; indeed,

we have Ref(z) = | ddz‘rﬁw (z) for almost every z € T, where i, is the absolutely
continuous component of y and \;l_;l is normalized measure on T. Also, there exists

a real-valued distribution on T, which we shall call Hu (H denoting the Hilbert
transform), such that p+ iHp is the weak limit of f; in other words

lim (1+5)TC(Z)f(Z)/I‘C(Z) du+i/ c(z)Hpu

e—0 T

for any smooth function ¢(z) on a neighbourhood of T. In particular if ¢ vanishes
on T then the left-hand side is zero, while if ¢ is real-valued on T then

gi_>mo Re /(1+5)T c(2)f(z) = [r c(z) du.

In particular we see that the defect

Re/r c(2)f(z) — Eh_% Re /(1+a)T c(2)f(2)

in the convergence of Re f(1+6)T c(z)f(2) is equal to [rc(z) d(psc + fipp), Where
lse + [pp is the singular component of p. Thus we can use the defect of integrals
on circles to detect the presence of singular measure.
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2.3. Matrix-valued functions on the disk

For any two complex functions a(z),b(z) defined a.e. on T, define the 2 x 2

matrix Ma,b] by
a b*
M[aab]<b a*);

this is then a matrix-valued function defined almost everywhere on T. The space of
all such matrices is clearly a real vector space. It is also closed under multiplication:

(29) M[a_, b_]M[a+, b+] = M[a_a+ + b*_b_i_, a*_b+ + b_a+].

We say that Ma,b] is SU(1,1)-valued if the determinant is identically 1 almost
everywhere on T, i.e. aa*—bb* = |a|?—|b|> = 1 on T. The space of SU(1, 1)-valued
matrix functions is a group with identity id = M|[1, 0] and inverse

(2.10) Mla,b]~! = M[a*, —b).

Observe that in the event that M|a,b] can be holomorphically extended to D and
D*, then the identity aa* — bb* = 1 must then still hold (by uniqueness of exten-
sions), but the identity |a|? — |b|?> = 1 need not. We can a SU(1,1)-valued Laurent
polynomial any SU(1,1)-valued matrix function whose coefficients are all Laurent
polynomials.
For any SU(1,1)-valued M[a, b], we define the reflection coefficients r = r[a, b],
s = sla, b] by
b b*
ri=—; §:=—.
a a
Thus we have the pointwise estimate |r| = |s| < 1 almost everywhere on T.
Observe that the adjoint of M]a,b] is given by

Mla,b]* = M[a™, ],

in particular the space of SU(1,1)-valued matrices is closed under adjoint. The
space is similarly closed under transpose: Ma,b]’ = M|a, b*].

We now define matrix-valued non-linear analogues of the spaces L?(T), H [2p al’
H?(D), H*(D*), H3(D), and HZ(D*). Define £L?*(T) to be the space of SU(1,1)-
valued functions M{a,b] on the torus such that a extends to an outer function on
D with a(0) real and positive. Observe that since a is outer, the function 1/a is
also outer; in particular a has no zeroes in D. Since |a]? = 1+ |b]> > 1 on T, we
thus see from the maximum principle that |1/a(z)| <1 for all z € D. In particular
we have 1 < a(0) < +o00; we shall refer to a(0) as the energy of M|a,b], and denote
it as E(M[a,b]) := a(0). Since a is outer and has magnitude greater than or equal
to 1, we see in particular that a is log-integrable in T with

0< / log |a|] = loga(c0) < +o0.
T

Also we see that the phase arg(a) of a is the imaginary part of loga and thus can
be recovered from log |a| via the Hilbert transform. In particular, the phase of a
can be determined explicitly from the magnitude. We refer to elements M|a, b] in
L2(T) as scattering data; later we shall see that these elements are precisely the
non-linear Fourier transform (or scattering transform) of admissible potentials.

If M[a,b] € £L?(T) is a scattering datum, then the reflection coefficients r = b/a,
s = b*/a are bounded functions on T, and in particular lie in L?(T). We can then
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endow £2?(T) with a somewhat artificial metric, writing
d(Mla,b], Mla’,b']) := || log|a| —log ||| L1 ¢y + |7 — 7|l 2¢T) + |5 — 5" || L2(T)

where r = b/a, s = b*/a and similarly for /, s’. This is clearly a metric on £2(T)
(recall that if |a| = |@|, then a and o’ must have the same phase and are thus
equal), and can easily be seen to turn £2(T) into a complete metric space. Later
on, we shall prove that the NLFT is a continuous surjection from L?(Z;D) onto
L2(T), although it is not quite a bijection or a homeomorphism because there is
failure of injectivity.

For any finite interval [p, q] in the integers, we define the space 7-[ to be the
space of all scattering data M|a,b] € £L2(T) such that a € H[o,qu] and b € H[p,q]-
This definition has to be modified for the half-infinite case, as a and b will no longer
lie in L?(T); instead we will use reflection coefficients. More precisely, we define

7'[[2,,,4_00) to be the space of scattering data Mla,b] € £L2(T) where r € H[p +oo)’ and
’H%ﬁoqu] to be the space of scattering data Mla,b] € L2(T) where s* € H( ool

We warn the reader that while H[Qp,+oo) N H(2—oo,q] contains H? i)’ the two spaces
are not equal; this is in fact a major contributor to the failure of uniqueness of the
NLFT on the integers.

We then define

HA(D) == Hiy 1oy M (D) =H{ g H3(D) =Hf yooyi HID") =H{ o -

The spaces 7—[ can be easily verified to be closed subspaces of £2(T) (mainly

[p,q]
because their linear analogues H [2p g are closed subspaces of L3(T)). As we shall
see, the NLFT will be a homeomorphism from %([p, q]) to 7—[[21; d for any finite or

half-infinite interval [p, q], but not quite for the full interval (—oo, c0).

2.4. The non-linear Fourier transform for compactly supported
potentials

Define an admissible potential to be any sequence F = (F,)%%, in 1*(Z) such
that |F,| < 1 for all n. We call [>(Z; D) the space of all such potentials, which
we endow with the topology induced by [(Z). If F € [?(Z; D) is an an admissible
potential, we define the energy E(F) to be the quantity

nlgz V1= IF 7
observe that this product is absolutely convergent and 1 < E(F) < +o0.
We also define the transfer matrices® My nt1 by
1
VIoIEE

these are SU(1,1)-valued Laurent polynomials on T, which then of course extend
to the punctured plane C — {0}. More generally, for any integers n’ > n, we define

(2-12) My n = H Memi1 = MpeniiMpyienio . Mp 1003

n<m<n’

(2.11) My iy = M1, F,2";

5The reason for the arrow pointing left here is because of the convention that operators should
lie to the left of their operands; this will prevent the groupoid law (2.13) from being reversed.
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thus all the transfer matrices M,,_,,, are SU(1, 1)-valued Laurent polynomials. We
observe the groupoid law

(2-13) My Mpropr = My pr

whenever n < n' < n”.
If F' is compactly supported, then the transfer matrices M_n_,n eventually
become constant as N — +o0o, and so we can define M_ . o to equal this

N
constant value; we refer to this as the non-linear Fourier transform F of F. In
other words,

(2.14)

=~ 1
F =M giiooi= J[ Moo= J] —==ML F.2".

—oo<n< 400 —oco<n<+0o 1 - |Fn|2

A~
Again, for compactly supported potentials we see that F is a SU(1,1)-valued
Laurent polynomial.
Thus for instance, the non-linear Fourier transform of the zero potential F,, = 0
~~
is the identity function 0 = M][1,0], while the non-linear Fourier transform of a
Dirac mass F,,d,, (where ¢, is the Kronecker delta at n) is
2.15 Foo, = ! M1, F,z"

From the groupoid law we observe the multiplicativity property

—— A~
(2.16) Fi+F=FR F

whenever F is supported to the left of Fy (i.e. Fy(n)Fs(n’) is non-zero only when
n < n'); this is a weak analogue of the additivity property Fy + Fy = Fy + F» for
the linear Fourier transform. Note in fact that the two properties (2.15), (2.16)

=~
could be used to define F for all compactly supported potentials.
We now record some useful symmetries of the non-linear Fourier transform,
which are analogues of the corresponding symmetries for the linear Fourier trans-
form.

LEMMA 2.1. Let F be an admissible potential with compact support.
e (Phase rotation symmetry) If e’ € T and F' is the potential F! := ¢ F,,
then
~~ . —~
F' = M[e /2 0] F M[e"/?,0]
or in other words b'(z) = €b(2) and a'(z) = a(z).
o (Translation symmetry) If k € Z and F' is the potential F), := F,,_y, then

)

F' = M[z7*2 0] F M[2"?,0]

or in other words b'(z) = 2*b(2) and a/(z) = a(z).
e (Modulation symmetry) If ¢'* € T and F’ is the potential F), := ™" F,,
then
= A~
F' (2)= F (e"2)

or in other words V' (z) = b(e’2) and a/(z) = a(e’®z).
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o (Reflection symmetry) If F' is the potential F, = F* , then
A~
F'(z)= F (2)f

or in other words b'(z) = b(2)* and a'(z) = a(z).

The reader should verify that the above symmetries are consistent with the
Born approximation (2.6) and the corresponding symmetries for the linear Fourier
transform. Although we are currently only verifying these symmetries for com-
pactly supported potentials, they will easily extend to all admissible potentials by
a limiting argument once we show the continuity of the NLFT in the next section.

PROOF. The phase rotation symmetry follows from the observation that

M, = Me 2 0]M,. i1 M[e??/2,0]

n<n-+

for all n € Z. The translation symmetry is similar. The modulation symmetry fol-
lows by direct expansion of both sides, and the reflection symmetry can be obtained
by observing that M/ =M O

n<—n-+ —n<——n+1-

We now give the nonlinear Plancherel theorem for compactly supported poten-
tials.

PROPOSITION 2.2. Let [p,q] be any finite interval in the integers. Then the

2
[p.g]’
defined in the previous section. Furthermore for every F € 1*(|p,q]) we have the

Plancherel identity

A~
map F — F is a homeomorphism from 1*(|p,q); D) to H where 7—[[21) g was

or in other words

(2.17) [rlog|a| = loga(0) = H ;

néz V1= [Fnl?

This should be compared with the situation for the linear Fourier transform,
which maps [?([p, ¢]) unitarily to H, [2p g5 observe also that (2.17) is consistent with
the Born approximation and with the linear Plancherel identity

JRE AR
T neZ

One can also view (2.17) as a trace identity for the unitary operator L defined
earlier, but we will not pursue this viewpoint.

PROOF. We induct on the cardinality of the interval [p, q]. When [p, q] is empty
the claims are vacuously true, and when p = ¢ the claims can be verified by direct
inspection. Now suppose inductively that [p, ¢] has cardinality greater than 1, and
the claim has already been proven for all smaller intervals. The key is the following
lemma.

LEMMA 2.3. Let [p1,q1], [p2,qe] be two finite intervals such that q1 < pa (i.e.
[p1,q1] lies to the left of [p2,qe]). Then for any Mlay,b1] € ”H[Qphql] and Mlag,bs] €
7‘[2

[

oqa]’ WE have

M[ala bl]M[a27 bQ] € H[21)17Q2]
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and
(2.18) B(M a1, bi]Maz, ba]) = E(M[as, b)) E(M [az, bs)).

PRroOF. Using translation invariance we may take po = 0. Write M[a1, b1] M [az, ba] =
MTa, b]. Since the two factors on the left are SU(1, 1)-valued, so is the right factor,
thus |a|? — [b|? = 1. Also by (2.9) we have

a = ajag + bibe = ajas(1l + rosy)

where ro = by/ag, s1 = bi/aj. Since Mlag,bo] lies in "H[QOm], we see that 7o is
holomorphic on D and has magnitude strictly less than 1 on this disk. Similarly s;
is also holomorphic on D, is strictly less than 1, and vanishes at the origin. Thus
1 + rys1 is holomorphic on the disk, bounded and bounded away from zero, and
equals one at the origin. Since a1, as are outer, this implies that a is also outer,
and that a(0) = a1(0)az2(0), which is (2.18). Finally, since a; is in H[207qj_pj] and

b; is in H[ij’qj] for j = 1,2, one can easily see from (2.9) that a € H[%’qrm and

b; € H? and thus Ma, b] € H[QPhCD] as desired. O

[p1,g2]°

From this lemma, (2.16) and induction we thus see that the NLFT maps
%([p,q]) to H%([p,q]); this map is also clearly continuous from (2.14). Now we
prove that this map is injective on I2([p, ¢]). By translation invariance we may take
p =0. Let F be any element of [2([0, ¢]); we write F = Fydy + F’ where dy is the
Kronecker delta at 0, and F” € [%([1,q]). By (2.16) we have

=~ 1 =~
(2.19) F =———M[1,F)] F .

V1= [Fol?
= ~~
If we write F = M]la,b] and F' = M]|ad/,b'], we thus have

1 ) 1
a=————=(d + FjV); b=———==(Fod +V).
V1 —|Fp)? V1 —|Fp)?
Since o’ € H? and b € H [21 g We thus see that b extends holomorphically to

[an_l]
D and
1 Fy

Wa'@); b(0) = Wa'(m.
b(0)

2.20 Fy=—==r(0).
(2:20) o= 23 =10
P
In particular we can reconstruct Fy from F = M|a, b], and hence by (2.19) we can

a(0) =

In particular we have

i =~
recover F’ from F . By the inductive hypothesis the NLFT is already injective
on [2([1,q]), and is hence also injective on 12([0,¢q]). [Christoph: should probably
mention layer stripping and/or the Szego algorithm here.]
Now we show the NLFT is also surjective from 12([p, q]; D) to H?([p,q]), by
reversing the above injectivity argument. Again, we may take p = 0. Let M]a, b]
be any element of H2([0,¢]). We define the complex number F, by (2.20); note

that b(0) b
Fo= 20~ Joa

and in particular |Fy| < 1 (since |a]? =1+ |b|? , and hence b/a| < 1, on T).
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We then define a’, b’ by the analogue of (2.19), namely

1
Mla,b] =1 ———=M]1, Fy]|M|[d', V'],
thus
(2.21) Mld,b] = ——2 M1, —Fo|M]a,

V1= |Fol?
and hence by (2.9)

1 wN. 1
m(a Fyb); b = m( Foa +b).
We know that a € H[207q] and b € H[Qo,q]; by (2.20) we thus see that b/ € H[Ql,q]. At
first glance it seems that we can only place a’ in H, [20’ a’ but (2.20) and an inspection
of the 27 coefficient of the identity aa* — bb* = 1 shows that a — Fjjb has no 29
coefficient and thus o’ € H[Qo,q—u- Also we see that M[a',¥'] is SU(1,1)-valued and
12— |b'|? =1 on T. Evaluationg a’ at zero and using (2.20) we see that

a'(0) = /1 — |Fo|2a(0)

and in particular a’(0) is positive and real. Finally from the identity

a—Fjb=a(l - EFjr)

(2.22) a =

hence |a

and noting that r is bounded by 1 on D we see that 1 — EFjr is bounded and is
bounded away from zero, and thus o’ is outer. Thus M|d/,¥'] € 7_[[21 4> and by

inductive hypothesis arises as the non-linear Fourier transform of a potential F’

in 12([1,q]). By setting F' = Fydy + F and using (2.16) we obtain M[a,b] = ?,
which proves surjectivity.

Note this argument also shows that the inverse of the NLFT from H2([p, q]) to
12([p, q]; D) is continuous; note that both spaces are finite-dimensional so the exact
nature of the topology on H?([p, q]) is not a concern. This completes the proof of
the Proposition. O

2.5. The non-linear Fourier transform on half-line potentials

We now extend the non-linear Fourier transform, defined in the previous sec-
tion for compactly supported potentials, to admissible potentials on the half-line
[0, +00). If the potential is absolutely summable (i.e. in [*([0,400)) then the for-
mula (2.2) is absolutely convergent, but just as with the linear Fourier transform,
there is no obvious reason why this series should converge for potentials that are
merely admissible. However, the Plancherel identity (2.17) will allow us to make
the NLFT well-defined for such potentials, just as the linear Plancherel identity
does the same to the linear Fourier transform on [%(Z). Our main theorem here is

THEOREM 2.4. Let F € [2(]0,+00), D) be an admissible potential on [0, +00),
and let F<n be the restriction of F to [0, N]. Then the non-linear Fourier trans-

~ =
forms F<n form a Cauchy sequence in the complete metric space H[20,+oo) =H*(D).

In particular we may define the non-linear Fourier transform of F by the for-

=~ ~ =~
mula F = limy_, o F<n. Furthermore, the NLFT is a homeomorphism from
12([0, +00); D) to H2(D).
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[Cite Sylvester here, mention Layer stripping.]

PROOF. Let F € [2([0, +00); D) be an admissible potential on [0, +0c). From

~ =
Proposition 2.2 we see that F<y lies in 7-1[20 ~p» and hence in H2(D). Now we

show that @ is a Cauchy sequence. Let 0 < N < N’. Then we can write
Fent = F<y + Fy,n1), where F(y n7 is the restriction of I to (N, N']. If we write
/F_;; = M[a<n,b<n], etc., then by (2.16) we have
(2.23) Mla<n:,ben'] = Mla<n,b<n]Ma(n, N1, b, N1
In particular we have by (2.9) we have
(2.24) a<n' = a<ya(y,n(1 + s<nr(n,N1)s
where s<n = b% y/a<y, etc. Hence we have the pointwise estimate on T
‘log la<n/| — log |a§N|‘ <loglay,ni| + [log |1 + s<n7(n, N1l

But since |s<y| is bounded by 1, and r(y n+ has magnitude /1 — |a(y n/|~2, We
thus have®
|log la<n'| —logla<n|| < Clogla(y,nl-
By (2.17) we thus have
(2.25) [og lacn:| —loglasn|liry <C Y [Ful*.
N<n<N'
In particular we see that log |a<x/| is a Cauchy sequence in L'(T).

Now we consider the L?(T) convergence of r<y. We have

bSN/aSN — bSNaSN/

T<N' —T<N =

A< N'A<N
But if we rearrange (2.23) as
(2.26) MlaZy, —b<n]M[a<n:, ben'] = Mla(y N1 (N, N
and apply (2.9) we see that

bv,N) = a<nban’ —b<ya<ny
and thus
b, N
<N/ —T<N = ——— .
A< N'A<N

But taking operator norms of all terms in we obtain
la(v, vl < Clasnlla<n|

and hence
b ’
Ir<n: — r<n]| < CM.
a1l
Since 1+ by, n1|* = |a(n,n1|?, we see that
b, v

]|2 S ClOg |a(N’N,]|

|a(N,N’

6Here and in the sequel we use C' to denote various absolute constants.
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and hence by (2.17)
(2.27) Iren: —=r<nli= <C > |Fa?
N<n<N'

and so r<y is a Cauchy sequence in L?(T).
Finally, we consider the L?(T) convergence of s<y. We begin by applying the
Hilbert transform (which is of weak-type (1,1)) to (2.25) we see that

|arga<n —arga<ns||pre < C Z |E %
N<n<N’
exponentiating this we obtain

aly  aZn
== - =S pem <C Y RS

a<n  O<N N<n<N'

and thus (since the expression inside the norm is bounded)

aiN a’*<N’ 2
== = =2y <C > |Ful”.

a<nN  O<N N<n<N'

*

Since s<y = riNZi—Z, and similarly for N’, we thus see from this and (2.27) that

Is<n' —s<nliz <C D |FJ*
N<n<N’

~ =
Thus F<y is a Cauchy sequence in H?*(D). Indeed note that we have proven the

more precise bound
)<C >R
N<n<N’

AN
d(F<n, F<n/

=~
We can thus define a non-linear Fourier transform F  for any F € [2(]0, +c0); D),
and we have the convergence estimate

~ N N
(2:28) d(F<y, F)<C Y |Ful”.

N<n

Now we show continuity. Let F*) be any sequence of admissible potentials in
12(]0, +00); D) which converges to another potential F in [2([0, +o0); D). We need
to show that for every ¢ > 0 we have

(k)
d(F'"Y, F ) <Ce
for all sufficiently large k. To show this we first choose N large enough so that
Z |FTL|2 S 57
N<n
and then choose k so large so that
DOIEPP <e.
N<n
Thus from (2.28) we have

~~ = —— =
d(Fen, F),d(F'k)<n, FP) < Ce.
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From the continuity on finite intervals [0, N] (from Proposition 2.2) we can also
choose k large enough so that

(k) * )
d(F<N7F§N) S e.

The claim then follows from the triangle inequality.

Because of this continuity we now know that the symmetries in Lemma 2.1, as
well as the groupoid law (2.16) and the Plancherel identity (2.17) will continue to
hold for these class of potentials by a limiting argument.

Now we show injectivity of the NLFT from [2([0,00)) to H?(D). This will be
a repetition of the proof of injectivity in Proposition 2.2. Let F' be any admissible
potential in [%([0,0)), and let F<y be as before. Then we have by (2.20)

Fy :T<N(0) :/ T<N-
T

Taking limits as N — +oo (since r<y is convergent to r in H?(D)), we obtain
b(0
(2.29) Fy=r(0)= / r= Q
T

—~~
So we see as before that Iy can be reconstructed from F . Now write F' = Fydg+F’
as before. Applying (2.16), we thus see that
~~ 1 ~~
(2.30) F =—— _M[,F] F',
V1=|F?
and hence we can reconstruct F’ from F. If we write F/ = Fi6; + F", where F"”
is the restriction of F to [2,+00), then by a similar argument to the above (using
the translation invariance first to shift F’ back to [0, 00)) we can recover Fy from

F’ . Continuing this “layer stripping” procedure indefinitely we can reconstruct

all of the potential F' from ?, which shows the injectivity.

Next, we show surjectivity from 12([0, 00)) to H2(D); again, this is analogous to
the corresponding argument in Proposition 2.2. Let M]a, b] lie in H2(D); we need
to find a potential F in [%([0, +0c); D) whose nonlinear Fourier transform equals
M]a,b]. Since M]la,b] lies in H?(D), r extends holomorphically into D and has
magnitude strictly less than 1 on almost all of T. Thus we can define Fy by (2.29),
and we have |Fy| < 1. Now we define M[a’, '] by (2.21) (or (2.22)). Since |Fp| < 1,
we see that 1 — Fjr is holomorphic on D and is bounded away from zero. Thus
by (2.22) ' is an outer function, and by (2.29) we see that a/(0) is a positive real.
Also, from (2.22) we see that

o b_/ _ —Fy + T
a 1-Fgr’
since 1 — Fjr is bounded away from zero, we see that 7’ lies in H?(D); in fact it
lies in HZ(D) since 7/(0) vanishes thanks to (2.29). Finally, from (2.21) we see that
Mla', V'] is SU(1,1)-valued on T. Thus M|a’, V] lies in H3(D) = H[21,oo)~

We can then translate M([a’, V'], to M[z~'/2,0]M|a’, '] M[2'/2,0], which lies in
H%(D), and apply the above procedure again. Undoing the translation, this gives
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us another complex number |F;| < 1 such that
1

V1= |F?

where M[a",b"] € H? (2,00 Continuing this process indefinitely, we obtain a se-

Mla' V] = M1, Fiz]M|a",b"]

quence (F),>0 of complex numbers with |F,,| < 1, such that for every N > 0 we
have

( 11 M1, Fnz"])M[a>n, b>N]
0<n<N 1_|F |2

where Ma>n,b>n] € ”H[QN ). In other words, if we use the transfer matrices
defined in (2.11), (2.12), we have

(2.31) M[a,b] = MO<—NM[a2N;b2N]-
Write Moy =: M[a<n,b<n]. By Proposition 2.2 we have M[a<n,ben] € H[20,N)7
S0 a<N,ben € H[QO n)- From (2.9) we have

a4 =Ga<NG>N +b*<Nb>N = a>N(a<N +b*<N7“ZN).

Since Ma>n,b>n] € ’H[QN o)y We have r>y € H[NJr )» and hence bZyr>n €
H(20 too) = = HZ(D). Thus b% yr>y vanishes at the origin, and so we have

E(M(a,b]) = a(0) = a>n(0)a<n(0) = E(Moen)E(M[a>n,b>nN]).
Since the energy of scattering data is always at least 1, we thus have
E(Mon) < E(Mla,b)).
By the Plancherel identity (2.17) we thus have

< a
0S§N \/1_|F |2

and hence F' (extended by zero on (—o0,0)) is an admissible potential with

P)= 3, e < PO

=~
Since F' is admissible, we can form the nonlinear Fourier transform F of F. We

b))

A~
now claim that F = M]a,b], which would prove the surjectivity. To this end, we
define the function M[ano, beo] by

Moo, boo] = Mla,b]™*

our task is to show that M[aco, boo] is the identity M[1,0]. For any N > 0, we see
from (2.16) that

—~ —_
F =My nF>n

where F>p is the restriction of F' to [N, +00). From this and (2.31) we thus see
that

-1
M[aoo,boo]:M[azN,bZN] FZN'
~ =~
Writing Iy =: Mal , b5 y], we then see from (2.9) and (2.10) that

/ / 14 /
boo == aZszN — aszZN = aZNaZN(TZN —TZN).
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Since a> v, a>N is in the Nevanlinna class on D and 7°>N, r>n both live in H[N 50)

(because a and Ma>n, b>n] both live in H[N,oo))v we thus see that b is Nevan-
linna on D and vanishes to order N at the origin. But N is arbitrary, hence by, must
be identically zero. This implies that 7"’2 N = r>n for every N; taking magnitudes
we thus see that [a% | = [a>n| on T. Since a5 and a>y are both outer, this
implies that al y = a>n, and thus M[a>N, b>n] = M[al 5, b>n]. But this implies

that M[as,boo] = M[1,0], and thus F = M]a, b]. This proves the surjectivity of
the NLFT from [2([0, +00)) to H?(D).
Finally, it remains to verify that the inverse NLFT is continuous. First observe

~~

from (2.29) that the map from F to Fy is continuous on H?(D). From (2.30)
~~ =

this implies that the map from F from F’ is continuous from H?(D) to HZ(D).

=
Iterating this, we see that the map from F to F, is continuous on H?(D) for
all n > 0. Now let F*) be any sequence of admissible potentials in 12([0, +00); D)

~ =~ Py
such that F®) converges to F in H?(D); by the above discussion we have the
pointwise convergence result limg_ o F,(lk) = F,, for all n € Z. In particular, we see

that
hm
O<n<N J1 |F7§k |2 0<nen V1 | Fn |?
~ = PNy
for any 0 < N < 4o0. Also, since E(F®) converges to E( F
that E(F(*)) converges to E(F), so in particular

fim T ————— = J] ——— — B(F).

k=0 0 lm w],—|FﬁkH2 0<n V1= |F?

Thus for any € > 0, if we choose N large enough so that

H 1—|F|2<1+€

n>N

1

I/\

), we see from (2.17)

(using the admissibility of F' to do so), we see that

1
1< H — <142
nSN /1 — |FM)2
for sufficiently large k; taking logarithms, this implies that
STIER —Fu? < C Y [FW P +|F,|* < Ce.
n>N n>N

But since F,(lk) converges pointwise to F),, we also have

> |ER — Fy* < Ce
0<n<N

for k large enough. This shows that F(*) converges to F in the I? topology, which
gives inverse continuity as desired. (I

Using reflection symmetry (and also translation symmetry by one unit) we
obtain the analogous result on the negative half-line:
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COROLLARY 2.5. Let F' € 1?((—o00, —1], D) be an admissible potential on (—oo, —1],
and let F>_y be the restriction of F to [-N,—1]. Then the non-linear Fourier

transforms F>_pn form a Cauchy sequence in the complete metric space H(foo’fu =

HE(D*). In particular we may define the non-linear Fourier transform of F by the

=~ —N ) )
formula F = limyn_, 4o F>_n. Furthermore, the NLFT is a homeomorphism
from I2((—o0, —1]; D) to HE(D*).

There are of course analogous results for other half-lines such as (—oo, g] and
[p, +00) by translation symmetry; the NLFT is a homeomorphism from 1?((—o0, q|; D)
onto H(Qfoo,q] and from [?([p, +00); D) onto pr’Jroo) (one can think of these facts
as a nonlinear version of the Paley-Wiener theorem). Of course all these definitions
of the NLF'T are consistent with each other since they all agree on compactly sup-
ported potentials, which are dense in all the above spaces, and we have established
continuity of the NLFT.

[Mention here the Muscalu-Tao-Thiele counterexample that shows the NLFT
is not C3. But mention also Christ-Kiselev.]

The uniqueness of the inverse NLFT on the half-line is closely related to the
uniqueness of the inverse spectral problem for (admissible) Dirac operators on the
discrete half-line; we will return to this point briefly when we discuss the eigenfunc-
tion problem for such operators. We remark here though that Killip and Simon
[19] have recently solved the inverse spectral problem for (admissible) Jacobi ma-
trices on the discrete half-line, which has the substantial additional difficulty of
potentially having an infinite number of isolated eigenvalues in the spectrum.

2.6. The NLFT on the whole line Z

Having defined the NLFT on both the positive half-line and negative half-line,
we now concatenate the two (using (2.16)) on the whole line. The key lemma is

LEMMA 2.6. If M[a_,b_] € H3(D*) and M[a,by] € H*(D), then M[a_,b_]Mla,,by] €
L2(T), and
(232) E(M[a—a b—]M[a+7 b+]) = E(M[a’—7 b—])E(M[a+7 b+])
Furthermore, this multiplication operation is continuous from H3(D*) x H?(D) to
L2(T).
Later on we shall show that this multiplication map is surjective, but not
injective.
PrOOF. Write Ma,b] := M[a_,b_]M[ai,bs]. Clearly Mla,b] is SU(1,1)-
valued. By (2.9) we have
(2.33) a=a_ayb*by =a_ay(l4+rys_).

But ry € H?(D) and s_ € H3(D), with both functions strictly less than 1 a.e. on
T, and hence on D (by the maximum principle). Hence 1 + r;s_ is a Herglotz
function on D which equals 1 at the origin, and in particular is outer. Thus a is
outer, and

a(0) = a—(0)a(0)
which is (2.32). In particular a(0) is real and positive, and so Ma, b] lies in £2(T)
as claimed.
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Now we consider the continuity. Let M [a(_k),b(_k)] be a sequence in H3(D*)
converging to M[a_,b_] € HZ(D*), and let M[aﬁf), bgf)] be as sequence in H?(D)
converging to M[a,by] € H2(D). Write M[a™®, "] := M[a(_k), b@]M[af), bf)]
and M[a,b] := M[a_,b_]MJay,b,]. We need to show that M[a™®, b*)] converges
to M[a,b]. Actually it suffices to do this for a subsequence, since the initial sequence
was arbitrary. In particular we may pass to a subsequence for which M [agf ), b(ik )]
converge pointwise to Mlax,b+], and hence M[a®, b)) converges pointwise to
M]a, b).

The convergence of r*) to r and s to s then follows from the Lebesgue
dominated convergence theorem, so it suffices to check log |a®)|. From (2.33) we
have

log |a| = log |a—| + log|ay |+ log|1 + ris_|
and similarly

log [a® | = log [a™| + log |af)| +log |1 + rf)s(_k)|.

Since log |a£_f)| converges to log la+| in L(T), it thus suffices to show that
/ |log |1+ rs® _log |1+ rys_|| = 0.
T

(k)12 _
V2=

But we can use the identity |a 1+ |b(f ) |2 to easily verify the pointwise estimate

|log |1 + rf)s(fc)ﬂ < Clogla®| + Clog|a§f)|

and the right-hand side is convergent in L!(T),and so the claim follows from the
generalized Lebesgue dominated convergence theorem. (I

From the above lemma we can define the NLFT of any admissible potential
F €12(Z;D) by the formula

N
F = F(—oo,O)F[O,—i-oo
where F(_ o] is the restriction of F' to (—oc,0], and similarly for Fio tinft). By
(2.16) this definition is consistent with the prior definition of the NLFT for com-
pactly supported potentials, and by the above Lemma, Theorem 2.4, and Corollary
2.5 we see that the NLFT is thus a continuous map from [%(Z; D) to £2(T). Fur-
thermore we have the Plancherel identity (2.17) for all admissible potentials, as
well as Lemma 2.1 and (2.16).

One consequence of the continuity of the NLFT on [2(Z;D) is that we can

now define transfer matrices My« 400y M_cocn, and M_o« 4o by the obvious

=
limiting procedure; note in particular that M_..« 4o is exactly the same as F' .

Also observe that the convergence of M_ . n (for instance) to M_ oo too is in the
topology of £2(T), but this can be altered to pointwise convergence a.e. by passing
to a subsequence in the usual manner.

It remains to consider the question of whether the NLFT, as a map from
12(Z; D) to L2(T), is surjective or injective. In light of the previous results, this
is equivalent to asking whether the multiplication map from HZ(D*) x H?(D) to
L2(T) is surjective or injective; in other words, whether for any given scattering
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datum Ma,b] € L?(T) there is existence and uniqueness of the Riemann-Hilbert
problem (RHP)
(2.34)

Mla,b] = M[a_,b_]M[ay,by]; Mla_,b_] € H2(D*),Mlay,by] € H*(D).

Unfortunately the uniqueness to the RHP (and hence injectivity of the NLFT)
can fail. The obstruction is that there are non-trivial elements Mag, by in the
intersection space H°, defined by

HO .= HEZ(D*) NH?(D);

in other words, there exist SU(1,1)-valued functions M{ag, bg] such that ag is an
outer function on D with ag(0) > 0, and such that by/ag and bjj/ag lie in H?(D)
and H2(D) respectively. A simple example is given by

2sinhf ez —e 0z

T T T

where 6 > 0 is an arbitrary parameter. More generally, one can construct examples
M ag, bo] in H° by choosing by to be any function in both N+ (D) and Ny (D*) (e.g.
a rational function vanishing at infinity whose only poles are at T), and then set
ap to be the unique outer function with magnitude log|ag| = log+/1 + |bp|? and
which is real and positive at the origin. These examples clearly show the NLFT
is not injective on the full line Z, since Theorem 2.4 and Corollary 2.5 show that
MTag, bg] is the non-linear Fourier transform of a non-trivial admissible potential
on [0,+00) and also a non-trivial admissible potential on (—o0,0]. Equivalently,
these examples show that failure of uniqueness for the RHP (2.34), as the identity
M][1,0]Mao, bo] = MJao, bo] M|[1,0] clearly shows.

Thus the NLFT does not have a globally well-defined inverse. Nevertheless,
it will turn out that in many situations the NLFT can be inverted; that there
are many examples of scattering data M|a,b] in £2(T) which arise from only one
admissible potential F in [?(Z;D); when this happens, we say that M[a,b] has
unique inverse NLFT. For instance, we will show in 7?7 that one has unique inverse
NLFT whenever M[a, b] is a bounded function of T, or if M|a,b] lies in H?(D) or
H?(D*) and is an L? function of T. Furthermore, we can show that the space H° is
in some sense the only obstruction to inverting the NLFT. More precisely, we will
show the following factorization theorem. Let H ™~ denote the space of all potentials
Mla—,b_] in HE(D*) which have unique inverse NLFT, and similarly define H° to
be the space of all potentials M[a4, by ] in H2(D) which have unique inverse NLFT.

o -

THEOREM 2.7 (Triple factorization). Let Mla,b] € L?(T) be a scattering da-
tum. Then there exists a unique factorization

(235) M[aa b] - M[G‘**a b,,]M[ao, bO]M[aJrJrv b++]
where Mla__,b__] € H™, M[ag,bo] € H°, M[as+,bsy] € HT, with
(236)  B(Mla,b) = B(Mla__,b_])E(M(as, bo)) B(Mlas 1 by ).

Furthermore, any solution to the Riemann-Hilbert problem (2.34) can itself be fac-
torized in the form
(2.37)

Mla—,b_] =Mla__,b__[Mla_o,b_ol; Mlay,by]=Mlaos,bos|M|ayy,bi]
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where Ma_q,b_o], M[ao+,bo+] solve the reduced RHP
(2.38) M[a_o, b_o]M[a0+, b0+] = M[ao, bo]; M[a_o, b_o], ]\4[&04_7 bo+] S HO.

Conversely, every solution to the reduced RHP (2.38) induces a solution to the
original RHP (2.34) via (2.37).

Thus the problem of solving the RHP (2.34) is equivalent to that of solving
the RHP (2.38); this explains our earlier comment that H® was in some sense the
only obstruction to inverting the NLFT. In particular we see that M|a, b] has unique
inverse NLFT if and only if its middle factor M|ag, bo] in the canonical factorization
is trivial (i.e. is equal to M[1,0]). To put it another way, the set of functions M [a, b]
with unique inverse NLFT is equal to H~ - H+.

The rest of the paper is devoted to proving this theorem, which is non-trivial
and requires quite a bit of machinery involving the scattering theory of the Dirac
operator L[F]. While the theorem does give quite a bit of insight into the inver-
sion problem for the NLFT, there are still several questions that we were unable
to answer satisfactorily. While we do have an explicit construction for finding
Mla—_,b__], M[ayy,by], and Mlag,bo] from M|a,b], which in principle gives
an explicit characterization of H~, H™, and of the unique inverse NLFT property,
this construction relies on the Riesz representation theorem for Hilbert spaces (cf.
the proof of Beurling’s theorem) and so is not easy to work with in practice. For
instance, we do not yet have a satisfactory necessary and sufficient condition on the

=~
potential F' in order for F to have unique inverse NLFT, although we do have
some partial results in this direction.
We close this section with a basic result which is consistent with Theorem 2.7.

LEMMA 2.8. We have H3(D*)-H° C HZ(D*) and H° - H*(D) C H?*(D). As an
immediate corollary we have H° - H°® C HO.

PROOF. It suffices to prove the first claim. Let M[a_,b_] € H3 and M [ao, bo] €

HO, and M(a,b] := M[a_,b_]M][ay,by]. By Lemma 2.6 we know that M|a,b] €

1 .
+fi’b0. Thus ag has a

L2(T). From the identity agaf, — bobj; = 1 we can write ag =
holomorphic extension to D*, as everything on the right- hand Oside does also and
af is outer on D*. From the formula b = a* by + b_ag (from (2.9)) we thus see
that b has a holomorphic extension to D* which vanishes at infinity. Since b/a*
was already in L?(T), it is now in H3(D) also, and so M|a, b] € HZ(D*) as desired.
The second claim in the Lemma is similar, and the third follows immediately by
intersecting the first two claims. O

Before we begin the proof of Theorem 2.7, we must return to the Lax operator
L defined in (2.4) and relate it to the NLFT. This will be done next.

2.7. Connection between the NLFT and the Lax operator L

Let F be an admissible potential, and let L = L[F] be the Lax operator acting
on L%(T) @ L?(T) defined in (2.4). In this section we show how the NLFT is
connected to the scattering and spectral data of L[F].

We begin by considering the generalized eigenfunction equation

(2.39) L[F]® = (®
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where ( is a complex number, and ® is a formal linear combination of the Fourier
basis vectors v,,, w,, of L?(T) & L?(T) defined in the introduction:

(2.40) P = Z U + Ynn.

Our discussion will be purely algebraic for now, and we will not assume that the
complex numbers ¢,, or ¥, have any decay properties as n — +o00; in particular,
® need not actually belong to the Hilbert space L?(T) @ L?(T), but may merely
be a pair of formal Fourier series; note from (2.4) that L is well defined on such
formal objects. Because L[F] is unitary, one should usually think of the spectral
parameter ¢ as lying on the unit circle T, although for our formal analysis here all
we need is that ( is finite and invertible.

To motivate the analysis let us first consider the trivial case F' = 0. In this
case L[0] is just the direct sum of a left shift and right shift,

L[0Jvy, = vny1; Lwpyr = wy,
(or in the physical basis L[0]® = (®) and the eigenfunction equation (2.39) becomes

Ont1 = COn;  Vn = (¥nia

and hence the general solution in this case is given by’

(2.41) ¢n =aC";  Ypyr =bC"

for some complex constants a, b. In particular we see that the coefficients of ® will
grow exponentially if ( € D or zeta € D*, and stay bounded (but not in /?) when
¢ € T. This is consistent with the well-known fact that the spectrum of L[0] is
purely absolutely continuous and is supported on T (indeed, in the physical space
representation L[0] is just the operation of multiplication by ¢ on L?(T) @ L?(T).

Now let us consider non-zero admissible potentials F,,. Using (2.4), the eigen-
function equation (2.39) becomes

V 1-— |Fn|2¢n - F;wnJrl = C¢n+1
Fn¢n + v 1- |Fn|2wn+1 = Cwn
which after some algebraic manipulation can be rewritten as

bn = —— (b1 + Fitns)

V1= [F?

1
V1= [ ?

Motivated by (2.41), we now introduce the change of variables

(2.42) On =1 anC"™; b = b

hp = (Fntni1 + ¢ Mbngr).

In the physical space representation, ® does not belong to L2 (T) ® L2(T) but is instead a
(vector-valued) Dirac mass at ¢. Thus one may think of the physical space representation as the
spectral representation of L[0].
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so that the above equation becomes
1

V1= |Ef?
1
= ———=(FuC*" Pnt1 + bnt1).

by, =
V1= [ ?

But this can be written using the transfer matrices (2.11) as

Man, bn)(¢) = M pni1(C*)M[an 1, bnia] (C)-
Applying the groupoid law (2.13) we thus see that

(2.43) Mlayn,b,](C) = Mn%n/(c2)M[an/a bnr](€)

whenever —oo < n < n’ < 4o00. Thus the transfer matrices M, form (up to
some trivial factors) the fundamental solution of the eigenfunction equation (2.39).

Observe the presence of ¢? in the above formula. This suggests that changing
the spectral parameter from ¢ to —( will not significantly affect the eigenfunction
equation (2.39). Indeed, one can see this directly by introducing the parity operator
o: L?(T) ® L*(T) — L*(T) ® L?(T) defined in the Fourier basis by

a, = (ans1+ Fr ¢ bysn)

ovy = (=1)",;  ow, = (=1)"w,

or equivalently in the physical space representation as

(59) = (69,))
A< —B(=0) )’

and then observing (using the Fourier basis) that cL[F|o~! = —L[F]. Thus L[F]
is unitarily conjugate to —L[F], which explains the equivalence of the spectral
parameters ¢ and —(. One could exploit this parity property by working with L?
(with spectral parameter z := (?) instead of L[F]; since L[F]?> commutes with o
we can then split L?(T) @ L?(T) into even and odd components®. (The analogue
of this in the continuous case would be a Dirac operator on L*(R) @ L?(R), whose
square was direct sum of two scalar Schrédinger operators on L?(R)). The operator
L[F)? is somewhat like a Jacobi matrix, however it does not have as clean a form
as the original operator L[F], and so we shall continue working with the Dirac
operator directly; it will mean however that all our Hilbert spaces will be in some
sense “twice as large” as the analogous objects in the Jacobi theory.

We also observe that L[F] is skew-unitarily conjugate to L[F]~!. More pre-
cisely, if we define the skew-linear involution  : L?(T) @ L?(T) — L?(T) @ L?(T)
in the Fourier basis by

e T

or equivalently in the physical space basis by

a\ (B
(5)=(%)
then * is skew-unitary (i.e. (*v,*w) = (v,w) for all v,w € L?(T) @ L?(T)), and
one can easily verify from (2.4), (2.5) that «L[F|x = L[F]~!. Also we have the
anti-commutation property o = —ox*.

8More precisely, one can split into one component where « is even and (3 is odd, and a
component where « is odd and £ is even.
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Since L[F] is unitary on L?(T)® L?(T), the spectral theorem for unitary opera-
tors (reference? Reed-Simon, perhaps?) shows that there is a canonical projection-
valued measure dy = du[F] on T, such that u(T) =1 and

F(LIF) = /T F(2)dp(2)

for any continuous function f on T. This measure splits as usual as du = dpge +
dpise +dpipp. The corresponding projection operators 1 = fige(T) + pise(T) + f1pp (T)
induces a decomposition of the norm

||U||%2(T)@L2(T) = ||U||%L2(T)®L2(T))ac + HUH%L?(T)EBL?(T))SC + ||U||%L2(T)@L2(T))pp

where the semi-norm [|v||(z2(T)e12(T)).. is defined by

[vll(L2m@r2(T))a. = ltac(T)ollL2(Ty0L2(T))
etc. and a corresponding orthogonal decomposition
L*(T) & L*(T) = (L*(T) & L*(T))ac & (L*(T) ® L*(T))se ® (L*(T) ® L*(T))pp

of the Hilbert space L?(T) & L*(T), where (L?(T) & L?*(T))ac is the range of
the orthogonal projection f,.(T) (or equivalently, the space of vectors v where

vl L2(myer2ery = vll(z2(my@L2(T)).. ) ete. For instance, if F' = 0, then du is
purely absolutely continuous (so dusc = dp,p, = 0), and is given by
—m 1dC
<dMUn,Um>L2(T)@L2(T) =¢m %
d
(dpwn, wm) L2 (TyeL2(T) = ¢ " %
<dlu’vn7 wm)H =0
(dpwn, vm) L2(my@L2(T) = 0
for all n,m € Z, where % is normalized arclength measure on T. In the physical

space representation du is equally simple:

d
(dp < gll > ; ( gj >>L2(T)€BL2(T) = (105 +ﬁ15§)(§)%-

We have shown that the non-linear Fourier transform is connected with the
eigenfunction equation for L[F]. It will thus be unsurprising that it is also connected
with the spectral and scattering theory for L[F]. In fact, the reflection and trans-
mission coefficients 1/a, b/a, b*/a will be closely related wave operators Qo 40
for L[F], which map onto the absolutely continuous component (L?(T)® L?(T))ac
of the Hilbert space L?(T) & L?(T).

2.8. Scattering theory

Let F' € 1?(Z; D) be an admissible potential. We now investigate the scattering
theory of the unitary operator L = L[F], i.e. the asymptotic behavior of the
evolution operators L[F]™ as m — =+o00; one may think of m as a discrete time
parameter. We will compare this operator to the corresponding free operators
L[0]™, which are of course given explicitly by

L[0]™vp = Upgm;  L[0]™wy = Wpem.
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Observe that L[0]™ can also be given in the physical space representation as

L[0)™(a, B)(C) = (™€), ¢™ B(C)),

so we will sometimes write ¢ instead of L[0]™.

First, we need to understand the matrix coefficients of L[F]™ in the Fourier
basis {vp }nez U {wn }nez. We will focus mainly on the positive values of m, since
L[F]~™ is the adjoint of L[F]|™. We recall that the parity operator o and conjuga-
tion operator x are related to L[F]™ by the relations

(2.44) oL[F|™o~! = (=1)™L[F|™; *L[F]™% = L[F]™™.
LEMMA 2.9. Let n,n',m be integers.
e (Parity property) If n+n’' +m is odd, then
(LIF]™vn, vnr) L2 (my@r2(T) = (LIF]™ 00, war) L2 (my@L2(T) = 0,
while if n +n' +m is even, then
(LIF]™wn, var) 2 (my@ 2 (1) = (LIF]™Wn, W) L2 (my@ L2 (T) = 0.

o (Finite speed of propagation) If m > 0, then (L[F|™ vy, Vn')2(T)0L2(T)
and (L[F]™wp, wn) 2(Typr2(T) vanishes unless 2 —m < n' —n < m,
while (L[F]"™ 0, Wnr) 2Ty r2(T) nd (L[F]" Wy, Vnr) L2(T)012(T) vanishes
unless [n'—n| < m—1. In other words, L[F]|™v, is a linear combination of

VUnt2—my - -+ s Untm 0N Wptlom, - - -, Wnpm—1, while L[F|™w, is a linear
combination of Vn41—my -« Untm—1 ANd Wp—pmy ..y Wytpm—2-
e (Boundary values) If m > 0, then
(LIF)™ 00, Ongm) L2 (my@r2(r) = (LIF) " W, wa) 2 emyerzomy =[] V1= [Fwl
n<n/<n+m

PROOF. The parity property can be proven by using the parity property in
(2.44). The finite speed of propagation property follows easily from (2.4) and
induction. Now we check the boundary value estimate. It suffices to verify the
estimate for (L[F]|™vn, Untm), as the estimate for (L[F]™wy4m,wy,) follows using
the conjugation property in (2.44). We use induction. For m = 1 the estimate
follows directly from (2.4). For m > 1 we use (2.4) to compute

(L[E])™ v, Vntm) r2(myerery = (LIF]™ (V1 = [FaPvps1+Fawn), Vnsm) L2 (1)@ 12(T) -

The contribution of w, vanishes by finite speed of propagation, so we have

(LIF]™ v, Vpiem) 22(my@r2(t) = V1 — [Fo|2(LIF)™ 0041, Vngem) L2(Ty@ 12(T)
and the claim follows by induction. O

As a corollary of the boundary value formula, and the unitarity of L[F]™, we
have

’

(LIF] ™™ L[0]™vn, LIF) ™™ LI0]™ va) 2 (my@ 2y = LIF]™ "™ Vn s Unmr ) L2 (D)@ L2 (T)

11 1— |Fu?

n+m<n’<n4+m’

when m < m/. In particular, since F' is admissible, we have

lim  (L[F]™™L[0]™ v, L[F]™™ L[0]™ vn) 12 (1)@ L2 (1) = 1.

m,m’—4o00
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But since L[F]~™L[0]™v, and L[F]~™ L[0]™ v, are unit vectors, we thus see from
the cosine rule that
. + o ’ 9 _
i L)L e~ LEF] L0 vl sy sy = O

In other words, L[F]~™L[0]™v,, is a Cauchy sequence in L*(T) @& L?*(T). A similar
argument shows that L[F]| ™L[0]™w, is also a Cauchy sequence. By the usual
limiting argument (starting with finite linear combinations of basis vectors, and ex-
ploiting the uniform boundedness of L[F]~™L[0]™) we may then define the forward
wave operator Qo. 1oo = Qo +oo[F] on L?(T) @ L*(T) by

Qo t 00l i= mlgrfm LIF]7™L[0]™v

for all v € L?(T) ® L?(T), where the limit is in the strong sense in L?(T) & L%(T).
Thus Qo +00 is an isometry on L? (T) @ L? (T), i.e. it is a unitary transformation
from L?(T)® L?(T) to the range Qo 400 (L?(T) @ L?(T)). We can similarly define
a backward wave operator Qo oo = Qo —oo[F] on L*(T) & L?(T) by

Do —oov := lim L[F]”™L[0]™v.
m—r—o0

It is clear from the definitions that we have the intertwining relationships
(2.45) LIFT" Q0 00 = Qo0 L[0]" = Q000"

for any integer k. In particular, we see that L[F] preserves the space Qo +o0 (L?(T)®
L?(T)), and the action here is unitarily equivalent to that of L[0]. Since L[0] has
purely absolutely continuous spectrum, we thus see the range of Q.+ (L*(T) ®
L*(T)) is contained” in (L?(T) @& L?*(T))q.. Later we will show that in fact
Q0t00(LA(T) © L3(T)) = (L*(T) & L*(T))ac; in other words, we have asymp-
totic completeness on the absolutely continuous portion of the spectrum. This was
already known for potentials with some decay (see for instance the work of [35] for
the continuous Schrodinger model), but appears to be new for potentials which are
merely in [%(Z; D), at least in the case of discrete Dirac operators on the line.
From (2.44) we obtain the intertwining property

(246) *QO<—+0<>* = QO<——<>O-
and the parity preservation property

(247) QO(—:EOOO— = O—QO(*:‘:OO.

Now define the adjoint wave operators

Qiooo = Q’(k)eioo
These adjoints are unitary from the Hilbert space Qo +o0(L?(T) & L?(T)) onto
L?(T) & L*(T) and vanish on the orthogonal complement of this space. Observe
that Q40000400 = 1, while Qo 100Q+500 is the orthogonal projection onto
Qo400 (LA(T) @ L3(T)).
We define the linear operators aooc o : H — L?(T) and Bt o : H — L*(T)
by

(2.48) Qoo o(v) = ( Otooe0(V) ) ,

ﬁ:tooeo(v)

9n particular this shows that L[F] has absolutely continuous spectrum at almost every point
in T; this is the analogue of the well-known result of Deift-Killip (ref?) for Dirac operators on
the discrete line.
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thus 4000 and Bieoco are simply the components of 4. ¢. Clearly we have
(2.49) Haioo<—0(v)||2L2(T) + HBiOCN—O(U)H%?(T) = ||Qi00<—0U||2L2(T)eaL2(T)'
Also, the intertwining property (2.45) implies that
aiom_o(L[F]kv) = Ckaiom_o(v)
(2.50) Brooco(L[F*v) = % Brocco(v)
Qi co0(LIF]"0) = ("Qiooio(v)
while from (2.46) we have
Qoo (*V) = Bx(v)"
(2.51) Broceo(xv) = azx(v)”
Dt oo 0(*v) = *Qpooo(v)
and from (2.47) we have
too-0(00)(C) = Aoc0(v)(—C)
(2.52) Brooe0(00)(€) = —Brooeo(v)(—C)
Qi ooe0(0V) = 04 00c0(V).

If we thus apply a4occo and Siooco to the second equation in (2.4), noting
that w, = *v,, we thus obtain the identities

CB:F(XM—O(Un—H)* = _Fq:aiooeo(vn+1) + v 1-—- |Fn|25q:(vn)*
Ca:FooHO('UnJrl)* = 7F;ﬂ:too<70(vn+1) + V 1-— |Fn|2aq:(vn)*-
After some algebra, we then obtain

1

5;0«—0(%)* = \/ﬁ(gﬁqiom—o(vn-i-l)* + F»:aiooko(vn+1))

1
aiooeo(vn) = W(Fnﬁqiooeo(vn+l)* + C_laiom—o(vn—i-l))-

Using the transfer matrices in (2.11), this can be rewritten (cf. (2.42)) as

M[C" ™ Brooc0(vn), ¢ Adkooe0 (V)] = Mpen41(C*)MIC" Brooo(Vn41)"s ¢ koo (vnt1)],
and thus by induction
M[C"™ Braoe-0(vn)"s ¢ " Atooi0(vn)] = Mpens ()M [C™ ™ Broci0(vnr) s ¢ o0 (0]
for all n < n’. By (2.50), (2.51) we can write this as
Mlatooco(L[F]" ™ wn),0to000 (LIF] " vn)]

= My ()M [tooio (L[] ™ ), Qeooeo(LIF) ™" 0]
Now let n/ — +o0o. We know that L[F]~" v, converges in L*(T) & L%(T) to
Q0+ 1 00o by definition; similarly L[F]”'*lwn/ converges t0 Qo —oow1. Thus ageoo(L[F]
and aiooeo(L[F]_"lvn/) converge in L?(T) t0 400 0(Q0e —cow1) and +ooe0(Q0++00v0)

respectively. By passing to a subsequence we may change this L?(T) convergence
to pointwise a.e. convergence. Also, M, ,((~2) converges (in the £2(T) topology

nlflwn/)
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in the variable z = (72) to M, 10(¢7?); again we may pass to a subsequence to
convert this convergence to pointwise a.e. convergence. We can then conclude that

(2.53)
M[ainO(L[F]nilwn)a Otooeo(L[F] " 0p)](C) = Mn<—+<>0(ci2)

M 0r000 (€20 —00W1); Qoo 0 (L20+0000)] (€)
for almost every ¢ € T. If we let n — —oo and apply a similar argument, we then
conclude that

Mot o0 e0(20e+00W1) ;0000 (20 —0c0)] (¢) = Mfoo%JrOO(C_Q)
Morto0e0(Q0—o0w1); Atoo-0(Q04+0000)](C)
for almost every ¢ € T.

~~
Recall that M_ooc 400 = F = MJa,b]. Since Qiooc0Q0ct00 = 1), we see
from (2.48) that @too0(Qotooto) = 1 and atooc0(Qotoowi) = 0. Thus we
have

M0, 04000 (Q0e—00v0) (¢)] = Ma(¢ ™), b(¢ )M [g000(Q0—cow1)(€), 1]

and

Mla—ooe0(Qoetocwr)(¢), 1] = Ma(¢™?),b(¢2) M0, aoceo(Qoet000) (€]

for a.e. ¢ € T. Some algebra using (2.9) and the identity aa* — bb* = 1 then allows
us to solve for atooco(Rxvo) and atooeo(Qxwi) in terms of a and b:
(2.54)

L b (%)
a(¢=2)’
Using (2.45), (2.50) we can thus compute atooe0(Q5v) for all basis vectors v and
almost every ¢ € T:

Oy o0+0 (QOefoo’UO) (C) =

1
Ut ooe0 (0 —00tn)(C) = Cnm;
b* —2
s ) (©) = ~¢ T,
1
@ o0c-0(Q0e400tn)(C) = CHW;
b* —2
oo (Do) (C) = cl—”a*(é_ﬁ).
Using (2.46), (2.51) we can then compute the corresponding formulae for S0 o:
_n 1
6—oo<—0(90<—+oown)(g) =¢ e (C,Q) )
b -2
B-mmco(Bncroxtn) €)= =" 2k
|
/8*'1’00(*0(90(**00“)”)(() = < a(C_Q))
b(¢?)

B+<>o<—0 (QOH—ooUn)(C) = Cn_l a((,

[ V)
~—

a+oo<—0(QO<ffoow1)(<) = *W; Oéfoo<—0(QOH+oovO)(<)
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In particular, if we let v be any vector in the range of Qp _, €.g.

(2.55) v = Qo —oo Z CnUp + dpwy,
n

then we have

oo (0)(0) = o C{Q)(Z cnC") = Cb* Zdng

and

) Ny, -
ﬂJrOO(*O(v)(C) - a(C_Q) (; nC )+ a(c_g)(; d’ﬂc )

(Such formulae are justified when ¢, d,, are compactly supported, and then one
can use a limiting argument to obtain the general case, noting that b/a, 1/a, etc.
are bounded functions). In particular, since aa* — bb* = |a|?> — [b|*> = 1 on T, we
have the pointwise estimate

|00 (V)OI + [Brooo () (O = Izch”|2+|ZdnC "2

for a.e. ( € T. But the right-hand side is just

[@—ooe-0 (@) (O + [B-co0(®) ()P
by (2.55) and (2.48) (recall that Qo _o is an isometry). Integrating this on T
using (2.49), we obtain
HQ+<><><—0U||2L2(T)@L2(T) = ||Q—oo<—0U||2L2(T)@L2(T)-

Since v was an arbitrary element of Q. o (L*(T) @ L?(T)), this implies that
Q0c—o0o(LA(T) & L3(T)) C Qoetoo(L3(T) @& L?(T)). A similar argument shows
that Qo 100 (L3(T) @ L?(T)) C Qo —oo(L?(T) & L?(T)), and so the isometries
Q0 400, 0« —oo have the same range:

Qo —oo(L2(T) & L*(T)) = Qo0 (L2(T) @ L*(T)).

Furthermore, the above argument shows that

g W
256 armca)0) = —imanca)© - L E s caw)(©
and

ey )
(257) 6+00<—0(U)(C) - a(C,Q) —OO<—O( )(C) + a(<,2)5—00<—0( )(C)

for all v € Qor100(L3(T) & L*(T)). We can write this in another way. Define
the scattering operator )y.oc o be the operator on L?(T) @ L?(T) defined in the
physical space representation as

awlQ \_ (s (am@)
R )‘( Swen Y 50 )

Then (2.56), (2.57) can be rewritten as

(2-59) Q+<>o<——<>oQ—oo<—O = Q+<>o<—0-
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Observe that the scattering operator Q4.0 oo is unitary on L?(T) & L?(T), and

N — -1 S
its inverse 0_ oo oo = 2], is given by

ayoo(C) ) _ a*(é—Q) Cab:((qg—j)) ( a1o0(C) )
(2.60)  O-oocro ( Brme(O) )‘ ( e 1 ) (o) )

Note that the scattering operator 4o« —oo is determined completely by the re-
flection and transmission coefficients 1/a, b/a, b* /a, and conversely one can recover
these coefficients from the scattering operator. Thus we recover the well-known
interpretation of the functions a(z), b(z) as scattering coeflicients of the Dirac op-
erator L; the novelty here is that we are able to handle potentials that lie in (?(Z)
(as opposed to potentials with more decay, e.g. I*(Z) potentials).

We now show asymptotic completeness on the absolutely continuous portion of
the spectrum. For any integer n, we introduce the half-line transfer matrices

—
M[afooena bfooen] =M _goin= F(—oo,n)

and

——
M[an<—+o<>7 bn<—+<>o] = Myt oo = F[n,Jroo;

by (2.13) (or (2.16)) we thus have
(2-61) M[a; b] = M[a—oo<—n; b—ooen]M[aru—-i-oo; bn<—+oo]
From (2.53) (and (2.45), (2.50)) we have

M[Cnila:tooeo (wn), (" Qtooe0(vn)] =M [an 100 (C72)7 bne—too (472)]

M [OC:I:oo<—0 (Qfooenwl ) y Xt 0040 (QneJroo UO)] ;

from (2.54) we thus have

)
ac Y

M[Cn71a+oo<—0 (wn), (" A pooeo(Vn)] = M[an<—+oo(C72)v bretoo (C72)]M[_
and

M[(nilafooeo(wn)a (77104,00&0(1}")] - M[aneJroo(CiQ)a bn%+00(ci2)]M[0’ * :

el

Thus we can compute the scattering data of v,, and w,, in terms of a, b, Gp« 00, bt oos G—cocn, O—ococn-
Indeed, from the identity

M[a—oo<—n7 b—oo<—n] = M[a; b]M[a'm——i-oo; bn<—+oo]71

(2.62) = Mla, b]M[a:u—-i-ooa —bneto0]
= Mlaay 4o = 0 bnqoo, by | oo — brntoca’]
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we see that
(2.63)

Bcoc0(wn)"(€) = trooi0(vn)(Q) = C" (07400 (¢T2) =

_ Cn A—ocon (C_Q)

a(¢=?)
Bs0e0(vn)"(€) = Arooc0(wn)(€) = ¢ 7" (b o0

1—n b*—OO<—TL (472)
a(¢?)
e ()
a*(¢7?)
Bromealon)*(€) = aalun)(() = ¢zl ).
The reader may verify that these formulae are consistent with (2.56), (2.57).
Now for any integer N, consider the function

(C,Q) _ an<—+oo(<72)b* (<72)

oy )

B+oo<—0(wn)*(g) = a—oon(Un)(C) =¢

A— 00+ NAN++0c0 — b* <_NbN<—+oo _o 1-— TN++00S—0c0N ;.9
fn(Q) = = = ).

0— 00+ NAN++o0o t+ b*,ooerNeJroo 1+ T"N++ocoS—co+N

Since M[a_ oot N,b—ooen] € HE(D*) and M[an 100, bNe 1o00] € H3(D), we see
that Ny +4o0o and s_oon extend holomorphically to D and are strictly less than
1 in magnitude on D, with s_,.. n vanishing at the origin; thus fy is a Herglotz
function on D* which equals 1 at infinity. By the Herglotz representation theorem
there thus exists a probability measure puy on T such that
i0
@ = [ S ()
T(—e

for all ¢ € D*. This measure turns out to have the same support properties? as
the spectral measure p, and is also useful to establish asymptotic completeness of
the wave operators Qo 400 on Hg.:

PROPOSITION 2.10. We have Qo —oo(L*(T) & L*(T)) = Qo 1oo(L*(T) &
L*(T)) = Hy; in particular, for every v € Hy., there ewists vectors vy,v_ €
L3(T) & L*(T) such that

lim || L[F]™ — L0 vx ||z = 0.

m—too

Furthermore, for any N, the support of jis. is the same as that of pin sc, and the
support of [pp s the same as that of pn pp, while the supports of piqc and Uy qc are
both equal to T.

The second part of this proposition can also be deduced by evaluating the
spectral measure pu at v,, w, by means of resolvents (which can be calculated
explicitly by modifying the analysis of the eigenfunction equation (2.39)), but we
will choose a different argument which will also show the asymptotic completeness
of Q047:i:c>o .

101y fact, the puy are mutually absolutely continuous with respect to each other as N varies;
this is basically because the transfer matrix My, n/ and its inverse are bounded on T for finite
N <N
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PRrROOF. Without loss of generality we may take N = 0, since translating F' by
a finite amount does not change the spectral or scattering properties of L[F] (it
merely conjugates L[F] by a translation operator). From (2.45) and (2.46) we know
that the space Qo +o0 (L2(T)®L?(T)) is invariant under L[F] and under *; thus the
orthogonal complement Qg 4o (L2(T)@ L?(T))* of this space in L?(T)® L?(T) is
similarly invariant under L[F] and . Since we already know that Q. 1.0 (L?*(T)®
L?(T)) is contained in H,,, the first claim of this proposition will then follow if we
can show that the spectrum of L[F] is purely singular on Qo+ (L?(T)® L?(T))*.
In fact we will show that the spectrum of L[F] on Q. +o0(L?(T) @ L?(T))* is
exactly equal to the support of fisc + fipp.

Let X C L?(T)® L?(T) be the set of finite linear combinations of basis vectors
Up, Wy; this is a dense subspace of L?(T) & L?(T), closed under both L[F] and *.
We observe that elements of this space are also finite linear combinations of the
vectors { L[F]|™vo } mez U{L[F]™wo }mez (thus the pair of vectors vy, wo are a cyclic
pair of vectors for L[F]). To see this, observe from (2.4) that we may write v; and
ws in terms of vy, wy, and various powers of L[F]; iterating this we can obtain all
the basis vectors v,,w, for positive n. The negative n are handled by the same
argument. Thus we have two quite different bases for generating X; on the one
hand we have the orthonormal Fourier basis {v,, }nez U {wn }nez, and on the other
hand we have'! a “dynamic basis” {L[F]™v}mez U {L[F]™wo }mez, which is not
orthonormal in general (except when F' = 0, when the dynamic basis coincides with
the Fourier basis) but allows us to represent L[F] as a shift operator. This will be
very useful, as several facts about X will be easy to check in one basis but quite
non-trivial in the other.

We shall begin by rewriting the inner product on L?(T) @ L?(T), restricted to
X, in another way. First observe that for elements v € L?(T)@ L?(T), the functions
Otooe0(V)y Brooco0(V), A—coco(v)*, and B_coo(v)* extend holomorphically to the
punctured disk D\{0} (with the singularity at 0 being either removable or a pole).
To see this, we see from the above discussion that it suffices to verify it when
v = L[F|™vg or v = L[F]™w. But by (2.50) and (2.51) it suffices to do this
when v = vg. But this follows from (2.63), since M[a_ ot 0,b—ococ0] € HE(D¥),
M@0 —to0, boetoo) € H2(D), and Ma,b] € L?(T).

We now analyze the inner product (v, w)g restricted X, as well as the slightly
smaller (semi-definite) inner product

(v, W)y 4o (22(T)aL2(T)) ‘= (Q0c200V; Q0 tooW)H;

note from (2.59) and the unitarity of the scattering operators Q4o +o0 that this
inner product is independent of the choice of sign. By Plancherel (or Parseval) and
(2.48) we may write

(010w = [ oo (000 o) + Bsoecn(0) o)
using (2.56), (2.57) and the fact that |a|? — [b|> = 1, we may rewrite this as
(v, W) 4o (L2(T)BL2(T)) Z/TOé+oo<—o(v)(C)Oé—oo<—0(w)*(C)G(C_2)
+ Bcoe0(0)(€)Broceo(w)* (¢)a™(¢2).

(2.64)

HWe have not proven the linear independence of this basis, as it is not necessary for our
argument, but it can be easily checked using (2.50) and (2.63).
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By our previous discussion, for v, w € X we know that the first term in the integrand
extends to the punctured exterior disk D*\{oo}, while the second term extends to
the punctured disk D\{0}. Inspired by this, we define the bilinear form (v, w)x on
X by the formula

(v, w)x = /T pooe0(0)(€)a—soeo(w) " (¢)a(C™2)+ . B-00c-0(0)(¢) Booeo(w) " (¢)a™(¢7?)
+ _

where T_ denotes a circle {z € C: |z] = ﬁ} for some 0 < ¢, normalized to have
total mass 1, and T is similarly defined as {z € C : |z| = 1+ ¢} with total mass 1.
Note the Cauchy integral formula ensures that this definition is independent of ¢,
but as we shall see, we cannot quite take € = 0, because of the presence of “singular
measure” on T; the inner product (v, w)go‘iim(L2(T)@L2(T)) will turn out to be just
the “absolutely continuous” portion of (v, w)x.

We now make the above heuristic discussion rigorous. The form (v, w)x is
clearly complex linear in v and skew-linear in w. From (2.50) we see that

(2.65) (L[Fv, LIF|w)x = (v,w)x
for all v,w € X, while from (2.51) we see that
(2.66) (xv, *w)x = (w,v)x

for all v,w € X.
We now make the (not entirely obvious) claim that this bilinear form has the
self-adjointness property

(2.67) (w,v)x = (v,w)x.

It suffices to verify this when v and w lie in the dynamic basis {L[F]|™vg}mez U
{L[F]™wo}mez, since as mentioned earlier these vectors finitely generate X. Let
us first consider the case when v = L[F]"vg and w = L[F]™wy for some n,m € Z.
Then from (2.63) (with n = 0) and (2.50) we have

_ Cnimilafooeo(<72)b0<—+oo(<72) *<nim71bfoo%0(<72)a6<—+oo(C72)
(v,w)x = - a(C2) Jr/ B a*(¢~2)
and

_ —C" Y 0(C?) a0 100(CT?) ¢ o (C)D6 400 ()
(w,v) x —/T+ a(¢-2) +/7 a*(¢72)

and the claim follows by inspection (notice that the change of variables ¢ — Z_l
effectively maps T_ to T4 and vice versa). By (2.66) it thus remains to verify the
case when v = L[F|"vg and w = L[F|™vg; by (2.65) we may take n = 0 and m > 0.
First consider the case m = 0; our task is to show that (vg,vo)x is real. In fact it
is equal to 1. To see this, we expand

o 000 0(¢ )0 100(C?) —b_so0(CT2)b 400 (CT2)
{vo, vox = /T ) v/, ) |

But the first integrand extends holomorphically to D* and has value a*m“o(gzga’“*‘” © _

1 at infinity, while the second integral extends holomorphically to D and has value
—b—000(00)bo+50(0)
a(0)

= 0 at the origin. Thus (vg,vo)x = 1 as claimed.
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Now consider the case m > 0. We expand

(2.68)

v my, _ C_ma—ooeo(C_Q)aO<—+oo(C_2) _C_mb—meo(C_Q)b6e+m(C_2)
R aC?) “f ()

and

(2.69)

<L[F]mvo 'UO>X — Cma—OOHO(C_Q)aW—-‘rOO(C_%_’_/ _Cmb—OOHO(C_Q)baeJroo(C_%.
T

T, a(¢?) a*(¢7?)
The first integrand in (2.68) is holomorphic on D* and vanishes at infinity, so the
integral is zero. Similarly the second integrand in (2.69) is holomorphic on D and

vanishes at the origin, so the integral is also zero. Conjugating the remaining term
in (2.69), it thus suffices to show that

/ —CMbco0(¢A)bE 10(C?) / QAT (e 7 P ()

T a*(¢?) . a*(¢=?) '

But this follows since a* = a” . 005 o0 + D—000bf 4 o0, and hence
[l B T, S

- a(¢7?) T_

We can now equate this bilinear form with the inner product on L?*(T)& L?(T).

¢ =0.

LEMMA 2.11. For all v,w € X, we have (v,w)x = (v, W) 2(T)&L2(T)-

We remark that this lemma can be used to compute the matrix coefficients of
L[F])™ explicitly in terms of transfer matrices, but we will not do so here.

PROOF. It suffices to verify this when v and w lie in the orthonormal basis
{Vn}nez U {wn}nez. We have already shown that (vg,vo)x = (vo,vo)m = 1; a
similar argument shows that (v,,vn)x = (vn,vn)u = 1 for all n € Z. Applying
(2.66) we see a similar statement for the w,,.

Now we check the remaining inner products of basis vectors. By (2.66) it
suffices to show that

(Un, W) x = 0 for all n,m
and
(Un, m)x = 0 for all n > m.

By (2.67) we may take'? m > n. By (2.63) we thus have

Cn+m—1 A—oco¢n (C72)bm%+oo (C72) B CnJ,»mfl b—ooen (472)‘1:77”—-1-00 (C72)

(ns10m) T, a(¢?) T_ a*(¢72)
But since 400 € H[27n,+oo) and all the “a” functions are outer on D, we see that
the first integrand is holomorphic on D* and has a zero of order 2m—(n+m—1) > 0
at infinity, so the first integral vanishes. Similarly, since s_ oo € H, [Qn +1,400) and
all the “a” functions are outer on D, we see that the second integrand is holomorphic
on D and has a zero of order n +m — 1 —2(n — 1) > 0 at the origin, so the second

integral also vanishes.

12This use of the non-trivial self-adjointness property (2.67) is crucial, as the computation is
far messier for m < n!
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Now we expand (v, v, )x similarly as

Cnim A—oco¢—n (C72)ame+oo (472) + Cnfm b*OO‘fn (<72)b:n<—+oo (472)
T, a(¢™?) T a*(¢7?)
The first integrand is holomorphic on D* with a zero of order m — n at infinity
(since all the “a” functions are outer on D), and so the first integral vanishes.
Since $_qoen € H[Ql_n,+oo) and Ty qo00 € H[2m,+oo)’ and all the “a” functions are
outer on D, we see that the second integrand is holomorphic on D with a zero of
order m —n + 2 at the origin, so the second integral also vanishes. This proves the
Lemma. O

<vn7 Um>X =

As a corollary of the above lemma we see that

[l Z2(myeL2(m) :/T At a0e0 (V) (Q)asoe0(v) " (¢)al¢ ™)+ —o0e0(V)(O)Brooo(v)"(Q)a”(¢7%)

T_

for all v € X, while from (2.64) we have

19000l 2myore () = /T oo 0 (0)(C)0—a00 (0)(Q)alC2)B- sor 0(B)(O)Brocco(v)* (a* ().

Since the left-hand sides are real, we can conjugate the second factor of each to
obtain

Il Z2(myer2cr) = Re/ (o0 0 (1) () —00-0 (1) (€) + Boo0 (1) (O) oo (v)(C))al(¢ ™)

1900001132y 22(ry = Re /T (@ to00(0)(©)soe 0 (1) () + Brser0(6) (O)Broero(®)(C))al¢2).

To compare these expressions, we use the dynamic basis to write v in terms of the
vectors L[F|™vg, L[F|™wq for various m € Z. In other words, we may write
v = ¢(L[F])vg + d(L[F])wg
for some Laurent polynomials ¢, d. By (2.50) we thus have
Ot ooe0(V) = ¢(Q)tooe0(V0)+d(()aroc0(wo);  Broco(v) = c(C)Brooi—0(vo)+d(C)Broceo(wo);
using (2.63) we thus have

c(Q)a—co0(¢?) = CA(Ob" o 0(¢?)

O‘-i-<>o<—O(U) = a(C*Q)

Brooeo(v) = C_lc(obm_%o(g;(?"g)d(O“0<—+oo(C_2)
Qg 00 (€7) + CA(Ob 0o ()

ool = (&7

Bevoro(v) = - C(C)booeo(i*(g_t d(¢)ar s 0(C™ ).

Substituting this into our previous formulae for ||v||m and ||Qo«+00v|H, We obtain

ol 22(ry@r2(my = Re[r (cc* +dd*) fo +2¢ Led* g + 2¢dc*h
+

(2.70)
1920000l Z2(my0L2(T) = Re/ (cc* +dd*) fo +2¢ " ed* g + 2¢dc"h,
T
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where

. 0—00¢000++00 — b*,oo(,]\]b047+oo _9 1-— T04+00S—0040 , ,_9
fo(€) = ()= )
a 14+ 710 foo5—coc0

is the function defined earlier, and g, h are the auxiliary functions

L 000000 400 N T0+ 400 _2
9(¢) = ————— () = T roe o5 o ¢
and
b* A0 +too , . S—00¢0 -
W) = — =00 07000 =2y _ o 2y
(©) . () T )

We observed earlier that fy is Herglotz on D*., with associated measure po on T.
In fact we have the more general statement that fy + wg + wh is Herglotz on D*
for all complex numbers w in the closed unit disk D = {z € C : |z| < 1}. Indeed, it
is clear that fy +wg + wh is holomorphic on D* and equals 0 at infinity; it suffices
then to check that it has positive real part. By convexity it suffices to verify the
case when |w| = 1. But then we can factorize

(1 + (U’I“Q<_+oo)(1 - ws—om—O) (
1+ T0+400S—00+0

fo+wg+wh = ).
To show that this has positive real part, it suffices to show that its reciprocal does,
i.e. that

1+ 70 t005—00¢0

e
(1 + wroetoo0) (1 — WS—co0)

(™) >0

But we can split the left-hand side as

1 1= whocio Lo 1 4TS seo, .
R MOk (0-2) 4 SR T 0000 (-2

e
2 14+ wroctoo 2 1 —=Ws_0oe0

)

and both terms are clearly positive (since 7o« oo and s_so«o are bounded by 1 on
D).

By the Herglotz representation theorem, we can thus associate to each w € D
a probability measure p,, on T such that

i0
(2.71) (fo+wg+wh)(¢) = [r gi_ziedﬂw(eie)

for all ¢ € D*. By taking various linear combinations of this identity, we thus see
that p, must depend on w linearly, in the sense that

Jto = Ho + wv + T

for some complex measures v, U; since u,, is always real we see that 7 must indeed
be the conjugate of v, as the notation suggests. Since the pu, are always positive
for all w € D, we easily see from this identity (and the [?Hahn?] decomposition
theorem for measures) that v is absolutely continuous with respect to 1o, and in fact
must take the form v = ppg for some function p € L (ug) with |[p]| poe () < 1/2.
Thus

teo = (1 4+ wp +Wp)po,
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which then implies from (2.71) that

C + 619 iG)

/ girewpdu “)

0
<+ 19/7 ( 19).

Applying this to (2.70), and observmg that fo, g, h are all finite linear combinations
of Herglotz functions, we obtain

||’UHL2 TY®L(T) = Re/r(cc*+dd*)du0—|—2(:_1cd*pd,u0+2Cdc*p*duo

HQioo<—OUH%2(T)@L2(T) = Re/ (CC* + dd*)dﬂo,ac + 2C_10d*pd,uo,ac + QCdC*p*dﬂO,ac-
T

Actually the Re can be dropped since the integrands are already manifestly real.

In particular we see that
(2.72)

HU”?y(T)@Lz(T)*||Qiooeov|‘%2(T)@L2(T) :[F(|C|2+|d|2+4Re(C710d*P))(dﬂo,strdMo,pp)

for all v € X. Now recall that X is dense in L?(T) & L?(T), and that L[F]
on X corresponds to multiplying ¢ and d by ¢. Thus the action of L[F]| on
Q0t400(L3(T) @ L*(T))* is unitarily equivalent to the action of multiplication
by ¢ on the space formed by the space Lf,(,uQsc + po,pp), defined as the closure of
the space {(c¢(z),d(2)) : ¢,d Laurent polynomials} under the semi-norm

(e, d)))? = /T(ICI2 +1d]* + 4Re(¢ " ed” p))(dpto,sc + dpio pp)

and with any null vectors (which can occur when |p| = 1/2; see below) quotiented
out. This shows Q0. 400 (L?(T) @ L?(T))* has no absolutely continuous portion of
the spectrum of L[F], and hence Qo 10 (L?(T) & L?*(T)) = H,. as desired. The
above discussion also shows that the singular continuous and pure point components
of u coincide with that of pg, as claimed. The claim about po and p both having
absolutely continuous spectrum equal to T is also clear; the former follows from
inspection (since fj is non-zero a.e. on T, in fact it is log-integrable), and the latter
follows since the spectrum of L[F] on Q. +o0(L*(T) & L?(T)) is (by (2.45)) the
same as that of L[0] on L?(T) & L?(T), which is absolutely continuous on all of
T. O

Remark. Morally speaking, when singular spectrum occurs, 145 _ oo 070400 (( 72)
must vanish, and p should equal 7“0_,+OO(C_2) = —%s_oo_m(C_Q). This heuristic
can be made rigorous; indeed, one to show that |p| = 1/2 almost everywhere with
respect to fo sc + fo,pp, Which implies that L,Q,(Mo,sc), and hence Hy, is unitarily
equivalent to L?(ug sc), and similarly for the pure point portion of the spectrum;
this can be thought of as a generalization of the well-known fact (shown for instance
via Wronskians) that an eigenvalue equation such as (2.39) can have at most one
linearly independent solution in [?(Z). We sketch the argument as follows. The idea
is to use the fact that L[F] ™v,, converges to Qo +o0vo as m — +00, and so its
projection to Qe +o0(L3(T) @ L?(T))L goes to zero. However, one can show that
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L[F] ™V, = ¢m(L[F])vo+dm (L[F])wg for some Laurent polynomials ¢, (¢), dm (¢)
satisfying ¢, ¢, — dpmds, = 1 (in fact M[cy,, (1 dm] = M2, (¢?), as can be seen
by induction). These facts are only compatible with (2.72) if |p| = 1/2 a.e. on
Ho,sc + to,pp- One can then use p to define 5 000(C72) and 791 00(¢2) on the
singular spectrum a.e. on g sc + fo,pp-

Proposition 2.10 gives us a criterion to test when a Dirac operator L[F] with
admissible potential F' has purely absolutely continuous spectrum; this occurs if and
only if the function fy (or any other fy) is a Herglotz function D* generated by an
absolutely continuous measure. (Equivalently, efo must be an outer function on D*).
Note that this criterion depends on half-line transfer matrices My 100y M—co— N as

=~
well as the nonlinear Fourier transform F . In fact the nonlinear Fourier transform

F is not always, by itself, enough to determine whether L[F] has any singular
spectrum or not. For instance, consider the example M[a,b] € Ho C L?(T) given
by

o QSinhGO. o ez —e 0

DR z—1
which was considered earlier; here 6y > 0 is an arbitrary parameter. From Theorem
2.4, Corollary 2.5, Lemma 2.6 we know that every solution of the Riemann-Hilbert

P
problem (2.34) gives rise to a potential F' with F = M]a, b], and with My, yoc =
Mlas,by] and M_o_o = M[a—,b_]. We will have purely absolutely continuous
spectrum if and only if the function

z

1—s_ - b b
(2.73) S-T4 _ -0+ 004
1+s_ry a

which is necessarily Herglotz on D, arises from an absolutely continuous measure
(we now work in D instead of D* by means of the change of variables z = (~2. For
instance, in the two extreme factorizations

Mla,b] = MI[1,0]M]a, b

and
Mla,b] = Mla,b]M]1,0]

which give rise to potentials supported on [0, +00) and (—oo,0] respectively, the
function (2.73) is identically 1 and so there is no singular spectrum; as observed in
[34], this shows that the problem of non-uniqueness for the inverse NLFT cannot
be solved simply by restricting one’s attention to Dirac operators with purely ab-
solutely continous spectrum. In fact half-line admissible potentials can never have
any singular continuous or pure point spectrum'®. However, there are intermediate

13The reader may object that there are many constructions on the half-line that give embed-
ded eigenvalues, etc. for admissible potentials, but in those constructions a non-zero boundary

condition is imposed, e.g. in the notation of (2.39), (2.40) one might impose that (¢o,%0) = (1,0)
1Fry
1£ry

or (¢0,%0) = (0,1); this would correspond to the singular nature of a function such as
l—s_ry
1+s,r+
® must decay as an [2 function in both directions, which in the case of a half-line potential forces
(¢0,%0) = (0,0), which then quickly forces all of ® to vanish. It is however an interesting question
to see how the singular spectrum of two half-line potentials (with appropriate boundary condi-
tions) relate to the singular spectrum of the concatenated full line potential; the compatibility of
boundary conditions of the half-line potentials is of course crucial.

rather than . In the full line setting, the “boundary condition” is that the eigenfunction
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factorizations
(2.74) M[a, b] = M[ag, bg]M[agO,Q, bgofe]
for 0 < 6 < 0y, where
2sinh 0 ez —e?
bpg = ——;a9 i = ———;
z—1 z—1

of course the two extremes 8 = 0, § = 0y correspond to the two extreme factoriza-
tions given earlier. (For 8 < 0 or 6 > 0y, either ap or ag,—g ceases to be an outer
function on D). But for the intermediate factorizations 0 < 6 < 6, the function
(2.73) can be seen to have a simple pole at 1, and so the corresponding measure
dpp will acquire a point mass at 1 (although the mass of this point will go to zero
as 8 — 0 or § — 6p). Thus the Dirac operators corresponding the intermediate
factorizations have an embedded eigenvalue at 1, i.e. an eigenfunction in [?(Z) with
eigenvalue 1.

One can in fact show that the factorizations in (2.74) are the only solutions to
the Riemann-Hilbert problem with the specified M|a, b]; we will tackle this (and
the more general problem of solving Riemann-Hilbert problems for rational function
data) in a future paper. Thus there is a continuum of solutions here to the RHP,
with the two extremes admitting no singular spectrum and the intermediate cases
exhibiting some singular spectrum. This turns out to be the typical'* behavior, as
we shall see when we derive triple factorization.

We close this section with an alternate characterization of the presence of sin-
gular spectrum.

LEMMA 2.12. Let F be an admissible potential with non-linear Fourier trans-
form Mla,b], let N be an arbitrary integer, and let M0 — oo Ny b—coeN] = Moo N
and M[aN 00, DN« +too] = MN« 100 be the half-line transfer matrices. Then we

have ) ) )
/ |afoo<—N| + |bN<7+oo| _ / |bfoo<—N|2 + |aN<7+oo|

T |af? T |af?
and equality occurs if and only if L[F] has purely absolutely continuous spectrum.

In particular, we see that a— oo N/A, D—cor-N/A, AN too/0, and by 1o0/a all lie
in L*(T).

PROOF. We recall that the function fy defined by

In(Q) =

<1

G — 00~ NAN++o00 — b*,ooerNe-i-oo

()

0— 00+ NOAN++oo t+ b*,ooerNeJroo

was a Herglotz function on D*. In particular, Refx (¢) is equal a.e. to the absolutely
continuous portion of the measure puy associated to this function, which means that

/RefNS1
T

14 Actually, the picture is slightly more complicated than this. For instance, if M]a,b] had
a double pole at 1 instead of a single pole, what happens is that in addition to the two extreme
solutions to the RHP with no singular spectrum, there is also an intermediate solution to the
RHP where M[a—,b_] and M(a4, b ] each have a simple pole at 1, and again there is no singular
spectrum. Then there are two line segments of solutions, each of which connects this intermediate
solution to one of the two extreme solutions, and the solutions in these line segments each have
an embedded eigenvalue at 1. We will investigate these phenomena more thorougly in a future
paper.
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with equality occurring if and only if this measure uy has purely absolutely con-
tinuous spectrum, which by Proposition 2.10 is equivalent to L[F] having purely
absolutely continuous spectrum. But by (2.61) the denominator of fy is equal to
a, while from (2.62) we have

* *
O—cot—n = A0y 4 oo — b*bpetoo

* *
b_osoen = baneJroo — bpne oo

which after some algebra becomes

* *
a _ Ao n 4 bbn<—+oo
n4—+oo — o a*
b o ba—ooi—n bn<—+oo
—0o¢n — - .

a a
Substituting this into the definition of fy, we obtain after some more algebra

— 04— 2 bn— 002 _
Refy () = el el o)

2 2
[b—coenN| :“aNF+OO| (C72) since

la]?
|afc>o<fN|2 - |bfc>o<fN|2 = |0'JN<7Jroo|2 - |bN<—+oo|2 =1
The claim follows. O

this is also equal to

2.9. A flag of Hilbert spaces

Let F be an admissible potential. In the last section we determined a fair
amount about the structure of the Dirac operator L = L[F] on L*(T)&® L*(T). For
instance, we isolated a subspace (L?(T) @ L?(T))qc of L?(T)® L?(T) which was in-
variant under L[F], %, and o, and such that the system (L[F], *, o, (L?(T) & L*(T))ac)
was unitarily equivalent (via either of the two adjoint wave operators 1 oo, which
are related by (2.59)) to the system (L[0], %, o, L>(T) @ L*(T)). In particular H,,.
contains a number of interesting vectors such as Qo 100 (v5) and Qo oo (Wy).

We now see how the original orthonormal basis vectors v,,, w, relate to these
scattering basis vectors Qo 4o00(Vn), Q0«+oo(wy), or more precisely how various
Hilbert spaces generated by one space correspond to the other. In the vacuum case
F =0, Qo+ is the identity and so these basis vectors co-incide, but of course
for non-zero F' these vectors will be different.

For any integer N, define the vector space Vony C L?(T) @ L%(T) to be the
Hilbert space spanned by the orthonormal basis vectors {v, : n < N} U {w, :
n < N}. Similarly define V>n to be the Hilbert space spanned by {v, : n >
N}U{w, : n > N}. Clearly these spaces are orthogonal complements of each
other: Von = V2.

Now let V;”J\’,” be the smallest Hilbert space which contains the vectors

{Qoctoo(wn) :n < N}U{Qoe—oo(vn) :n < N}.

Note that the set of vectors {Qotoo(wy) : m < N} and {Qo—oo(vy) 1 n < N}
are separately orthonormal, but their union is not necessarily so. Note that this
space necessarily lies in (L?(T) @ L*(T))ac, thanks to Proposition 2.10. Similarly
define V%™ < (L*(T) @ L?(T))ac to be the smallest Hilbert space which contains
the vectors

{Q0ctoo(vn) :n > N U{Qo—oo(wyn) :n >N}
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Then define VI := (VIR")* and VIG® := (VZR")*; these spaces necessarily
contain (L?(T) & L*(T))sc @ (L*(T) & L*(T))pp.
LEMMA 2.13. For any N, we have
VIN' € Ven C VIR

or equivalently that _
VIN" C Von C VIR

PRroOF. It suffices to prove that Vg}\’," C Ven and V;”J\’,” C V>, as the other
two inclusions follow by taking orthogonal complements. We shall just prove the
first, as the second is similar. It suffices to show that Qo 400 (wWn), Qo —o0o(Vn) €
Ven for all n < N. By the definition of Q¢ 1.0, it in fact suffices to show that
LIF]™" Wy —m, LIF]|™Vp—m € Ven for all n < N and m > 0. But this follows from
the finite speed of propagation property in Lemma 2.9, and the definition of V.
The corresponding claim that VZ%" C Vs is proven similarly. (I

In particular, if Vg}\’," = VI¥*, then V. is completely determined from the
scattering data Qo +oo(Vn ), Qo200 (Vn); later we will show that this is a necessary

and sufficient condition for F to have unique inverse NLFT.

We also observe the obvious invariances *Vony = oVeny = Ven and xVoy =
oV>n = V>n. Clearly the spaces Vo are increasing in IV, and V> n is decreasing
in N, with

mV<N = mVZN = {0} and ZV<N = ZVZN — LQ(T) @LQ(T)
N N N N

(here we use ) Vi to denote the smallest Hilbert space containing all of the Vj;
it is conjugate to | J under orthogonal complement). Also, while V. is not quite
invariant under L, we do have LV C V.41, as can be seen directly from (2.4).
We also observe the following more precise inclusions.

LEMMA 2.14. For any N, we have the formulae
Vang1 = Ven + CQoqoo(wn) + CQo—oo (vn)
Ven = Vent1 N (CQe—oo(wn)) ™ N (CQ 00 (vn)) "

PRrROOF. We just prove the first claim, as the second is similar. Since Vopni1
contains V;”J\i,zl, which in turn contains Qo oo(wn) and Qo —oo(vn), We see
that the left-hand side certainly contains the right-hand side. To show the other
containment, observe that V. has codimension two inside V< 41, so it will suffice
to show that the vectors Qg t+oo(wn) and Qo _oo(vn) are linearly independent
modulo V.. Actually since these two vectors lie in different eigenspaces of the
parity operator o, and V.y is o-invariant, it suffices to show that these vectors
lie outside of V.. We shall just do this for Qo oo(wn) as the other is similar
(and follows from conjugation-invariance). Since V. is contained in VZ3®, it will
suffice to show that Qg too(wy) is not orthogonal to Qo — oo (wx). But by (2.59)
we have

(0400 (WN), Qo — oo (WN)) L2(my@r2(T) = (WN, Q400 —00(WN)) L2(TYBL2(T);

applying (2.58) we see that this is equal to

/ St
T al(™?)  a(0)
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which is non-zero as desired. O

We now show a sort of converse to the above results, in that any family of
Hilbert spaces V< in an abstract Hilbert space H (equipped with the operators
L, %, o) which obey the above properties generate a Dirac operator with specified
scattering data.

THEOREM 2.15. Let M[a,b] € L*(T) be a scattering datum, and let H be
a Hilbert space with a unitary operator L : H — H, a skew-unitary involution
x: H — H, and a unitary involution o : H — H such that we have the commutation
relations

(2.75) xLx=L"' Lo=—0cL and xo = —0*.

Suppose also that we have unitary operators Qo +oo : L*(T) ® L?(T) — Hy. for
some closed subspace H,. of H, with the commutation properties

(276) QO<—:I:OOL[O] = LQO(*:too; QO<—:|:OO* = *Q:F; QO(*:‘:OOO— = JQO(*:‘:OO)

and such that the scattering operator Qiococ —oo = Q8 400 —oco 15 given by
(2.58). Suppose we also have a closed subspace V< for every integer N such that

Vant1 = Ven + CQoetoo(wn) + CQo— oo (vn)

Ven = Veng1 N (CQoe—oo(wn))F N (CQ o0 (vn)) -
*Weny =o0Ven =Ven

(2.77) LVen CVansa
n V<N - 0
N
> Vey=H
N

Then, up to a unitary transformation of H, the space H is equal to L?(T) @ L?(T),

~~
and L is equal to L[F)] for some potential F such that F = MJa,b]. Furthermore,
the operators *, 0, Qo +oo, Atooc0, B+ooio, and spaces Vo n correspond to the
operators and spaces with the same name defined previously.

PROOF. Define the operators Q4o o : H — L%(T) @ L?(T) to be the adjoints
of Qo 100, and define @40, Stooo by (2.48). Observe from (2.76) and (2.58)
that these functions the identities (2.50), (2.51), (2.52), (2.56), (2.57), (2.49).

We first use the parity operator o to decompose all our spaces into two pieces.
Since o is a unitary involution, we have ¢?> = 1, and so the projections Py :=
H'T" and P_ := 1—70 are complementary orthogonal projections. Since V. is o-
invariant, we have the decomposition Vey = Py Veny @ P_Von. Also, from (2.76)
we know that Qo 1o0(vn) lies in the range of Py if N is even and P_ if N is odd,
and vice versa for Qo +oo(wn). Thus we have
(2.78)

P(,I)NV<N+1 = P(,I)NV<N+CQQ<__OO(’UN); P(,I)N+1V<N+1 = P(,I)N+1V<N+CQO<_+OO(’LUN)

and
(2.79)
P(_l)NV<N = P(_I)NV<N+1m(CQO<_+OO('UN))L; P(_l)N+1V<N = P(_l)N+1V<N+1m(CQO<__OQ(U}N))J—.
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We now do a “Gram-Schmidt” procedure to extract an orthonormal basis from
these two nested sequences of subspaces. First, to avoid degeneracy, we must show
that the inner product between the unit vectors Qo —oo(vn) and Qo400 (V) is
non-zero. Using (2.59), we have

{Q0—o0 (VN ), Qoe—too (VN)) B = (Q4oc—o0 (VN), UN) L2(T) B L2(T)-
Applying (2.58) we thus see that

1 1
Qo — Q =/ —— - _—_
(000 (VN), Qo100 (VN)) 1 /T IR0
In particular, the vectors (Qo« —oo(Un), Qo100 (VN ))H are not orthogonal. A sim-
ilar argument (using (2.76) if desired) gives that

(Qoe—oo(WN), Qo—too(WN))H = a(0) > 0.

In particular, from this and (2.78), (2.79) we see that PyV.y is a codimension
one subspace inside PyVcon41. Thus the orthogonal complement of PiVoy in
PiV_on.1 is a complex line. If £ = (—1)", then this orthogonal complement is
not orthogonal to Qo _o(vn), and so we can define a unique unit vector vy in
this complement such that (vh, Qo _oo(vn)) is real and positive, while if + =
(—=1)N+! then the orthogonal complement is not orthogonal to Qo. 1o (wy), and
so we can define w); to be the unique unit vector in this complement such that
(W, Qoeto0(wn)) is real. Note that by construction we have ovly, = (—1)Noly
and owly = (—1)V*tlwl. Also since * must map PyVy to PzVy (by the -
invariance of Viy and (2.75)) we see that we must have xv)y, = w/y. Thus the parity
and conjugation operator act on v}y and w)y just like they do on vy and wy in
L*(T) ® L*(T).

The unit vectors v, and wj are orthogonal to each other since they lie in
different eigenspaces of o. By construction, we see that

Vent1 = Ven @ Cuy & Cuwly.

Iterating this we see that

Ven, =Ven, ® @ C’U?V D Cw?v
N1 <N<N»
for all N7 < Ns. Sending Ns to 400 and N to —oo and using the hypotheses in
(2.77), we thus see that
H= @ Cuy @ Culy
Nez

or in other words that {vyy,w} : N € Z} is an orthonormal basis of H. Thus we
may apply a unitary transformation if necessary to replace H with L?(T) @ L?(T),
and v}, wy with vy, wy; henceforth we shall do so, and erase the distinction
between vh and vy, between w), and wy, and between H and L*(T) & L*(T).
Note that by the above discussion we have

(2.80) Ven = @ Cun: ® Cwpr
N'<N

and

(2.81) Viy= @ Con @ Cun.

N'>N
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Now let us investigate the action of L on the basis vectors vy, wy. We begin
with computing15 Lwy. From the hypothesis LVenyi1 € Venio we see that
Lwy € Vonio. But we also know that wy lies in Vo1, which is orthogonal
t0 Qo —oo(wn2) by (2.77). Thus Lwy is orthogonal to Ly — oo (wn42), which
equals Qo —oo(wy1) by (2.76). But Lwy is also orthogonal to Qo too(vnt1) by
parity considerations, since by (2.75) we see that Lwy lies in a different eigenspace
of o than vy 1. Thus Lwy actually lies in Vo y12N(CQ0c— oo (wn ) TN (CQoes 00 () F =
Ven+1. On the other hand, we know that wy is orthogonal to V., hence Lwy
is orthogonal to LV, ny_1. To understand this space, first observe from (2.77) that
LV_n_2 lies in Voy_1, hence (by applying * and (2.75)) L™1V_x_5 also lies in
Von_1. Hence LV, _1 contains V. ny_s, and so Lwy is orthogonal to V. n_o.

To summarize, we have shown that Lwy is contained in V.41 and is orthog-
onal to Veny_z. From (2.80), (2.81) that Lwy must be a linear combination of vy,
wn, UN_1, and wy_1. But since Lo = —oL, Lwy must have the opposite parity
to wy, and thus Lwy must be a linear combination of v and wy_1.

Since wy has a positive inner product with Qo oo (wx) by construction, Lwy
has a positive inner product with LQg« 400 (WN) = Qo too(wn-1). And wy_1 also
has positive inner product with Qo oo (wy—1) by construction. Meanwhile, vy is
orthogonal to all of V., and in particular to Qo too(wn—1), which is contained
in Veny by (2.77). Since Lwy was a combination of wy_1 and vy, we thus see that
the inner product of Lwy with wy_1 is strictly positive. Since Lwpy, wy_1, and
vy are all unit vectors, we may therefore find a complex number |Fy_1| < 1 such

that
LwN:—FX[_l’UN—i— 1—|FN—1|2U}N—1)

or upon incrementing N,

(2.82) Lwni1 = —Fyoni1 + 1= |[FyPun.

Applying * and (2.75) we obtain

L71UN+1 =—Fywny ++1— |FN|2’UN;

applying L to both sides and using (2.82), we obtain (after some algebra)

Loy =+/1— |FN|2UN+1 + Fywn.
In other words, L = L[F] is given by (2.4). We now show that F is admissible, i.e.
that [y v/1 — |Fn|? is non-zero.
An inspection of the proof of Lemma 2.9 reveals that it does not use that F
is admissible (basically because one only applies L a finite number of times). In
particular, we see that

(2.83) (LIF)™0n, 0ntm)2marem = | ] 1—|F)2

n<n’/<n+m
for any n € Z and m > 0. Thus it will suffice to prove that these inner products
are bounded away from zero; in fact we will show that

1
(2.84) (L[F]mvn, 'Un-'rm)Lz(T)EBL?(T) Z —F -
a(0)
15Readers familiar with Jacobi matrices may recognize the following argument as essentially
the same as the one which shows that the operation of multiplication by z on L2(p) is given by a

Jacobi matrix in the basis of orthogonal polynomials; the main new feature of the Dirac operator
is that it introduces parity considerations.
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To prove this, first recall that v,, 4, lies in the orthogonal complement of P(_1yn+m Vepnim
in P_qyntmVengmy1. Meanwhile, the vector Q. 4oo(vnym) is also orthogonal
to P_1ynt+mV<ptm, but has a non-zero inner product with vy, 4y, (since vpym €
Ventm). Thus we have
(2.85)
(v, Qo to0 (Vntm)) L2(Ty@L2(T) = (V) Untm) L2 (T)@L2(T) (Vntm, Qo to0 (Vntm)) L2(T)@L2(T)
for all v € P _yyn+mVenimay1. Applying this in particular to v = Qo oo (Vntm),
we obtain
1

a(0)
In particular, since the former inner product was positive real by hypothesis, so is
the latter, and since all vectors are unit vectors we thus have

1
a(0)

= <QO<——<>o ('Un—i-m); Un+m>L2(T)eaL2(T) <'Un+m7 Qo400 (Un+m)>L2(T)EBL2(T)-

(2.86) < Qo200 (Vntm)s Vntm) L2(myeL2(T) < 1.

Now consider L[F]|™v,,. From Lemma 2.9 we see that L[F]|™v,, can be written as a
linear combination of vectors {v,/, w, : ' <n+m} and hence lies in V< 4p,. By
parity we see that it in fact lies in P(_1yn+m Venqsm. In particular by (2.85) we have

(LIF]™ vy, QO<—+oo(Un+m)>L2(T)@L2(T) =(L[F]™v, ’Un+m>L2(T)€aL2(T)
<Un+m; QO<—+00 (Un+m)>L2(T)€BL2(T) :

The left-hand side is equal to (vn, Qo« yoo(Vn)) L2(T)®L2(T), Which by (2.86) is at
least 1/a(0), and the claim (2.84) follows. Thus F' is admissible. In particular, we
can define the scattering maps Qo +o0 : L2(T) ® L?(T) — L*(T) @ L*(T) by

Q0 toov 1= ml_i}jr[looL[F]_mL[O]mv.
We do not know yet whether these scattering maps Qo+ co-incide with the map

Qo +o0 given to us by hypothesis, but if they did we would be able to deduce from
(2.56), (2.57) (which holds for Qo 1o and M]|a,b] by hypothesis, and holds for

N A~ —~~
Qo100 and F by previous discussion) that F = M|a,b] as desired.

It remains to show that the partial isometries QO%:I:OO and Q0.+ coincide. By
(2.76) it suffices to do so for vy. We first show that Qo 40 (v0) lies in Qo 400 (L2(T) & L2(T)),
i.e. that
(2.87) lim L[F]™™L[0]™v = Qo too(v0)

m—+oo

for some vector v (ideally we would have v = vg, but we will not show this yet).
Equivalently, we wish to show that the sequence L[0]™™L[F]™« 100(vg) con-
verges; by (2.76) we may rewrite this sequence as L[0] ™0« 100 (Um,)-

We shall just do this for the &+ = 4 case; the £ = — case is similar, and consists
basically of replacing all the spaces below by their orthogonal complements and
changing the sign of m.

We know that Qo too(vm) is orthogonal to Ve, hence L[0]™™ Q0 4 oo (V) is
orthogonal to V.y. Thus we may write

L[O]_mQO<—+OO(Um) = Z Cn,mUn + dn,mwn

n>0
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for some coefficients ¢, m, dn,m; since vy, is a unit vector we have

Z |Cn,m|2 + |dn,m|2 =1
n>0

Now observe that
Cnym = (L[0] "™ LIF]" Q0 400(v0), vn) = (Q0etoo(v0), L[F]~™L[0]™vy)

and hence ¢, , converges pointwise to ¢, = <Qog+oo(v0),fl0e+oo(vn)> as m —
+o0o. Similarly d,, ,, converges to d, := <QO<—+<>O('UO)7QO<—+<>O(U}71)>- If we can
upgrade this pointwise convergence to [ convergence then we will have established
the claim (2.87). To show this, pick any € > 0, and choose N so large that

Z |cn,0|2 + |dn,0|2 § 52~

n>N

Then pick m > N so large that

(2.88) S IR <6

n>m—N

where § = (¢, N) > 0 is a small number to be chosen later. We can then split
Qo«+oo(vo) = A+ B, where A is linear combination of the finite set of vectors
{Vn,wn : 0 <n < N} and B has norm at most €. By finite speed of propagation we
then see that L[F]™A is Ve nym. But L[F]™Q0 100(vp) is orthogonal to V. y, thus
L[F]™Q0«+oo(v0) is equal to a linear combination of {v,,w, : m < n < N +m}
plus an error of norm at most e. We now dispose of the w, terms. We write
LIF™A = LO]NL[F™NA + (L[F)N — LIO}Y)L[F]™ N A. From finite speed of
propagation we know that L[F]™~N A € V_y, hence L[0]Y L[F]™~" A is orthogonal
to {wy, : m <n < N+m}. The second term (L[F]N — L[0O]V)L[F]™ N A can have
coefficients in the set {w, : N < n < N 4 m}, but the size of these coeflicients
is at most C'(N)é thanks to (2.88). Thus by making ¢ sufficiently small, we can
ensure that L[F]™Qot00(v0) is equal to a linear combination of {v, : m < n <
N +m} plus an error of norm at most 2e. Thus L[0]™ L[F] ™Qo 400 (v0) is a linear
combination of {v,, : 0 <n < N} plus an error of at most 2e. This is uniform in m
and thus can be used (together with the pointwise convergence of coefficients) to
show the convergence of L[0]™L[F]™ ™0« +too(vo). This proves (2.87) for + = +.
Notice also that the above argument shows that the d,, ,, are converging to 0 as
m — +00, so d, = 0 and thus

(2.89) <QO<—i<>o (’Uo)7 QO<_+OO (wn)> =0.

We still have to prove that Qg to00(vo) = QOHJFOO(UO). Since we now know
that Qo +o0(vo) lies in the range of QOHJFOO (i.e. it is in the absolutely continuous
portion of L?(T) @ L?(T)) it will suffice to show that &1 soe0(Qoctoo(v0)) = 1
and BJFOOHO(QOHJFOO(UO)) = 0, where G400 and Bioo&o are defined as in (2.48)
but with Qe 400 instead of Qo+ oo.

The claim BJFOOHO(QOHJFOO(UO)) = 0 follows from (2.89), so now we turn to
showing &4 co0(Q0+00(v0)) = 1. First recall that Qo oo (Um) = LIF]™ Q0400 (v0)
is orthogonal to v, for any r > 0 and m € Z (since the latter vector lies in V., ),
hence L[0] ™ L[F]™Q0—+00(v0) is orthogonal to v_,. Taking limits as m — £o0
we see that (Qo« 400 (v0), QOeioo(U—r»L?(T)@L?(T) =0 for all r < 0. In particular,
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from (2.48) we thus see that Ao 0(Q0+00(v0)) lies in H2(D) for both choices of
sign +. By (2.76) and (2.50) we have
(2.90)
d+oo<—O(QO<—+oo(’Un)) = Cnd+oo<—O(QO<—+oo ('UO)); B+oo<—O(QO<—+oo(Un)) =0.
In particular we have
A 00¢0 (QO<—+OO(Z Cn'Un)) = Z Cncnd+oo<—0 (QO<—+<>O ('UO))

n n

BJroo(fO(QOeJroo(Z Cnvn)) =0

for any compactly supported sequence ¢,,. Applying (2.49), the fact that Qg oo
is an isometry, and that v,, is orthonormal, we thus have

O leal)? = 10 ent™)arooe0(Qoe oo (v0))ll 2 (m)-

By Plancherel and a limiting argument we thus have

Ifllz2(ry = |1 @ tooc0(Q0¢400(v0)) || L2(T)
for all f € L?(T); this implies that |a4cce0(Q0+00(v0))| = 1. Since we already
know that & oee 0(Q0cto0(v0)) € H?(D), this implies that a4 ooe 0(Q0e +o0(v0))
is an inner function on D. A similar argument shows that @ _ oo 0(Q0—oo(v0)) is
an inner function on D*.
Write M[a,b] = F . From (2.60) and the claim ;o0 0(Qoc 1o0(v0)) = 0

already shown, we have

. 1

G 00¢-0(Qoto0(v0))(€) = WOL‘"OO(*O(QO(—J,»OO(UO))(C)'
Meanwhile, for any integer n we have

dfoon(QOefoo(vn)) = CnééfmeO(QOefoo(vO)); 5700470(9047700(071)) =0.
by the analogue of (2.90) for Q. _oo(wy). Thus by (2.49) we have
1 - o~ *
(0400 (v0), Q000 (Vn)) L2(T)@L2(T) = / Wa+oo<—0(90%+oo(v0))(<)< "0 004-0 (0 —o0 (v0)) " (€)-
T

On the other hand, from (2.49) we have

(V000 (00)s Q0 oo(00)) £22y015(T) = / 0 s 0(Q0e 10 (1)) oo 0(Qoc—oo(vn))*
T

+ ﬁfoon(QOHJroo (’UO))ﬂfoOHO (90%700 (Un))* .

From (2.48) we see that a— oo 0(Q0—o00(Vn)) = ¢" and B oo0(Q0—oco (V) = 0.

Similarly @4 ooc0(Q0c+00(v0)) = 1 and B1o0e0(Q0+00(v0)) = 0, so by (2.60) we

have
1

a—oon(Q(UO))(C) = a* (472) ’

Thus we have

1
(0400 (v0), Qoe- —00 (Un)) L2(T)@ L2 (T) = /

T a*(§—2)<_ '

Thus we have

1 ~ —-n ~ * _ 1 —-n
/I‘maJroon(QOeJroo(’UO))(C)C Oéfooeo(QOHfoo(UO)) (C) /TG*(C_Q)C



134 2. THE DIRAC SCATTERING TRANSFORM

for all n. This forces

ﬁd*““m“**“(“0>><C>€‘”d—ooeo<9%_oo<uo>>*<c> = ﬁ

for almost every ¢ € T. But a*(é,Q) and a*(é,Q) are outer on D, while &4 000 (R0 400 (Vo))

and &@— oo 0(Q0«—o00(v9))* are inner on D. By the uniqueness of inner and outer fac-
torizations, we thus see that dteo0(Qo+00(v0)) are constant functions with unit
magnitude. However, since Qo (V) has positive inner product with L[F]~™L[0]™vy =
L[F]| ™v,, for every integer m (e.g. by (2.86)), we see from (2.48) that the
constant coefficient of ayoo0(Q0—+00(v0)) is real and non-negative. Thus have
Gt00e0(0+too(v0)) = 1 as desired. This completes the proof of Theorem 2.15. O

Fix M(a,b] € £%(T). We can apply this Theorem to invert the NLFT for this
choice of scattering data; in fact we will now give two such inversions.

We first have to choose H. Notice that the scattering map Q4o —oo defined
in (2.58) depends purely on the scattering datum M[a, b] and is unitary on L?(T)®
L?(T). We will set H to be the graph of this map, i.e. H is the space of all pairs

H = {4, tso0) € (L2(T)@ L2(T)) x (LA(T)& LX(T)) : e = Lpone—octi—oc}
equipped with the norm

([ (t—o0, V400 || = ||U—oo||L2(T)@L2(T) = ||U+oo||L2(T)eeL2(T)-

We define operators L, %, o on this space by

L(tu—o; utoo) = (L[0]t—oo, L[0Jtt o) = ((U—o0, Utoo)

*(U— o0, Utoo) = (¥Uioo, ¥U_oo)

0 (U—o0, Uos) = (OU—00; TUto0);
One can easily verify that these operations map H to itself and also obey the
commutation relations (2.75). One can then define the wave operators Qg 400 :
L*(T) ® L*(T) — H by
(2.91)
Q04 t00(Ut00) = (Qoot—tooltoos Utoo)s  0e—00(U—oo) = (U—oo, Dt oot —o0ol—co);

the adjoint operators are given by

Qitooc0 (Ufooa u+oo) = Utco-

Note that the wave operators are surjective here (so H = H,.), and thus unitary.
This will mean that any potential constructed via Theorem 2.15 using this space
will have purely absolutely continuous spectrum. (One can also easily verify the
converse to this statement, any solution to the inverse NLFT of M|a, b] with purely
absolutely continuous spectrum can be constructed using this space H. This space
corresponds to the spaces L2 . used by Yuditskii and Volberg [34] in the Jacobi
matrix case.)

We now have a choice as to how to define the spaces V.. As before we define

IR =Y O oo (wn) + CQo oo ()
n<N

and

N = ﬂ (CQO<——<>O(wn))l + (CQO<—+<><>(UH))L
n>N
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Observe that Vg}\’," C VZ® for all N; this comes directly from the definitions,
noting that a is outer on D and hence fT ﬁ(” =0 for all n > 0.

As noted earlier, we must have V. lie between Vg}\’," and VI*. Suppose we
choose Vo to equal VI{"; we claim that this choice obeys all the properties in
(2.77). The first and third claims are clear, while the fourth follows from (2.76).

To prove the second, we observe from the inclusion V" C VZ¢* that

Ven € Veng1 N (CQoe—oo(wn ) N (CQw— oo (vn)) -

But from the first property of (2.77) we see that V. y has codimension at most two
in Veny1. But since Qo400 (wn) has non-zero inner product with Qo —oo(wn)
(indeed, by (2.58) the inner product is 1/a(0)) and is orthogonal to Qo too(vn),
and vice versa for Qo _co(vn), we see that the codimension is exactly two, and
the above inclusion must be equality. To prove the fifth claim of (2.77), it suffices
to prove the stronger statement that

(VI = {0}
N

To see this, suppose we have a vector (t—oo, U4o) € H which lies in (5 VZ3®, then

by construction of VI 3#* we thus see that (U—o0, Ut oo ) 18 orthogonal to Qo —oo (W)

and Qo too(vn) for every N. Thus u_ is orthogonal to every wy, and u4oo is
orthogonal to every vy. If one then writes

o Q+oo
oo = ( Bioo )
then by (2.58) we see that S_o = @400 = 0, and thus from (2.58) (or (2.56), (2.57))
1

0= Wafoo@)
_ e
ﬂJrOO(C) - a(C_Q) *OO(C)

Since a is a.e. finite on T, we thus see that (v_o0, V400) vanishes, as desired. This
proves the fifth property of (2.77). Finally, the sixth property of (2.77) is a dual
version of the (stronger version) of the fifth.

We can then invoke Theorem 2.15 to create an admissible potential F' :=

—_——
Fright[q b] such that F"9"*[a,b] = M[a,b]. We call this F the rightmost inverse
NLFT of Ma,b]; as we shall see, it has the largest amount of energy on right half-
lines amongst all the inverse nonlinear Fourier transforms of M[a,b]. As remarked
eralier, L[F"%9"[a, b]] has purely absolutely continuous spectrum on T.

A similar argument (which we omit) shows that the choice Voy := V" also
obeys all the properties in (2.77), and thus gives rise to another admissible potential
F := F'®ft[q, b] whose nonlinear Fourier transform is equal to M [a, b]. This will turn
out to be the leftmost inverse NLFT, which contains the largest amount of energy
on left half-lines amongst all inverse nonlinear Fourier transforms of M][a,b]. The
Dirac operator associated to this potential also has purely absolutely continuous
spectrum on T. Note also from (2.17) that F'/t[a,b] and F"%9"[q,b] must have
exactly the same energy on the line Z, namely 1/a(0). However as we shall see the
energy of these two potentials can be distributed in different ways on the line.
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In particular, we have now shown that every scattering datum M|a, b] € £?(T)
arises in at least one way (and possibly two) as the non-linear Fourier transform of
an admissible potential. In the next section we shall clarify this statement further,
when we prove the triple factorization theorem (Theorem 2.7). For now, we at least
show that these two examples of an inverse NLFT can be used to characterise the
uniqueness of the inverse NLFT.

PROPOSITION 2.16. Let Mla,b] € L3(T) be a scattering datum, and let H,
ymin ymaz  pright[a b Feft[q, b] be as above. Then the following statements are

equwalent

hd (Z) The vectors {QO<—+<>O(wn)}n<0; {QOH—OO(Un)}n<O {QO<—+<>0('Un)}n207
{0 — 0o(wn)}nzo span a dense subspace of H.

(ZZ) m’Ln — <’n“6a93'
(iii) f‘]@” = VI¥* for all N.

(iv) Fleft[a,b] = F”ght[a,b].

(v) E(F'Ita,b]|(n 100)) = E(F"9" [a,b]|(n +o0)) for some integer N.
(vi) E(F'*a,b]|(—0o,—n)) = E(F"9"[a,b]|(_ o n)) for some integer N.
(vit) Mla,b] has a unique inverse NLEF'T.

PROOF. The equivalence of (i) and (i) follows from the definitions of V2§ and
M (and recalling that V2§ is contained in VZ*. The implication (zzz) =
(#i) is trivial. To see that (zz) implies (iii), merely note that both VZ¥" and
VZW® obey (2.77), which allow Vo to be constructed recursively from V<0 The
implication (4i7) implies (iv) is trivial, as is the implication that (iv) implies (v).
The equivalence of (v) and (vi) is just the statement that F™[a,b] and F™"[a, b]
have the same energy on Z. To see that (vi) implies (ii4), suppose for contradiction
that me was strictly smaller than VZ3® for some N, and hence for all N (again
by using (2.77)). By parity and conjugation invariance of these spaces, this also
implies that Py VZ{" is strictly smaller than PV 3* for both choices of sign =+.
Let v be the basis of H constructed in Theorem 2.15, i.e. the unique unit vector
in P_y~ V?]\?}H orthogonal to the codimension one subspace P(_iy~ V;”J\’,” which
had a positive inner product with Qo —oo(vn). Since Qo —oo(vy) was orthogonal
to P_y) N VI by (2.77), we thus see that the vector
U;)V@in
(Qo—oo (vn), VR )E
is nothing more than the orthogonal projection of Q. oo (vn) to P_1yn VIR N+1
Similarly

max
UN

Qe oo (o), VR

is the orthogonal projection of the same vector Qg _o(vn) to the larger space
P_1y~nVZNY . Since the projection to the larger space clearly has the larger norm,
we thus have

)H

(Qoe—oo(VN), VRVt < (Qoe—oo(UN), VR V.

But by the limiting version of the boundary value formula in Lemma 2.9 (or (2.83))
we have

(Qoc oo (o), v = ] /1 - |1FF[a,b]?
n<N
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and
<QO<__OO(’UN)7U]T\7W>H _ H 1 — |Fginfa, b]|2
n<N
and hence
E(Fm”[a,bﬂ(—oo,N)) > E(me[a,bﬂ(_oo,zv)).

Since N is arbitrary, this contradicts'® (vi) as desired.

Finally, observe that (vii) trivially implies (iv). Now assume (iv) (and hence (i)-
(vi), by the previous discussion), and suppose that F'is an inverse NLFT to Ma, b],
and form the transfer matrices Ma_,b_] = M_o0 and Mat,by] = Mo too; by
Theorem 2.4, Corollary 2.5, Lemma 2.6 these matrices solve the Riemann-Hilbert
problem (2.34).

Observe that the pair

() a—(¢?)
— “(¢72) ()
(Uoostipoo) = (| " 20 2 ] ( ¢ hy(c?) ))
a*(¢7?) a(¢™?)
is an element of H. Indeed, by (2.63) this is nothing more than the adjoint wave
operators of F' applied to vg:

(U—00, Utoo) = (Q—coeo[F](v0), Q4000 F]vo),

and the claim then follows from (2.59). (Alternatively, one could use Lemma 2.12
to verify that all the factors in (u_oo,tu+00) are square integrable, and then use
(2.58) and (2.34) to verify that t4ec = Qoo —ocol—oo)-

Observe that u_, extends holomorphically to D, while u, extends holomor-
phically to D*. Thus u_, is orthogonal to v,, for all n < 0 and w, for all n > 0,
while %y is similarly orthogonal to w,, for all n < 0 and v,, for all n > 0. This im-
plies that (u_oo, Uoo) is orthogonal to V2™ and (VZe%)L. But we are assuming
that VZi%® is equal to ng, hence (U_oo,Utoo) lies in the orthogonal comple-
ment of Vg%m in anzln As we know from the proof of Theorem 2.15, this space is
two-dimensional and is spanned by v§*" and w§*". But from applying the parity
operator to the definition of (u_w0,Utco) We see that this vector lies in the range
of P, and hence must be a constant multiple of vJ"", say (U_oo, Ustoo) = cUF™.
Applying (2.63) to determine the adjoint wave operators of vJ*" this means that

ay =c'al"; b =cb™"; a_ =ca™"; by =cb™",

where M[a7"™, b7"] are the half-line transfer matrices associated with F™"[a, b].
But since a4 and a7 (for instance) are both real and positive at the origin we know
that ¢ is real; since M[a—,b_]M[ay,by] = M[a™™ b "M [a™™, b7""] = Mla,b]
we see that ¢ = 1. Thus ¢ = 1, which implies that a+ = a7 and by = bT". By
Theorem 2.4 and Corollary 2.5 we thus see that F' = F™"[q, b], and the uniqueness
is proved. O

This proposition gives, at least in principle, a means of determining whether
a potential M|a,b] has a unique inverse NLFT, but it does not seem very easy to
work with. It seems of interest to determine a better criterion for uniqueness.

161y fact this argument shows more: that enlarging the space V. leads to shifting more of
the energy of the corresponding potential F' to the left of N instead of to the right.
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2.10. Proof of triple factorization

We can now begin the proof of Theorem 2.7. Define the Riesz projections
P4y + LA(T) — H?*(D) and P_o ) : L*(T) — HE(D*) to be the orthog-
onal projections of L*(T) to H3(D*). We begin with a key observation that
the left component of F"9"*[q, b] depends on only one component of a,b, namely

P(,m’o)(b/a) = P(,OO’O)(T).

PROPOSITION 2.17. Let M]a,b] be a scattering datum in L2(T). Then the
restriction of F™"[a,b] to (—o0,0) depends only on P_o0,0)(1) = P(—s0,0)(b/a); in
other words, if Ml[a,b] is another scattering datum in L£*(T) with P_oc,0)(b/a) =
P(—oo,O)(l;/&); then the corresponding potential F”ght[d,l;] agrees with FT9"[q, b]
on (—00,0).

As we shall see later, the converse of this proposition is also true: one can
recover P_ o 0)(b/a) from the values of F"*9"*[a,b] on (—o0,0). The linear analogue

of this is that one can recover Pi_ o) (F) from the values of F on (—00,0) and vice
versa.

PROOF. The idea is to run the inversion procedure in Theorem 2.15 care-
fully and note that to recover the left half of F™"[a,b] only requires knowledge
of P(—oo,O) (b/a)

We recall the Hilbert space H introduced in the previous section, and recall
the space V74" defined in that section as

<77(1)in = Z CQO<—+oo(wn) + CQO(——OO(UTL)'
n<0

The set of vectors
(2.92) {0 +00(Wn), Qo —oo(vn) : 1 < 0}
thus span (a dense subspace of) g%)i”. Let us now understand the Hilbert space
structure of (2.92); in other words, let us compute all the inner products between the
elements of (2.92). They are all unit vectors, and the vectors {Qo oo (wy,) : 7 < 0}
and {Qo«—oo(vn) : 1 < 0} are separately orthonormal (since the wave maps Qo 10
are isometries). But the first set of vectors are not orthogonal to the second. Indeed,
we have

<QO<—+<>O (wn); QO<——<>O('Um)>H = <wn7 Q+oo<——oo'Um>L2(T)EBL2(T)7
and hence by (2.58) and (2.3)
(!
a*(¢72)
Since n,m < 0, we see that we may replace b/a by P(_. 0)(b/a) without affecting
the above integral, thus

<QO<—+<>O (wn); QO<——oo(Um)>H = /I‘ Cinierl(P(foo,O) (b/a’))*(C72)

Thus, the Hilbert space structure of the vectors (2.92) which span V75" is deter-
mined entirely by P_. 0)(b/a).

Define the map ¥ : V7™ — [?((—00,0)) & ?((—00,0)) by
P(v) = (((v, Qo oo (Wn))H)n<0, ((V; Qo —o0 (Un))H)n<0);

<QO%+OO(wn)790%700(vm)>H:/T<_n_m+1



2.10. PROOF OF TRIPLE FACTORIZATION 139

this is a continuous linear map since the vectors {Qo«too(wn) : n < 0} and
{Q0—oo(vn) : n < 0} are separately orthonormal. Tt is also injective since (2.92)
spans <"6i". Thus we can define the Hilbert space ¥( <"6i"), endowed with the
Hilbert space structure pushed forward from VZ§™ via ¥ (so the Hilbert space
structure on W (V24™) is not the one induced from the ambient space I?((—o0,0)) &
12((—00,0))). This space is spanned by the vectors ¥(Qo. o0 (wy)) and ¥(Qo— oo (vn))
for n < 0. But by the previous discussion, these vectors (thought of as elements
of 712((—00,0)) @ 1?((—00,0))) are completely determined by P(_« o)(b/a), as are
the inner product in W(VZ§") between these vectors. This means thata the space
U( Z‘Om), and the Hilbert space structure on this space, is determined completely
by P(_s0)(b/a). Also the action of the parity operator o, pushed forward to
U(VZE™) by W, is also completely determined by P(_ 0)(b/a) because its action
on the basis vectors ¥(Qp« 400 (wr)) and ¥(Qp—oo(vy,)) (Which are determined by
P(_,0)(b/a)) is known. In particular, the parity projection operators P., pushed
forward by V¥, can be defined on the parity-invariant space ¥(V24™) and are com-
pletely determined by P(_ oy(b/a).

Now consider the subspaces V24" in V2™ for n < 0. This space, by definition,
is spanned by a specific subset of (2.92). Thus ¥(VZ¥%") can be determined as
the span inside ¥( ?Om) of a set of vectors which is completely determined by
P(_,0)(b/a). One can then compute the orthogonal complements of P.W¥(VZ™)
in PLW(VZie,), and thus determine the unit vectors ¥ (o), W(w?") for n < 0
up to a complex phase, again using only P(_ ¢)(b/a) and no other knowledge of a
or b. But we know that ¥(v™™") has a positive inner product with ¥(Qo. _oov,,)
and so in fact we can determine W (v]7""") exactly in terms of P_ o)(b/a). Similarly
we can reconstruct ¥ (w") from P_. 0)(b/a).

Recall that the operator L maps Vgﬂ”f to Vg}f", and hence we can push this
forward by ¥ to create a map from ¥ (VZ") to U(VZy™). This map can be
completely determined by P(_ 0)(b/a) because we know its action on basis vec-
tors, namely it maps ¥(Qoc—oo(vn)) 10 ¥ (o —oo(vnt1)) and \I/(QO<_+QO(wn))
to U (Qoe—oco(Wn—1)) by (2.45). In particular, we can determine ¥(Lv[*") and
U (Lw]™) for n < —1 entirely in terms of P_« o)(b/a). By (2.4) we can thus

reconstruct F;9"*[a, b] for n < 0 entirely in terms of P_ ¢)(b/a), as desired. [
A similar argument gives

PROPOSITION 2.18. Let M]a,b] be a scattering datum in L2(T). Then the
restriction of F'*/*[a,b] to [0,400) depends only on Py o) (5*) = Pl +00)(b/a”).

To apply Proposition 2.17 and Proposition 2.18 we make the following obser-
vation:

LEMMA 2.19. Let Ma_,b_] € HE(D*) and Mlay,by] € H*(D), and define
Mla,b] by Mla,b] = M[a_,b_]M][ay,by] (thus M[a,b] € L%(T) by Lemma 2.6).
Then P_oo,0)(b/a) = P_s0,0)(b—/a_) and Py 1) (b/a*) = Po 400)(b/a").

PROOF. From the identity
Mlay,by] = M[a_,b_]"*Mla,b] = M[a*,~b_]M|a,b] = M[a* a —b*b,a_b—b_a]
we thus see that by = a_b —b_a and thus

b b_ by
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The left-hand side lies in L?(T), and the right-hand side extends holomorphically to
[0, +00), thus the left-hand side actually lies in H?(D) and vanishes when P—00,0)
is applied, which proves the first claim. The second claim similarly follows from
the identity

Mla_,b_] = M[a,b|M[ay,b )" = M[a,b]M|a’, —by] = M[aa’,—b*by, ba’, —a*by]
and hence b_ = ba’ — a*by, and thus
b by b

* * kK
a a/_;’_ a/a/_;’_

and one argues as before. (I

Combining this lemma with the above two Propositions we immediately obtain
a preliminary result on the Riemann-Hilbert problem.

COROLLARY 2.20. Let M[a,b] € L*(T) be scattering data, and let M[a_,b_] €
HE(D*) and Mlay,by] € H*(D) be a solution to the Riemann-Hilbert problem
(2.34). Then

Fright [aa b”(—oo,O) = Frioht [a,, b*”(—oo,o)
and
F'efta, b] l[0,400) = Flfta, by 1[0, +00)

We are now in a position to prove the triple factorization theorem.

PROOF OF THEOREM 2.7. Fix Mla,b] € £*(T). Define F__ to be the re-
striction of F"9"[q b] to (—o0,0) and Fy, to be the restriction of F'*/*[a,b] to
[0,4+00); thus F__ and F; are admissible potentials on the left and right half lines
respectively. In particular, if we define M[a__,b__] and M[ay,bs4] to be the
nonlinear Fourier transforms of F__ and F 4 then we have M[a__,b__] € H3(D*)
and Mlay,by 1] € H2(D) by Theorem 2.4 and Corollary 2.5.

Now suppose we have some solution M[a,b] = Mla_,b_]M[as,by] to the
Riemann-Hilbert problem (2.34). By Corollary 2.20 we know that F"9"[qa_ b_] is
equal to F__ on (—00,0), and thus we may write

Frishtlq_ b ]=F__ +F_,

for some admissible potential F_q supported on [0,400). If we write M[a_g,b_]
for the nonlinear Fourier transform of F_¢, we thus see from (2.16) that

Mla_,b_] = Mla__,b__|M[a_g,b_o].
Now let us investigate the holomorphicity properties of M[a_q,b_¢]. From Theorem
2.4 we already know that M[a_q,b_o] lies in H?(D), so a_q is outer on D and
b_o/a_op lies in H?(D). But from the identity
Mla__,b_ ] = Mla_,b_]M[a_o,b_o]"*
= Mla_,b_|Mla* 4, —b_o]
=Mla_a*y—b"b_g,b_a’y—a_b_g]

*

we have b__ =b_a*; —a*b_¢p and hence

b_o b_ b__

* % * %
a_y a” a_a’_
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Observe that the right-hand side extends holomorphically to D*, and hence so
must the left-hand side. Since the left-hand side is also in L?(T), we see that
b_o/a*, € H?*(D*) and hence M[a_g,b_o] lies in HZ(D*) as well as H?(D). Thus
it in fact lies in the space H° defined in the discussion after (2.34).

A similar argument allows us to write

Mlay,by] = Maos, bo+ | Mlag, b1+ ]
where Magy,bo+] € HO. In particular we have
Mla,b] = Mla_,b_|Mlay,by] = Mla——,b__]Mla—o,b—0]M|aos, bo+ | M[a++,by].
If we define
Mlag,bo] := Mla——,b__]"'Mla,b]M[at1,bi4] 7"
then we have
Mla_g,b_o]M][ags+,bo+] = M]ag, bo]

for all solutions to the Riemann-Hilbert problem (2.34). By Lemma 2.8 we see that
M ag, bo] is also in H® (note that we have at least one solution to the Riemann-
Hilbert problem (2.34)).

We have established a solution to (2.35), but we have not yet verified that
Mla__,b__] lies in H~ and that M[aiy,biy] lies in HT. We shall just prove the
former claim, as the latter is similar. Suppose that M[a__,b__] is not in H~, so
it does not have a unique inverse RHP. By Corollary 2.5, there must therefore be a
solution to the RHP

(2.93) Mla__,b__]= Mla_,b_|Mlay,by]

with M[a_,b_] € H2(D*), M[&+,l~)+]~€ H2(D), and with M[ay,b] not equal to
the identity M|1,0]. But then M[a_,b_] is one part of a solution to the Riemann-
Hilbert problem (2.34), since

Mla,b] = Mla_,b_)(Mlay,b]M]ao, bo) M[aty,by])

and the expression in parentheses is in #2(D) by Lemma 2.8. Thus by the previous
analysis we have a factorization

M[&,, b*] - M[a,,, b,,]M[dO,, BO*]

for some M[do_,?)o_] € HO. Taking energies of both sides using Lemma 2.6 we
obtain in particular that

B(M[a_,b_)) = E(Mla__,b__))E(Mao_,bo_])
while from (2.93) we similarly have
E(Mla——,b__)) = E(M[a_,b_)E(M(ay, b))

But all energies are finite and greater than or equal to one, which forces E(M [a, by])
to equal 1, which forces (e.g. by inverting the NLFT and using (2.17)) M[a., by]
to equal M1,0], a contradiction. Thus M[a__,b__] does lie in H~, and similarly
Mlat,byy] lies in Ht. This gives the factorization (2.35).

Now we show uniqueness. Suppose that there is an alternative factorization

Mla,b] = M[a— -, b _]M([ag, bo]M [t +, by +]
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with the three factors on the right in H~, H°, HT respectively. Then M|a_ _, 5__]
is again a left factor of a solution to the Riemann-Hilbert problem (2.34), and so
again we have a factorization

Ma——,b-_] = Mla_—,b__]Ma—o,b_q
for some M[a_q,b_o] € H°. But we of course also have the factorization
Mla__,b__]= Ml[a__,b__]M][1,0].

But M [d__,?)__] lies in ‘H~ and hence should have unique inverse RHP, which
is only possible of Ma__, l;,,] = M[a__,b__]. A similar argument shows that
Mlasy,byy] = Mlagy,biry], and hence Mlag, bo] = Mlag,bo]. This establishes
uniqueness of the factorization (2.35).

The energy identity (2.36) follows from two applications of Lemma 2.6. The
factorization (2.37) and (2.38) were already established by above discussion. Fi-
nally, the converse implication, that every solution to (2.38) induces a solution to
(2.34) follows from several applications of Lemma 2.8. This completes the proof of
Theorem 2.7. O

By Theorem 2.7, every scattering datum M a,b] can be split canonically into
three components, a left-line component M[a__,b__] which has a unique inverse
NLFT, supported on (—o0,0), a right-line component M[a44,by ] which has a
unique inverse NLFT, supported on [0, +00), and a central component M [ag, bo]
which can be inverted either on the left line, the right line, or some combination
of the two. In a future paper we will compute this factorization more explicitly in
the case when b (and hence a) are rational functions; it then turns out that b__ is
generated by the poles of b in D, by is generated by the poles of b in D*, and bg
is generated by the poles of b in T.

Note also that out of all the solutions to the Riemann-Hilbert problem (2.34),
the factorization Ma,b] = M[a—_,b__](M]ao, bo]M [a++,bt+]) has the largest en-
ergy on the right factor (and hence the least energy on the left factor), while the
other extreme factorization M[a,b] = (M[a—_,b__]M][ag,bo]) M [a4+,bs+] behaves
of course in the converse direction. This explains our earlier remark that FTioht
is the solution to the inverse NLFT of M|a,b] with the most mass in [0, +00) (or
indeed in [N, +oc) for any N), and F'/? is the solution with the most mass in
(—00,0) (or (—o0, N)).

As discussed in the previous section, the two extreme solutions of the Riemann
Hilbert problem both had Dirac operators L[F] with purely absolutely continuous

spectrum. Thus if L[F] has some singular spectrum, the inverse NLFT for F
cannot be unique. It seems reasonable to conjecture a converse, that if M[a, b] does
not have unique inverse NLFT, then there exists a solution F' to the inverse NLFT
problem such that L[F] has some singular spectrum. In the case when b and a
are rational functions, we have verified this conjecture (indeed in this case we can
construct a continuous family of L[F] each of which contains embedded eigenvalues
at the poles of b); we shall detail this in a later paper.

If M[a,b] lies in H3(D), then the right-line component M[a,b ] becomes
trivial, i.e. Mlayy,b44] = MJ1,0], since clearly Mla,b] = M]la,b]M]1,0] is the
solution to (2.34) with the least amount of energy on the second factor. Thus we
see (from Lemma 2.8) that H3(D) factorizes uniquely as H~ - H°, and similarly
H?%(D) factorizes uniquely as H° - H*.
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It seems of interest to determine which admissible potentials F' on the left
halfline (—o0,0) (for instance) have non-linear Fourier transforms in H~, and which
ones have non-linear Fourier transforms in H°. We do not know the answer to this
question, but a tentative conjecture would be that the former occurs if and only if
L[F] has no singular spectrum on the half-line for any choice of boundary condition
at 0. Again, in the case of rational scattering data we know that this is a necessary
and sufficient condition to lie in H~, and we will detail this in a later paper.

We close this section with some (rather weak) sufficient conditions to guarantee
uniqueness of the inverse NLFT.

PROPOSITION 2.21. If Mla,b] € H3(D*) and b € L?*(T), then Mla,b] has
unique inverse NLFT. Similarly if Mla,b] € H(D) and b € L*(T).

It seems reasonable to conjecture that this L2(T) condition can be relaxed to
LY(T), in analogy with the well-known result that a non-constant L!(T) function
cannot have holomorphic extensions to both D and D* simultaneously. The rational
examples given by (2.74) shows that uniqueness breaks down if L!(T) is replaced
by L1*°(T).

PROOF. We just show this when M [a, b] € H3(D*), as the other claim is similar.
As discussed above, this means that M[a;+,b14] = M][1,0], which implies by
construction of May,by ] that F'ft[a b] vanishes on [0, +00).

By Lemma 2.16 it suffices to show that V3% is contained in V7™, In fact it will

! <1
suffice to show that the single vector vg*** lies in V{*". To see this, observe from
x-invariance that this will imply w{*** also lies in V<mli". Also Lwi*® will then lie

in LVA™ C VZ4™ by (2.77), but this vector is orthogonal to both Qo —oo (w2) and
Qo«+oo(v2) (the former by parity considerations and the latter by (2.77) applied
to V\#* and (2.45)), and so Lw*** lies in VZ3™. Applying (2.4) we thus see that
w™ lies in V2™ and then by -invariance so does v™{*. Continuing in this

manner we see in fact that all the basis vectors of V{*® are contained in <"ii",

and hence V%% = V" as desired.
It remains to show that vy*®® lies in VZ{"™. Since v§*®* is one of the basis

vectors associated with F'*f*[a,b], which vanishes on [0, +00), we see from (2.4)
that v{*®® = L[F]"™vn* for all m > 0. Letting m — 400 we thus see that
T = Qo400 (Vo), which by (2.58) is equal to

Vo
1
mazr _ () _ a*(¢~2) 1
v = Qoto00(v0) = ( —¢M(¢2?) "\ o -
a*(¢=2)

Using aa® — bb* = 1, we can split this as

—2\pk 2
os _ (< a(¢™?) ) < i > 4 7”(_2(2”:2‘)4 ) ( o > |
0 0 T\ CTHBET?) %@2)) T\ BT
since b (and hence a) lie in L?(T), we can verify from (2.58) that both summands
lie in H. Furthermore, the first summand lies in the span of the orthonormal set
{Q0c—oo(vy) : m < 0} since a(¢~2) lies in H?(D*), while the second summand
similarly lies in the span of {0, 4 oo (wy) : 7 < 0} since —¢~18(¢™2) lies in H%(D).

This shows that v{*** lies in V73 as desired. d

COROLLARY 2.22. If M[a,b] € £L?(T) and b € L>(T), then M|a,b] has unique
inverse NLFT.
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Again, it seems that L°°(T) should be weakened, at least to L?(T) and perhaps
even to the real-variable Hardy space H'(T).

PrROOF. We solve the Riemann-Hilbert problem (2.34) (e.g. using Theorem
2.7) to obtain a factorization M|a,b] = M[a_,b_]M[a,by]. Since b (and hence a)
are bounded, we see from Lemma 2.12 that a, b lie in L?. Thus by Lemma 2.21
Mla_,b_] lies in H~ and May,by] lies in HT. Thus in the triple factorization
of Mla,b], M[ag,bo] = M[1,0] is trivial, and so one has unique inverse NLFT by
Theorem 2.7. (]

In the case where a and b is bounded one can in fact solve the Riemann-Hilbert
problem (2.34) directly by means of inverting Hankel operators, by the method of
Gelfand, Levitan, and Marcenko (see e.g. [11] for more details). Indeed, if one
rewrites (2.34) as

Mla_,b_] = M[a,b]M[ay,b )" = M[a,b]M|a’, —by] = M[aa’,—b*by, ba’, —a*by]

we obtain the identities

at b, bo b

ol =

*

Ea_i_.
Since b (and hence a) is bounded, by, ay must lie in L?(T) thanks to Lemma 2.12.

The function Z—*: lies in H?(D*), while l;—: lies in HZ(D*). Thus if we apply the
projection operators Py 4o to these equations we obtain

ay = C + P[O,—i—oo) (Sbi), b+ = P[O,-i—oo) (sai)

where C' is the value of Z; at infinity. Since a is bounded, the reflection coefficient

s = b/a* is bounded in magnitude by 1 — ¢ for some ¢ > 0, which implies that
the map f + Plo 4o0)(5f") is a strict contraction on L?(T). Thus we may use the
contraction mapping theorem (or Neumann series) to solve for a4 and by up to a
constant; one can then recover this constant by recalling that a4 is positive at zero,
and that the constant C equals aa’((()?) = a+1(0).

Observe that a and b are necessarily bounded when the potential F' is absolutely
summable; this can be seen directly from the infinite product representation (2.2),
which is absolutey convergent in this case. (This is the non-linear analogue of the
fact that I*(Z) sequences have bounded Fourier transforms). But as we can already
see from Theorem 2.4, the best size estimate we can expect for the non-linear Fourier
transform of [2(Z; D) sequences is that a (and hence b) are only log-integrable.

2.11. Lax pair

In this section we give the Lax pair formulation of the Ablowitz-Ladik equa-
tion (2.7). We begin with some basic remarks on well-posedness of this equation.
Observe that if F is an [?(Z) sequence, then so is the right-hand side of (2.7); in
fact, the dependence of the right-hand side is locally Lipschitz from [%(Z) to itself,
and from this and an easy application of the Picard existence theorem we see that
this equation is locally well-posed in [2(Z) (i.e. for any choice of I?(Z) initial data
F,(0), there exists a unique [?(Z) solution existing for time depending on the [?(Z)
norm of the data, and furthermore the map from data to solution is continuous in
12(Z)). Furthermore, from the identity

(2-94) at|Fn|2 = i(l - |Fn|2)(F;Fn—1 - FnF;—l - FnF;{+1 + Fn+1F;)
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we see that the [?(Z) norm of F is conserved, and hence one in fact has global
well-posedness in [?(Z). Indeed, from (2.94) and summation by parts we obtain the
estimate

Oy Z(l + n2)k/2|Fn|2 < Ok, || Flli2zy 2(1 + n2)k/2|Fn|2

for any k£ > 0. Thus we see that if F' is rapidly decreasing in n at time ¢t = 0, then
it is also rapidly decreasing for all later times t.

The operator L(t) = L[F(t)] also evolves in time. In fact the evolution is given
by a Lax pair:

LEMMA 2.23. Let F be a potential evolving under the flow (2.7). Then we have

oL =[P, L]
where P(t) is the skew-adjoint operator defined by
LJL+L*JL*

4+

(2.95) P =i 5 D),
J is the reflection operator defined by
Jop = v, Jwy = —wy
and D = D(t) is the diagonal operator defined by
L 2 L* 2
8
or equivalently
Do e Fr_ F,+ Fn,lF;{v . Du. = Pt Fn,lF;’;w
n - 2 ns n - 2 n-

PRrROOF. P is clearly skew-adjoint, since J and D are self-adjoint. We first com-
pute 0;L on basis vectors. To abbreviate the notation we write e,, := /1 — | F},|?
and F,y1 := F,,—1 + Fyq1. From (2.7) we see that

dye, = %en(FnF;jﬂ L Y

Differentiating (2.4), we thus obtain that
Z’ * * -
O¢ Loy, := §en(FnFni1 — FXFot1)vn + €2 Fupiwy,
(2.96) . ; ) )
OrLwpy1 :=ies F)  qvpy1 + §en(FnFni1 — FrFpi1)wy.

Now we compute [P, L]. We may split L = A+ B, where A and B are given by

Avy, = epUnt1 + Frwy,

A’wn_;’_l =0
Bv, :=0
Bwpt1 := —FUp41 + €nwy.

Then we clearly have LJ = A — B. Thus
[LJL,L]=[LJ,L|L=[A— B,A+ B|L=2[A,B]L.
Taking adjoints, we obtain

[L*,L*JL*] = 2L*[A, B]*;
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since L is unitary, we have [X, L] = L[L*, X]L for any operator X, and hence
[L*JL*, L] = 2[A, B]*L.

Thus we have
[P,L] = —i([A,B] + [A, B]")L +i[D, L].
A direct computation shows that
[A, Blvpt1 = —BAvp41 = —Fp1Bwpy1 = Foi1 Fpvng1 — Fhprepwy,
and
[A, Blw, = ABw, = —F;_{Av, = —F_jepvpt1 — F;_{Fpwn.

Taking adjoints, we obtain

[A, B]*vpq1 = F 1 Fuvng1 — Fa_1eqwy

and
[A, B]*wpq1 = —F;  1envni1 — Fro1 Fjwy
and hence
([A, Bl + [A, B]" )vpy1 = (Fy 1 Fo 4 Frop1 By )vngr — Fotieqwn
([4, B] + [A, B]" )wn, = —Fyyenvni1 — (Fy_1 Fo + Foo1 ) )wy.

Combining this with (2.4), we obtain
([A, B] + [A, B]*) Lo, :en(F;Jran + Fop1 By — Fo g )vnta
— (Fpg1€2 4+ Fy(FF_ Fp + Fp 1 F))wy
([4, B] + [A, B]*) Lwy 41 = — (F, (F;+1Fn + P By + Fnilei)vvwl
+ (FrFhy1— F _Fy— Fp 1 F)eqwy

Meanwhile, a direct computation shows that

F* F,+F, 1 F—F*_ | F,—F,_1F* N N
tn ntlon A nl nenvn+1_(Fn_an+Fn—1Fn)ann

[D, Llv, = —= 5
Ff o Fo+ Fo F — Fr\Fy — Fy_(Fr

[D, Llwpy1 = —(Fy 1 Fon + Fog1 F ) Epvp g + ep— 5 n Wh,.

Comparing these equations with (2.96), the claim follows. O

Formally, Lemma 2.23 implies that the Ablowitz-Ladik equation (2.7) is com-
pletely integrable and can be inverted by means of the non-linear Fourier transform.
We now make this more rigorous.

PROPOSITION 2.24. Let F(t) be an 1?(Z; D) solution to (2.7). Then the non-

~
linear Fourier transform F(t) = M|a(t),b(t)] obeys the equation

~~ —~~
(2.97) F(t) = M[exp(—i(z + 2~ 1)t/2), 0] F(t)M[exp(i(z 4+ 2z~ 1)t/2),0]
for all t € R, or in other words we have the relation (2.8).

PROOF. Although this argument is by now very well known, we include it
here for completeness. Because we are in the discrete setting there will be very
little difficulty in making the Lax pair formalism rigorous (for instance, spatial
derivatives in this setting are just finite difference operators, which are bounded on
every reasonable space).
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We may restrict the time parameter to a fixed compact interval [-T,T], and
allow all our bounds to depend on T'. It suffices to verify this relation for solutions
F(t) which are rapidly decreasing in space, since these solutions are dense in the
class of I2(Z; D) solutions, and we have well-posedness of the discrete equation (2.7)
in (?(Z; D) and continuity of the non-linear Fourier transform (from Lemma 2.6.
One can then easily verify from (2.7) and repeated differentiation in time that F
is infinitely differentiable in time and all of its time derivatives are also rapidly
decreasing in space.

At time zero, we define generalized eigenfunctions

©(0,¢) =D an(0,$)¢"vn + b (0, )¢ M wy

(i.e. we use the ansatz (2.42)) for each ¢ € T by solving the eigenfunction equation

L[F(0)]®(0,¢) = ¢®(0,¢)
with initial data

This eigenfunction is well-defined since F is rapidly decreaasing. Indeed from (2.43)
and a limiting argument we see that

M[an(oa C)7 bn(oa C)] = Mn<—+<>o(0a CQ)M[L 0]7

and so in particular by taking limits as n — —o0

—_
M[G_OO(O, ), bn(oa C)] = F(O)(CQ)
Because F' is rapidly decreasing, it is absolutely integrable and hence all the trans-
fer matrices are bounded. Thus ®(0,¢) has bounded coefficients. We abuse no-
tation slightly and use [*° to denote the Banach space of generalized functions
> nez Pnn + Unw, with bounded coefficients, equipped with the norm

| Z PnUn + Ynwnliee 1= max(sup | @y, sup [¢nl).
Now fix ¢ € T. We evolve @ in time by the equation
(2.98) o, = P(t)®

where P(t) is the operator defined in Lemma 2.23. Observe that the difference
operator P(t) is bounded on [* since F stays bounded. Thus the Picard existence
theorem guarantees a local-in-time solution to this equation in [°° as long as the
[*° norm of ® stays bounded; repeated differentiation then shows this solution is
smooth in time. We now use Lemma 2.23 to compute

O (LIF(B)]®(t,Q)) = Li[F (1) ®(t, ¢) + LIF (t)] P4 (t, C)
= [P(t), LIF()]]®(t, C) + LF(1)] (¢, ¢)
= P(t)LIF(®)]®(t, Q).
Combinign this with the previous equation we see in particular that
Oy (LIF(1)]@(t,¢) = CD(t, ) = P(t)(LF(1)]®(t,¢) — (D(t,C))-
Since (L[F(t)]®(t,¢) — (D(¢,¢)) lies in I*°, equals 0 at time ¢ = 0, and P(¢) is

bounded on [*°, we can appeal to the uniqueness component of the Picard existence
theorem to then conclude that L[F(¢)]®(¢,¢) —(P(¢, ) vanishes for all times ¢t near
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0. Thus we see that ®(t, () solves the eigenfunction equation (2.39) for each ¢ near
0. In particular, since F(t) is rapidly decreasing, we may write

(2.99) O(t,¢) =Y an(t, )¢ vn + ba(t, )¢ wy

where a,(t,¢) and b, (¢, () are rapidly convergent to some limiting value a4 (¢, )
and byoo(t,¢) as n — £o0o, and furthermore

P

(2'100) M[a—oo(tv C)a b—oo(ta C)] = F(t) (CQ)M[a-i-OO(t? C)a b+<>0 (t7 C)]
Since the time derivatives of F' exist and are also rapidly decreasing, it is easy to
establish that the derivatives of a, (¢, () and b, (¢, () converge to those of a4 (¢, ()
and by (t, () as n — too.

Now let us look at the action on L(t) and P(t) on basis vectors v,, w, as
[n| — 4o00. Since F'(t) is rapidly decreasing, L[F'(¢)] behaves like L[0] modulo an
error rapidly decreasing in n. Since L[0] and L[0]* commute with J, we thus see
that Dv,, and Dw, are rapidly decreasing in n. Thus we have

Up—2 + Unt2  Wp—2 + Wypy2

where the error ... is rapidly decreasing in n. Applying this to (2.98), (2.99) we
obtain ) . ) .
0tan=—i%an+...; 0tbn:iC+TCbn+....
Passing to the limits at +00, the ... errors decay rapidly to zero and we obtain
2 -2 2 -2
ataJ:I:oo = *i%aﬂ:oo; atb:too = Z%bioo
which can of course be solved explicitly as
2 -2 2 —2
7+ N
Atoo(t) = exp(—z%t)aioo(O); bioo(t) = exp(—l—z%t)aioo(O).
Reconciling this with (2.100) we obtain
2 -2 ~ = A~ = 2 -2
Mexp(~i 55—, 0F0)(¢?) = F@OMfexp(~i—5—1),0

which is (2.97), at least for short times ¢. Note that this also shows that a4 (t) and
bioo(t) stay bounded (in fact, their magnitudes are constant); this combined with
the rapid decrease of F(t) shows that the eigenfunctions ®(t, ¢) stay bounded, and
so the Picard existence theorem allows us to continue this argument indefinitely in
time on the compact interval [T, T]. O
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The SU(2) scattering transform

This chapter is a revised version of the PhD thesis of the third author.
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3.1. Introduction

This chapter develops the theory of the SU(2) non-linear Fourier series or
transform, so named because the Fourier transform data is an SU(2) valued function
as opposed to the SU(1, 1) valued non-linear Fourier transform discussed in the first
two chapters of this book. Recall that SU(2) is the set of complex valued matrices

of the form
a b
-b a

with determinant 1, while a SU(1,1) matrix is of the form

a b
(5 3)
with determinant 1.

What begins with a seemingly harmless change of a sign in the definition of the
Fourier transform results in different behaviour in several respects. This percolates
to well know phenomena in other branches of mathematics including the theory of
non-linear dispersive equations. For example, compare the defocusing and focusing
nonlinear Schrédinger equations:

OF 02F )
ZE(.f,t) __—ag;Q +2|F| F(I,t) 5
OF 02F )

The defocusing equation can formally be solved by the SU(1,1) nonlinear Fourier
transform, while the focusing equation can be solved by the SU(2) nonlinear Fourier
transform. A major difference in the theory of these two equations is the appearance
of soliton solutions for the the focusing equations, which are not present in the the-
ory of the defocusing equation. We will use the word “soliton” at the corresponding
place in the theory of the nonlinear Fourier transform.

As in the previous chapters we restrict attention to nonlinear Fourier series,
i.e. we will take the Fourier transform of data which are functions on the set of
integers Z. Our main interest is in data in [?(Z, C), the square summable complex
valued sequences on Z.

Parallel to the previous chapters, we discuss the following questions:

(1) How does one define the non-linear Fourier transform data for sequences
(F,) € 12(Z,C)?

(2) Characterize the range of the nonlinear Fourier transform on [?(Z, C) and
its topology.

(3) Existence, (non-) uniqueness, and construction of preimages under the
NLFT. These aspects of the theory are not completely understood, so we
will discuss in more detail the special case of rational Fourier transform
data.

(4) Discuss continuity of the NLFT and the inverse NLFT whenever appro-
priate.

In Section 2 we introduce the discrete SU(2) NLFT by defining it first on finite
sequences and then [! sequences, and we will derive some basic properties of the
NLFT. It will map sequences of complex numbers to SU(2) valued functions on the
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unit circle T. For convenience, we will write SU(2) matrices by their first row and
write the NLFT data as (a,b) where a,b are complex valued functions on T with
la]? + b? = 1.

In Section 3 we work on half line sequences, i.e. in the spaces [?(Z>o) and
12(Z<o). We will define the NLFT and prove that it is injective on these spaces.
We also characterize the image spaces which will be denoted by H and H. To
prove that the NLFT from [?(Z>0) to H is onto, we construct the inverse NLFT
by measn of the ”layer stripping method”. Finally, a metric on H is defined such
that the NLFT is a homeomorphism between (?(Z>¢) and H. However, H is not
complete under that metric. This will lead to some discussion about the completion
of H. We will observe that the incompleteness is mainly due to the appearance of
soliton factors (a,0) under the limiting process, where @ is the boundary value of
an inner function.

Having established some understanding of the NLFT on half line data, it is
natural to approach the NLFT of full line [?(Z) data as a product of NLFT data of
two half lines. The inverse process is a factorization problem known as Riemann-
Hilbert factorization . In Section 4 we study the special case of rational NLFT data
(a,b) and find a bijection between the set of decompositions (a_,b_)(at,by) =
(a,b) and some extended scattering data {b, Z,n;,m;,~v;}, where Z is the zero set of
a*, {n;} represents the orders of the zeros, and {m;,~;} is additional information
not contained in (a, b) that describes the fibers of the inverse NLFT. To derive this
result, we apply some theorems from [21], more precisely we need a vbariant of
their theorems becasue we need to allow the case in which a has zeros on T, hence
we will give a proof of the result. Moreover, we follow the discussions in [14] and
construct the so called matrixz Blaschke-Potapov factors which degenerate on given
points with desired orders and residues.

In Section 5 we study the soliton solutions, i.e. the NLFT data (a,0) where
a is the boundary value of an inner function. We have encountered this type of
data in Section 3. They are not in the spaces H nor H§ but in their completions.
We will characterize some of them as being the NLFT data of at least one but not
necessarily a unique full line potential. We conjecture that all soliton solutions are
in the range of the NLFT.

In fact, the exact formula for all inverse potentials of (B*,0) is derived, where B
is a finite Blaschke product. Also we prove that any half line rational data (ay,by) €
H ((a—,b_) € HY), after finitely many steps of layer stripping if necessary, can be
paired with another half line rational data (a—,b_) € Hf ((a4+,by+) € H) so that
(a—,b_)(ay,by) is a soliton solution.

Several open problems remain. In particular it would be desireable to develop
a theory for the SU(2) NLFT parallel to the SU(1,1) theory in Chapter 2 of this
book.
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3.2. SU(2) NLFT on Finite Sequences and ['(Z, C)

We begin by defining the SU(2) nonlinear Fourier transform on ly(Z, C), the
set of sequences of complex numbers with finite support.

Let (F,) € lo(Z,C) be given. For a complex parameter z on the torus T, we
define the following recursion:

(3 1) aﬂ bn _ 1 ap_l bn—l _1 Fnz”
' —bn (1+|Fu2)1/2 \ —bp-1 @Gn-1 —F,z7m 1 ’
(32) a_oo=1,b_o=0.

Here a_o, = 1 and b_,, = 0 are to be interpreted that a, and b, are constant
equal 0 for sufficiently small n, more precisely for n to the left of the support of the
sequence (F,).

For each z € T the matrices

are products of matrices in SU(2) and therefore themselves in SU(2). To abbreviate
notation we will only write the first row (ay (2), b, (2)) to denote the SU(2) matrices.
Note that both a and b are finite Laurent polynomials and are in particular rational
functions and have holomorphic extensions to C \ {0}.

~ =
The SU(2) NLFT of (F,,), denoted by (F,), is defined as
(100 (2),boo(2)) = T (a, (=), bu(2))
for z € T. Since a, and b, eventually remain constant for sufficiently large n,

~ =
the limiting process is trivial. The following are some basic properties of (F,) =

(a(2), b(2))-

LEMMA 3.1. Let (Fy,) be a finite sequence and (}/7:) = (a,b). Then b(z) is a
finite Laurent series with lowest degree N_, the minimum of the support of (F,),
and highest degree N, the mazimum of the support of (F,). On the other hand,
a(z) is a Laurent polynomial with lowest degree N_ — N, highest degree 0, and
a(oo) = [1(1 + |Fn|?)~Y2 > 0. Moreover, |a(z)> + |b(2)|?> = 1 for z € T.

The proof is by induction on the length 1 + Ny — N_ of the sequence (F},) as
in the first chapter of this book and is skipped here.

~ =
LEMMA 3.2. Suppose (F,) = (a,b). If (Fn11) denotes the shifted sequence
— —~N
whose n-th entry is Fy, 1, then (Fn11) = (a,b271). If |c| = 1, then (cF,) = (a,cb).

. . . . . 27120 e'? 0
This is easily seen by conjugation with 0 12 or 0 e-if

where 2! = c.
Let f(z) be a complex function. We define f* to be another complex function
such that

fz) = f(2)

Then it is easy to see that aa* + bb* = 1 if (a,b) is the image of a finite sequence
via the NLFT. The next theorem characterizes the image of finite sequences as the

ST
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collection of all such Laurent polynomials a,b. Moreover, we can prove that the
NLFT is injective on finite sequences.

THEOREM 3.3. The NLFT is bijective from lo(Z,C) onto the space
S = {(a(2),b(2)) : a(z),b(z) are Laurent polynominals such that aa™ + bb* =
1 and 0 < a(o0) < c0}.

PRrOOF. Clearly the NLFT maps Iy sequences into the space S.

Suppose (a,b) € S. By the assumption 0 < a(o0) < oo we know that a
is a polynomial in z~! with constant term > 0. Let N be the degree of this
polynomial. Also denote the upper and lower degree of b by Ny and N_. Then we
have N = N, — N_ since aa™ + bb* = 1.

Since the forward NLFT maps upper and lower degree of F' to upper and lower
degree of b by Lemma 3.1, we may prove bijectivity for fixed N, and N_. By the
shift symmetry between F' and b stated in Lemma 3.2 we may assume N_ = 0.

We then prove bijectivity by induction on Ny = N. For N = 0, (a,b) € S
consists of constant functions a and b such that |a|*> + [b|> = 1 and a > 0, which
implies b € D and a is uniquely determined by b. Observe that the map Fy — b
defined by b = Fy(1 + |Fy|?)~'/2 is bijective from C to D. Thus F — (a,b) is
bijective in the case N = 0.

Now assume we have proved bijectivity up to upper degree N — 1 and proceed
to prove it for upper degree N. We first prove injectivity i.e. the sequence F' can
be recovered from (a,b). We first show that Fy can be recovered by (a,b). Let
F’ denote the (unknown) truncated sequence which coincides with F' except for

=~
F} =0, and denote (F') = (a/,1’). Then
(33) (@, ¥) = L+ [Fol?) /21, ~ Fo)(a,b)
which implies that
B(0) = (1+ | Eof?)~2(b(0) + Fpa* (0)) = 0.

Hence
b(0)
a*(0)’
Note that this quotient is well defined since a*(0) > 0. Thus Fy is determined
by (a,b) and then (a’,b") is derived by (3.3). By induction hypothesis, F’ can be
recovered by (a’,b"). Therefore we have proved injectivity for upper degree N.

Now we prove surjectivity for upper degree N > 0. Let (a,b) € S and assume as
before the lower degree and upper degree of the Laurent polynomial b are 0 and NV
respectively. Let Fy = —b(0)/a*(0) and (a’,b') = (14|Fp|?)~*/2(1, —Fp)(a, b). Then
by taking the determinant of the last equation we see that the Laurent polynomials
a’ and b satisfy

Fo=—

ala/* +blbl* _ 1
Moreover, b’ is a polynomial with upper degree at most N and lower degree at least
1, and
a'(00) = (1 + |Fo|*)%a(c0).

Thus 0 < a’(00) < 0o and (a’,b'/z) € S where the upper degree of b’/z is less than
~ =
N. By induction, there is a finite sequence (G,,) such that (G,) = (a/,V'). Let (F},)
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be the sequence such that Fy = —b(0)/a*(0) and F,, = Gp,—1 for n > 0. Then it is
~ =
clear that (F,,) = (a,b) and we have proved the surjectivity for upper degree N.

O

Remark: The process we used here to produce the inverse potential is called the
layer stripping method . In Section 3 this method will be used again to construct
the inverse NLFT for half line I sequences.

LEMMA 3.4. Assume we are given any Laurent polynomial b(z) with |b(z)] <
1 on II but |b| is not identically 1 on T. For any set Z in D and prescribed
multiplicities there is a unique Laurent polynomial a such that (a,b) € S and the
zeros of a* in D are exactly the ones in Z with the prescribed multiplicities.

We will prove a more general lemma (see Lemma 3.18) in Section 4 about
rational NLFT data and omit the proof of the present lemma.

Now we are ready to extend the NLFT to the first class of infinite sequences,
I*(Z). The Fourier transform of such data will be an SU(2) valued function on T,
written as before as (a,b). We will only partially have holomorphic extensions of
these functions beyond T.

Define a metric on SU(2) by

dist(T,T") = [|T = T'||p .

Obviously this makes SU(2) a complete metric space because the space of 2 by 2
complex matrices is complete under this metric and SU(2) is a closed subset of it.

Define L>°(T, SU(2)) to be the metric space of all essentially bounded functions
A:T — SU(2) i.e. sup, dist(id, A(z)) < oo, with the distance

dist(A,A') = sup dist(A(z), A'(2)).

In fact, since SU(2) has finite diameter, all measurable functions from T to SU(2)
arein L>°(T, SU(2)). Also note that C(T, SU(2)) is a closed subset in L>°(T, SU(2))
and thus is complete under this metric.

As in the case of the linear and the SU(1,1) Fourier transform, we can easily
extend the defining recursion formula to I*(Z). Here I'(Z) denotes the usual space
of absolutely summable sequences on Z with have the usual norm ||F||;x =Y |Fp.|.

THEOREM 3.5. The NLFT on ly(Z) extends uniquely to a Lipschitz map from
IYZ) to C(T,SU(2)).

PrROOF. We first derive a Lipschitz estimate on finite sequences. Given two
finite sequences F and F”, let

1 ( 1 F,z"

Tn(z) = (1 + |Fn|2)1/2 _F‘nz—n 1

) where z € T.

Since T, is unitary, 1,1, = Id, ||T.(2)|lop = 1 for all n € Z, z € T. By Trotter’s
formula we have

ITIZ) =TT T0@)lop < D NTu(z) = Th(2)llop -
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Now we claim that ||T),(2) — T, (2)||op < 2|F, — F| for all z € T. But we have

1 1
||T’ﬂ(z) - T’r/z(z)”op < (1 + |Fn|2)1/2 - (1 + |F'rlz|2)1/2
F, F
Jarmm - armee
and both terms are less than |F,, — F,/| since the functions = ~ (1 + 22)~'/2 and

x + x(1 4 22)~ /2 are 1-Lipschitz on R.
Hence [|[[Tn(2) — [1T%h(2)||lop < 2> |Fn — F),| = 2||F — F'||p for all z €
T. As C(T,SU(2)) is a complete metric space with the metric dist(A4,A’) =
sup, ||A(z)—A'(2)||op and the image of finite sequences is contained in C(T, SU(2)),
this Lipschitz estimate says that we can uniquely extend the NLFT to a Lipschitz
map from 1 (Z) to C(T, SU(2)).
(]
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3.3. Extension to half line [?> sequences

In this section we define the NLFT for half line sequences (in [*(Z>¢) or
12(Z~0)), characterize the image space, and construct the inverse map. Moreover,
we define a metric on the image space so that the NLFT is a homeomorphism, say,
between [?(Z>¢) and the image space.

As in the case of the linear Fourier transform, for sequences in [?(Z) the defining
recursion formula does not necessarily converge pointwise. Instead, one uses a
Plancherel type identity to obtain convergence in a certain sense. Writing

Aﬂazévwmme

for the average of the function f on T, we have the following Plancherel identity
for the NLFT.

~ =
LEMMA 3.6. Let (F,) be a finite sequence. (a,b) = (F,). We have

(3.4) - </r log|a(z)|dz + Zlog|zk|) = %Zlog(l +|Fa?)

where (z1,) is the sequence of zeros of a* in D and higher order zeros appear several
times in the sequence according to their multiplicity.

PROOF. Since (a,b) is the NLFT of a finite sequence, a* is a polynomial in z.
If we let B be the Blaschke product formed by the zeros of a* in D, then a*/B is
an outer function on D (see [16] for background on bounded analytic functions).
Thus inside D, log|a*/B(z)| is the harmonic extension of its boundary value. Also
note that B(0) # 0 since a*(0) = ([[(1 + |F.|?))'/? # 0. Hence,

[ ola) = [ 1o

1
=3 > log(1+ |Fuf?) =) log |zl

where {z;} are the zeros of B. i.e. zeros of a* in D.

a*

5 (2)| = log|a”(0)] — log | B(0)]

O

Note that in equation (3.4) each term on the left hand side is positive. Hence
each term on the left hand side is controlled by the right hand side, which is
equivalent to the /2 norm of (F,) for (F},) in a fixed ball about the origin of I2. As
the right hand side is defined for all (F,,) € 12(Z), this will help us to extend the
NLFT to all [?(Z) sequences.

Remark: For more general a* € H*(D), such as we will encounter for the
NLFT of infinite sequences (F},) € [?, a* can be decomposed into a* = f Bg where
f is an outer function, B is a Blaschke product, and g is a singular inner function.
The Plancherel identity will then be

/T10g|a*(2)|Z/Tloglf(2)|=10g|f(0)|=10g|a*(0)|—10g|B(0)|—10g|9(0)|-

In this case log|g(0)| takes care of the ”singular measure” part because it is just
the total measure of o, where o4 is the singular measure on the boundary that
generates log |g|.

Now we proceed to describe the range of NLFT on [?(Z>(). Define
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(1) The space L to be the space of all measurable SU(2) matrix valued func-
tion (a,b) on T such that @ is in the Hardy space H'(T) and thus has an
analytic extension to D denoted by a*, and a*(0) > 0.

(2) The space H to be the space of (a,b) € L such that b is in the Hardy space
H?(T) and thus has an analytic extension to D, which is also denoted by
b. Moreover, a* and b have no common inner factor.

(3) The space Hj to be the space of all (a,b) € L such that b is in the Hardy
space H?(D) and thus has an analytic extension to D denoted by b*.
Moreover, b*(0) = 0 and a* and b* have no common inner factor.

Note that the various functions in H'(T) and H?(T) in the above definitions
are really bounded by 1 and thus in H>°(T). The special choice of Hardy space
exponents above is in reference to a convenient choice of metric used below.

Saying that ¢* and b have no common inner factor means that there is no non-
trivial inner function s such that a*/s and b/s are bounded. Alternatively, consider
for f € HP(D), p > 0, the factorization

, 1 (2 et 42 i
f(z) =exp (zc—f—%/o eitizlog|f(e t)|dt)

—1 [P et 4z
By(z) exp (g/o . daf(t)) )

et — z

where By (z) is the Blaschke product consisting of zeros of f(z), o is a nonnegative
singular measure, and c is a constant. Under these notations, a* and b have no
common inner factor if ¢* and b have no common zeros and o,, and o, are mutually
singular.

Note that if (a,b) € H then the meromorphic function b/a* on D will uniquely
determine a* and b. Namely, the inner parts of the functions of b and a* can be
determined since they have no common inner factor. The outer functions can be
determined from the absolute values |a| and |b|, which can be determined from
|b|/|a| and the identity |a|? + |b|> = 1. Traditionally, b/a* is called the reflection
coefficient.

We consider the metric

(@@ ) = [Ja-ale ([ |bb'|2>1/2+|1oga*<o>log<a’>*<o>|

on L, H, and Hj.

It is easy to see that L is complete under d. Namely, the map (a,b) —
(@,b,log(a*(0))) maps into a closed subset of H!(T) x L?(T) x R because its range
is given by all triples (a, b, ¢) satisfying the closed conditions |a|? + |b|> = 1 almsot
everywhere and fT a > 0 and log fT a = c. However, H, Hjj are not complete under
d because in general ¢* and b may have a common inner factor when (a,b) is in
the closure of H. In the end of this section we will discuss the completion of H.
First, despite the incompleteness, we prove that the NLFT is a homeomorphism
from 12(Z>¢) to (H,d) and from (*(Z-o) to (Hf, d).

First we show that the NLFT of truncations of {2 sequences converge in the
metric of L.

LEMMA 3.7. Let F be a sequence in I*(Z>¢) and let F<,, denote the truncations

A~ .
to [0,n]. Then (an,bn) = F<, is a Cauchy sequence in the metric space (H,d).
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With this lemma we can define /F\ = (a,b) as a limit in L, which is complete
and contains H. Later we need to do some work to prove that (a,b) € H because
(H,d) is not complete.

To prove Lemma 3.7, we first prove the following auxiliary lemma:

LEMMA 3.8. If (a,b) is the NLFT of a a finite sequence (Fy,), then

R 1/2
d((a,),(1,0)) < O Y log(1+ |Fuf?) + Ca (Y log(1 + 1F[3) 7
where Cy, Cy are fived constants.

PROOF.

i), 0,0) = [la—1]+ (/|b|2)1/2+|1oga*<o>|

g/<1|a|>+/‘ﬁ1\+ (/|b|2)1/2+|1oga*<o>|.

As (a,b) comes from a finite sequence, Lemma 3.1 says that |loga*(0)| = 1/2 > log(1+
|Fy|?), which is the desired estimate for this term. Using that a* is a polynomial in
z, we can write a*|p = foB, where f, is an outer function, B, is a finite Blaschke
product and f,(0), B,(0) > 0. We claim that

/ 2gc</|1og|a||+/|3a1|2>

for all (a,b) in the range of finite sequence. Before proving the claim we proceed to
bound [ |log|al|, [(1—]al), []b?, and [|B,—1|*> by > log(1+|F,|?). The bound
for the logarithmic integral is clear from the Plancherel identity. Observe that for
0<z<1,1-—z<|logz| Thus,

Ja-tab< [oglalland [ 18 = [01aP) <2 [ 1051l

This proves the desired estimate for these integrals. Next,

/|Ba — 12 = /(2 —2ReB,) = 2(1 — ReB,(0)) .

As B,(0) > 0, ReB,(0) = B,(0) = [[|21| where {z;} are the zeros of B, in D, i.e.
zeros of a* in D. Hence, 1 — ReB,(0) < |log B,(0)] = —_ log|zx| and

1Bo —1]* < =2 "log|zl.
/| )

Finally, by Hélder’s inequality and the Plancherel identity we conclude that d((a, b), (1,0)) <
Cr S log(1+ | Ful?) + Ca(S log(1 + | Fa?)) /2.

Now we prove the claim.The function f, is outer and hence f,(0) > 0 implies
that on the circle

4
|al

fo _
|fal
where g = p.v. [ log |a(()|Im(gfz), the Hilbert transform of log|al.

2 2
/Ifa/lfal P :2/ {1 fa/|fal — 1] > t}ldt < 2/ H{lg] > t}|dt
0 0
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By the weak type 1 bound for the Hilbert transform, |{|g| > t}| < C||log|al||p1/t.
Thus

/Ifa/lfal “1P < ¢l loglal |-
Since |a/lal — 1) = [a/la] — 1] = [Bafo/lfal — 1] < |fu/lfa] — 1] + [Ba 1],

Jiatia =1 <2 ( [ 1zl =18+ [15,-1¢)
§2C/|1og|a||+2/|Ba—1|2.

We have proved the claim.

Now we proceed to prove Lemma 3.7.

PRrROOF. Observe that {a,} are polynomials in 271, and {b,} are polynomials
in z. Thus, a;, and b, have no singular inner factor. Furthermore, a; and b, have
no common zeros in D because ana;, +byb;, = 1. Hence, a}, and b,, have no common
inner factor and as a result (a,,b,) € H for all n.

Let G = (a,b), G' = (d/,V’) be SU(2) valued functions. Then GG’ = (aa’ —
bt ab’ + ba'). If we assume that bb’ is the boundary value of an analytic function
on D which vanishes at 0, then

R ~ 1/2
d(GG', Q) = /1‘ laa" — bb' — a| + (/r lab’ + ba’ — b|2) + [log(a’)* (0)].

Since
/|aa'—b6'—a| §/|a||a’—1|+/|bb’| §/|a’—1|+/|b’|

and [|ab’ + ba’ — b||2¢Ty < ||V]|L2 + |]a" — 1|| 2,
with Holder’s inequality and the fact that |a’| < 1, it is easy to see

d(GG',G) < d(Gid) + (d(G,id))? .

HH . . . .
Let (a(n,m]> b(n,m]) = F(n,m] Where F(,, ) is the restriction of F' to the interval

(n,m]. Then d((am,bm), (an,bn)) = d((an, bn)(@(n.m]s bn,m])s (@ns bn)) and bpbey, m)
is a polynomial Wi‘Eh lowest degree > 1. Thus, from the previous inequality and the
auxiliary lemma, d((am, bm), (an,bn)) S Dope,pq 1081+ [Frl?) + (3oL, 1 log(1 +
|FL.|?))'/%. Hence, {(an,b,)} is a Cauchy sequence in H.

O

LEMMA 3.9. NLFT is injective on [*(Z>).

PROOF. Suppose (a,b) € L and (a,b) = ?: for some (F,,) € 1*(Z>0). We
show that (F),) can be determined by a and b and thus prove the injectivity.

As usual, we let (a,,b,) = TV,; From our discussion of finite sequences,
Fy = b, /az(0) for all n. Since b,, converges to b in H2(D), we have lim b,,(0) = b(0).
Similarly, lima}(0) = a*(0) because a converges to a* in H!(D). Moreover,
a;,(0) = (Ii=o (1 + [Fe[*) 712 = (T[iZo (1 + |Fk[*)) /% = a*(0) > 0. Hence

Fy =byp/a,(0) =limb,/a)(0) = b/a*(0) i.e. Fy is determined by a* and b.



160 3. THE SU(2) SCATTERING TRANSFORM

Let (F,) be the layer stripped sequence i.e. Fn = F, forn > 0 and FO =0.
Define (a,b) = E%:) We have
(an,bn) = m ( 7},0 ];0 ) (én,by). Thus,
(35) = e (a + Foba) |
(1+ |Fof?)t/2
(3.6) by = ;(—Foa; +by)

T+ 1RP)7

Asn — 00, @* — a*, a¥ — a* in H'(D), and b,, — b, b,, — b in H?(D). Because
|a*| and |b,| are bounded by 1 and T has finite measure, we conclude that a’ — a*
and b, — b in HP(D) for any p > 1. Thus, the left hand side of (3.5) converges
to @* in H'(D) and its right hand side converges to (1 + |Fy|?)~*/2(a* + Fyb) in
HY(D). Therefore,
1 _

"= ——————(a* + Fob).

a (1+|F0|2)1/2(a + Io )
Similarly,
1

b= —(1 T |FO|2)1/2

(—Foa® +b).

As a result, (@*,b) can be determined by (a*,b). By induction, we can determine
F, for all n. Hence, NLFT is injective on [2(Z>).

O

Remark : This proof also implies the following observation: Suppose (F,) €
12(Z>0). Let F<,, and Fs,, be the restrictions to [0, n] and [n+1,00) and (an, b,) =

= =~
Fﬁm (a>na b>n) = FS,. Then
(a, b) = (am bn)(a>n; b>n) .

The base case n = 0 is shown in the proof of the lemma. Then we can use induction
to prove this for all n.

The proof of the lemma shows in particular that the layer stripping method
produces the inverse NLFT of data (a,b) in the range of the NLFT of sequences in
12(Z>0). The next lemma shows that we can apply the layer stripping method on

~ =~
a more general class of (a*,b) and obtain an [2 sequence (F},). However, (F,) may
~ =
not be (a,b). If (F,,) # (a,b), then (a,b) can not be in the range of I?(Z>¢).

LEMMA 3.10. Given any a* € H*(D) and b € H*®(D) such that |a*|*+|b|> = 1
on T and a*(0) > 0. We can apply the layer stripping method on a* and b and
obtain a sequence (F,) € 12(Z>0) with

oo

, 1
;E)(l + |Fe]?) < W.

=
Later we will see that the equality holds if and only if (F,) = (a,b).
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PROOF. Applying the layer stripping method on a* and b, we obtain Fy =

b/a*(0),

1 _ 1
= (a"+ Fyb) , b1 = ——
a>1q (1+|F0|2)1/2 (a + Iy )7 >1 z(1+|F0|2)1/2

It is obvious that a*21 and b>; also satisfy all the assumptions and

a21( )_ (1+|F0|2)1/2

(b — Foa*)

(a™(0) + a* (0)| Fo[*) = (1 + [Fo|*)/%a”(0)

In general, after n + 1 steps we have
1> al,41(0) = (L4 |[Fa) a2, (0) = (JT L + 1F:*)/2a(0).

Thus,

(a*(0))

s 1
H (1+|F:?) < 5 for alln
) and [[;2,(1+ [Fnl?) < (a*(0))7. O

which says (F,) € I?(Z>

Now we show that the range of 12(Z>) lies in H.

~~
LEMMA 3.11. If (a,b) = (F,,) for some (F,) € 1*(Z>0), then (a,b) € H

PROOF. We already know that (a,b) € L. Since b is the limit in L?*(T) of the
elements b<,, € H?(T), we have b € H*(T). It remains to show that a* and b*
have no common inner factor. Suppose to get a contradiction that they do have a
common inner factor g. Then a*/g € HY(D) and b/g € H?(D). It is easy to see
that the layer stripping method applied a*/g,b/g produces the same potential as
for a*, b, namely the layer stripped data are the functions a%, and b%,, divided by
g. Lemma 3.9 shows that the potential obtained must be (F},). -

The previous lemma says that

N )
10155 = o)y < wor

However, since (a,b) = (F,),

n
* _ _ —-1/2
a(O)—n11_>H;oa —hm H1—|—|F|
> k=0
i.e.
vad 1
A+ |F?) =~
11 @)

and we get a contradiction. Therefore a* and b have no common inner factor. [J

Finally, let us establish the range of the NLFT on [2(Z>).
LEMMA 3.12. NLFT is surjective from 1*(Z>¢) to H.
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PROOF. Given (a,b) € H, we apply the layer stripping method on it and obtain

~ ~ = ~
an [2 sequence (F,), n > 0. Let (a,b) = (F,). We will prove that (a,b) = (a,b).
According to the remark after Lemma 3.9,

- —N—— ~ -
(a,b) = (F<n) (F>n) = (an,bn)(a> N, b>n)

for every nonnegative integer N. And b vanishes at 0 with order > N.
On the other hand, the layer stripping method says that

—~
(3.7) (a,b) = (Fen)(a>n, b>n)

where (asn,b> ) satisfies all the conditions described in H except that a% 5 and
b~y might have common inner factor. Moreover, b~y vanishes at 0 with order
> N. Hence

(a,0)"Y(a,b) = (a>n,bsn) H(asn, bsy) for all N.
Note that the (1,2) component of the right hand side is
&;Nb>N - 5>NG*>N
which is an analytic function on D and vanishes at 0 with order > N. Because the
expression is independent of N, we conclude that all Taylor coefficients at 0 vanish.
Thus,

@t nbsn — bsyaly =0 for all N.

Especially,
bon .
(3.8) bon = ~*>—Na>N -
a>N

Since (s, bsn) comes from a tail of (F,,) € I12(Zs0), ||B>N||L2(T) and ||asn —
1||z1(T) are very small when N is large enough. Hence, given any ¢ > 0, we can
find Ny such that for all N > Ny,

Y

— < e on T except on a set of measure < e.

as N

Moreover, |bs | and |a% 5| < 1 a.e. on T. Then from (3.8) we can easily see that
by — 0in H*(D)

We claim that a%  — g in HY(D) for some function g, the proof of this claim
is postponed. Assuming the claim, g is an inner function. This follows from |g| = 1
a.e. on T, which in turn follows from |a~x|? + |[bsn|?> = 1 on T for all N and
bsy — 0in H?(D).

By (3.7),

(3.9) a* = —bibsn +ayal .

The term (;jvb> ~ is analytic in D and on T its L? norm is smaller or equal to the
L2 norm of bs . Thus b%bsny — 0 in H2(D) ( also in HP(D) for all p > 1 ). Since
ay — a*, aty — g in HY(D) and |a}y|,|a% x| < 1. Therefore, aja% y — a*g in
HY(D) ( also in HP(D) for all p > 1 ). Hence as N — oo, the right hand side of
equation (3.9) goes to a*g in H'(D), and we conclude that a* = a*g. Similarly,
b= bg.
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If g is constant, then g = 1 (since |g| = 1 and *(0),a*(0) > 0). In this case

(a,b) = (a,b) = ﬁ i.e. (a,b) is in the range of [2(Z>0). Otherwise, a* and b have
common inner factor which contradicts to the assumption (a,b) € H. Therefore we
have proved the lemma.

Now we prove the claim. From equation (3.7),

——
(F(n,m])(a>ma b>m) = (a>n; b>n)

for all m > n. Hence

* o o~k * _ ¥
O = U] @m = O(n,m)b>m

|a*>n a>m| < |a>m||a(n m] ]‘| + |b(n m]b>m| < |a‘>(kn,m] - 1| + |b>(kn,m]b>m| :

~ /—/H
Since (@(n,m]s bn,m]) = (Fn,m))s ||a(nm U|z1¢ry — 0 as n,m — oo. Moreover,
B
goes to zero because bs,, — 0 in H?(D). Hence (a%,) is a Cauchy sequence in
HY(D) and we have proved the claim

bsm is analytic in D and ||b(n m]b>m||L1(T) < lbsml|Lr¢r). The later term

O
This proof also shows the following fact:

LEMMA 3.13. Given any a* € H*(D) and b € H>®(D) such that |a*|>+|b]? = 1
on T and a*(0) > 0. Let (F,) be the 1>(Z>0) sequence produced by applying the

~ =
layer stripping method on (a,b). Then (F,)(g*,0) = (a,b) where g is the common
inner factor of a* and b.

In particular, we have the identity

1 " @)

)
Hence []o,(1+ |Fk|2) 1/(a*(0))? if and only if g(0) = 1 which means g must be

the constant 1 and ( F,) = (a,b).
The following two lemmas prove the continuity of the NLFT and the inverse
NLFT.

LEMMA 3.14. The NLFT is a continuous map from 12(Z>q) to {H,d}.

PROOF. Given F € [?(Z>0) and any € > 0, we will find § > 0 such that
[
d( F ., F ) < e for all F’ with ||F — F'||;2 <.

_~ ~~ —~
Again we let (a,b) = , (a,b') = F' ,and (an,by) = F<,,. We write
d((a,b), (a/,0")) < d((a,b), (an, b)) + d((an, bu), (ap, b)) + d((ay, b)), (@', 1))
From Lemma 3.7 and its proof we know that
1/4
d((an,bn), (a,b)) <C’{Zlog 1+ |Fxl?) (Zlog1+|Fk| )) }
k>n k>n

for all (a,b) € H, where C is a fixed constant i.e. d((an,by), (a,b)) are uniformly
bounded depending only on the [? norm of the tail.
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Therefore, we first choose N large such that d((an,by), (a,b)) < €/3. Then
we choose 0 > 0 such that for all F’ with [|[F — F'||;2 < 0, ||FL y]| is still small

enough so that d((a)y,by), (a’,V')) < €/3. Moreover, when § is small, the I norm
of F<ny — FLy is small. Thus, from the results of I' sequences, |la, — aj,||z~
and ||b, — bl,||~ are small. Hence, we can choose ¢ such that the middle term

d((an,bn), (al,, b)) is less than €/3.
]

Remark : This proof does not give us uniform continuity, and one may pose
the question whether the NLFT is uniformly continuous in the specified metrics.

Next we show that the inverse NLFT from {H, d} to {{*(Z>0),d} is continuous
where the quasi-metric on [2(Z>¢) is defined as

oo

d((Fp), (Fp)) = Y log(1+ |F, — Fy[?).

n=0
It is easy to check that d((F,),(Gn)) = 0 if and only if (F,) = (G,) and the
modified triangle inequality
d((Fn), (Gn)) < 2d((Fn), (Hn)) + 2d((Hy), (Gn))

holds. Moreover, {I?(Z>¢),d} is complete.

Locally d is equivalent to the usual /> norm. Hence it is also true that the
inverse NLFT from {H,d} to {I2(Z>¢),]| - ||;2} is continuous. However, with the
quasi-metric d the proof will be easier.

LEMMA 3.15. The inverse NLFT from {H,d} to {I12(Z>¢),d} is continuous.

PrOOF. The inverse NLFT is given by the layer stripping method. Given
(a,b) € H, for any (a’,b') € H with d((a,b), (a’,’)) sufficiently small we have

b(0) _ Jpb Jrt’
a*(O) - fT a* fT(a/)*'

Moreover, the new data after the first step of layer stripping,

Fy = is close to Fj =

ot — Fob +a* . b — Fya*
2RI E (1 R
is very close to
(a%y)" = 71}0/()/ tla) NISES b Fa)
- (L [Fgl)2 7 o=0 2(1 4 [Fgf?)2
in {H, d} if d((a,b), (a, 1)) is sufficiently small. Moreover, | Jp(as))* = [(a5)*(0)] >
|(a’)*(0)| > 0. Hence,
_ fT bzl
fT aly
And by induction, for any fixed Ny and all (¢/, ') € H with d((a,b), (a’,V')) suffi-

ciently small depending on (a,b) and Ny we have sup,, <y, |Fn — F},| is as small as
desired.

Fy

is close to FJ.
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Now given € > 0, let Ny be the positive integer such that Y\ log(1+|Fy[?) <
€/8. We write

(3.10)  d((Fu), (Fy)) =Y log(l + |F, — F,[?)

n=0
No
<Y log(l+|Fy = F) +2 ) log(1+[Ful?) +2 ) log(1 + |F}[?)
n=0 n>Np n>Np

Choose €/16 > § > 0 such that for all d((a,b), (a’,b')) < 4, the first term in the
above inequality is smaller than €/8, also

< €/16 , and

NU NO
> log(1+ [Ful*) = > log(1+ |Fy )
n=0 n=0

= 2|loga*(0) — log(a’)*(0)]

o0 o0
> log(1+|Faf?) = > log(1+|F}[?)
n=0 n=0

< 262((@,[)), (a',b") < ¢€/8.

Then the tail }°, _ v log(1 + [F},|?) is also small since

Y log(L+|E, )

n>Np

00 No
= log(1+|Fp*) = > log(1+ |F, )
n=0 n=0

<D log(1+ [Ful?) = > log(1+ |Fy )
n=0 n=0

+ > log(1+|Fu?) +

n>Ny

No No
> log(1 4 [Ful?) = > log(1+|Fy )
n=0 n=0

5
<e€/8+¢€/8+¢€/16 = 16¢

Thus, by (3.10)

for all (a/,') € H such that d((a, b), (a/,')) < 4.
O

Remark : We have shown that the NLFT is a homeomorphism between {H, d}
and 1?(Z>o) (with either the metric d or the usual [? norm). But note that the
space {H, ci} is not complete while [?(Z>¢) is complete under both metrics. Hence
the inverse NLFT can not be uniformly continuous.

Similarly we can prove that the NLFT is a homeomorphism between [2(Z()
and {H}, d}.

Next, we go a little further to study the completion of H.
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Let H be the closure of H in the space {L, CZ} Then,

H = {(a,b) : (a,b) € L and b has an analytic exension on D }
= {(ag,bg) : (a,b) € H and g € G}

where G is the collection of all inner functions which are positive at 0.

It is trivial that if (a,b) is in H then b is the boundary value of an H? or even
H® function. On the other hand, it is easy to see that (aB*,bB) € H for all
(a,b) € H and Blaschke products B with B(0) > 0, because we can approximate
(aB*,bB) by (aB*,bB,,) where B, is a Blaschke product with zero set disjoint from
but close to the zero set of B. Moreover Frostman’s Theorem ( see [16] ) says that
the set of Blaschke products is dense in the set of inner functions under H° norm.
Hence (ag, bg) lies in H for all (a,b) € H and g an inner function such that g(0) > 0.

In a later section we discuss ”soliton data”, which are data of the type (g,0)
where ¢ is an inner function. For example, we will prove that for every Blaschke
product B with B(0) > 0, (B*,0) has a rapidly decaying (full line) inverse potential
(Gp). Tt is easy to see that after the translation, (G4, ) is still an inverse potential
for (B*,0). Thus we can approximate (aB*,bB) in another way. Let (F},) be the
potential of (a,b) and (Gy,) be the potential of (B*,0). We define a sequence of [?
potentials, (H,(lk)), such that

H}Lk) = F, forn <k , and H,(lk) = Gp_9k forn > k.

Then as k — 400,

R ~N =
d (Hf,j, (a,b)> < c(||Fslli2)/* = 0 and

7 (k)
d (HZka (B*,0)> < el||Gemilliz)* = 0.

P e
Therefore, it is easy to see that H*) = H(<kk) H(>kk) € H converges to (a,b)(B*,0) =
(aB*,bB) ¢ H.

This example of a sequence of potentials (H,(lk)) provides a typical picture. It
is a sequence of {2 potentials with a nontrivial tail which nearly produces a soliton
data and is shifted farther and farther to the right. In the limit this tail produces
the common inner factor. Note that (H,(Lk)) is not a Cauchy sequence in [2(Z>o),
but any finite truncation (H (<ka,) is a Cauchy sequence. With this picture in mind,
we define the space [2(Z>¢) x G and give it the metric

d((F,g), (Flagl)) = N,ij\%fezd((F7g)7 (Flvgl)aNa M)

where for any two integers N, M the distance d ((F, g), (F’,¢"), N, M) is defined as

1 Il - l —/ /
[F<n — FZpflliz +d | F>n(9,0), FSp(9,0) ) + [ T—lasn|+ [ 1— a5yl .
T T
The last two terms encourage to cut at N, M such that the tails are like soliton
data. The second term combines the NLFT of these tails with the inner function
part.
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Obviously, d has symmetry, ie. d((F,g),(F",g") = d((F",¢'),(F,g)). The
triangle inequality holds as well, since for all (F?, g ) € H and positive integers N;
,1=1,2,3, we have

d((Fl,gl),(F3,g3),N1,N3)
< d((Flvgl)a (F2,g2),N1,N2) +d((F2ag2)7(F3a93)7N2aN3)

since the {2 norm and the metric d satisfy the triangle inequalities. By first taking
infn,, inf N, then infy, to the last inequality, we conclude that

d((F',g"), (F?,¢%) < d((F',g"), (F?,9%) + d((F?, ¢%), (F?, g%)).

Noreover d satisfies definiteness, i.e. d((F,g),(F’,¢')) = 0 implies FF = F’ and
g = ¢g'. To prove this, suppose first that the inf in the definition of d((F, g), (F’,¢’))

— —~

is obtained at some No, Mo. Then, Fen, = FL,, and F>n,(9,0) = F%,,,(7',0).
The last equality means that g and ¢’ as the common inner factor are the same
and F>p, = FL,,, since the NLFT on the half line is injective. Therefore, F' = F”
and g = ¢’. Suppose the inf in the definition of d((F, g), (F’,g’)) is not attained by
any finite pair N, M. Let N,,, M,, be the sequence of pairs such that it approaches
the inf. Then we can argue that both positive sequences N,, and M, must go to
infinity. Thus the first term in the definition of d says that F = F’. Moreover,

||g - gl||H1 < J((Q,O), (glvo))
)

. —_ o —
<d (<g,o>7FZNn<g,o>) i (F>N .00, For (7,0)

N 2t
+d (F;Mn (g',0), (7, 0))

and as n — oo each term goes to zero. Hence g = ¢’. As a conclusion, d is a metric.

It would be interesting to understand whether [?(Z>0) x G is complete under
d.

Now we define an operator, also called the NLFT, from 12(Z>¢) x G to H such
that

A~
NLFT: (F,g)— F (g,0).
And the inverse map from H to [?(Zx¢) x G is defined as:
NLFT™': (a,b) = (F,g)

where F' is obtained by applying the layer stripping method on (a,b), and g is the
common inner factor of a* and b. We will prove that the NLFT is a homeomorphism
between 1?(Z>0) x G and H.

LEMMA 3.16. The NLFT is continuous from 1>(Z>0) x G to H with the metrics
defined above.

PROOF. Given (F,g) € I?(Z>0)xG and € > 0. Since the NLFT is continuous on
12(Z>0) and {(F<n)} is a Cauchy sequence in [?(Z>0), there is a §y > 0 such that if

" AN AN
H € 1*(Z>o) and ||[H—F<y||;2 < & for some N € N, thend( H 7F<N) < €2/100.
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Let § < 1/2min(dg, €2/100). Then for all (F',¢’) € H with d((F,g),(F’,g")) < 9,
there is some Ny and My such that

, o~
[[Feng — FZpplliz +d | F>n,(g,0) F>M0 g’,0) | < min(dy, €2/100).
Y et W N n f—
Thus d <F<NO,F<MO> and d <F> No (s F>M0 g',0) > < €2/100. We will prove
that
AN ’/\/\ ., n AN —~——
d F (950)7 F (970) =d F<N0FZN0(970) F<M0F>M0(g 0)

—— —~ —— —~ =
Let Fen, = (a,b), FLy, = (a',0), F>n,(3,0) = (c,d), and FL;, (7,0) = (¢, d).
P _ ~= _
Thenon T F (g,0) = (ac—bd), F' (g',0) = (a/ —=V'd',a’d +V'¢"). Observe that
la—al[zszy, 1le —¢lzary, 16— llzacny, lld — &Lz, |loga® (0) — log(a’)* (0)],
and |log ¢*(0) —log(c’)*(0)| all are smaller than €2/100. Moreover, the sup norm of
lal, 10|, ||, ]d]| ... are less than 1. Thus with Hélder’s inequality we can show that

[(ac —bd) — (a'c" = V'd)|| L1 () + [[(ad + b2) — (a'd’ + V)| |2(m) < €/2.
Moreover,
(ac —bd)*(0) = a™(0)c*(0) , (a'c’ = 'd')*(0) = (a')"(0)(c')"(0).
Hence
|log(ac — bd)*(0) — log(a’c’ — b'd")*(0)]
< [loga®(0) — log(a’)"(0)| + |log ¢*(0) — log(c)"(0)]
< €?/50 < ¢/2.

S~
In short, we have proved that d( F (g,0), F’ (g',O)) < e forall (F',¢') e H
such that d((F,g), (F’,¢')) < d. Hence the NLFT is continuous.

LEMMA 3.17. The inverse NLFT from H to [*(Z>¢) x G is continuous.

PRrROOF. Given (a,b) = (ag,bg) € H and € > 0 where (@,b) € H and g is the
common inner function. We will find § > 0 such that for all (a/,t’) € H with
d((a,b), (a/,b)) < & we have d((F,g), (F',g')) < € where (F,g) and (F', ') are the
images of (a,b) and (a’,b") via the inverse NLFT.

—~~ s

Since F = (a,b), first choose Ny large such that [.1 — |a>n,| < €/10.
By the proof of Lemma 3.15, there is 6o > 0 such that for all (a’,0') € H with
d((a,b), (a',b")) < do we have ||[F<n, — F_ . |liz < €/10 and because the NLFT is

. . . N Y et N
continuous on the half line we can further require that d (F< No» F< No) < €2/100.

Then we claim that § = min(dp, €2/100) will do.
Suppose d((a,b), (a’,b")) < 6. Then [[Fen, — FLy |[iz < €/10 and by assump-

. ~ . s (w2 /_//\ =/
tion [1 — |a>n,| < €/10. Now, we will prove that d ( F>n,(g,0), F%y,(7',0)

automatically and [ 1 —[a% y, | are also small.
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Since

— ! / / / —/
(avb) = Fcn, FZNo(gaO) and (a b ) = <Ny FzNO(g ,0)

we have

— —~ = 1 —

F> N, (ga 0) = (F<N0) (av b) € H.
On T, the right hand side is

((:1<N0a + B<Nol_); (:1<N0b — l;<NOd).

—~ = R

We also have the similar expression for F% y (g',0). Since d((a,b),(a’,b')) < 6 <

o
€2/100 and d <F<N0, F2N0> < €2/100, it is easy to see that

[r |a>N, g — a5 n,§'| < €2/10 < €/10 and

AN /—/’R ,
d <F>N0(ga0)7FZNO(§ ,0)) < 6/2
Then we also have
/r >, | — a5 n, || = /T la>nogl| — las n, 7'l < /T | oG — @ ny 7| < €/10.

And together with the assumption [ 1—|a>n,| < €/10, we derive that [ 1—|a% y | <
/5. Hence

Ny et —~ 5 N
e = Pl +d (Fonn(a 0 o @00 ) + [ 1=zl + [ 1=l <

Hence by definition d((F, g), (F’',g¢")) < e.
(I
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3.4. Rational Functions as Fourier Transform Data

In this section, we consider (a,b) € L where a and b are rational functions
and we investigate the Riemann Hilbert problem of finding (ay,b;) € H, and
(a—,b_) € H{ such that (a_,b_)(ay,bs) = (a,b). We prove the existence of such
Riemann Hilbert factorizations. If a* has zeros inside D, the factorization is not
unique, and we are able to construct all factorizations and parameterize them by a
collection of subspaces fyi(] ) of C2.

We begin with some preliminary information about rational data (a,b).

THEOREM 3.18. For every rational function b such that |b] < 1 but b is not
identically 1 on T, and for any finite subset Z = {z1, 22, ..., zn} C D\ {0} together
with corresponding positive integers {my,ma,...,my}, there is a unique rational
function a such that (a,b) € L and Z is the zero set of a* in D with corresponding
multiplicities m1,ma, ..., My, .

Note that for rational functions a, b, |a|? + |b|?> = 1 on T if and only if aa* + bb*
is constant 1 because aa* + bb* = |a|* + |b|? on T.

We emphasize the comparison of this lemma with Lemma 3.4. In Lemma 3.4,
to insure that a is a Laurent polynomial, we need the restriction that zeros of a*
form a subset of the zeros of 1 — bb* while here zeros of a* can be any finite set.

PROOF. We construct a rational function a with the desired properties. Define
P =1—5bb*. Then P is a rational function with the symmetry P = P*. Hence
z € D is a pole or zero of P with order m if and only if z* = 27! € D* is a pole
or zero of P with the same order. Since [b] < 1 on T, we have 0 < P < 1 on
T. Therefore P has no poles on T and each zero of P on the circle, being a local
minimum, is of even order.

We describe the rational function a up to a scalar multiple by establishing the
correct zeros and poles. First let ag be the rational function which has no poles and
zeros in D*, which has the same zeros as P on T but with half the multiplicities,
and which has the same zeros and poles as P on D with the same multiplicities.
Note that apaf, has the same zeros and poles as P, but ag does not have the desired
zeros in D. To rectify this, we define

n
a= aHBZ_“
:

i=1

where B, is the Blaschke factor which has a zero at z; and a pole at z;. Since each
Blaschke factor B satisfies BB* = 1 we have that aa* still has the same zeros and
poles as P and a has the desired set of zeros in D with multiplicities.

According to our construction of a, the rational function f = P/aa* has no
poles and no zeros and therefore is a constant. Moreover, f is positive on T. Hence
we can normalize a by a positive factor so that f = 1. We can also normalize a by
a phase factor to obtain a*(0) > 0. Hence a is a rational function with a*(0) > 0
and aa* + bb* = 1. Also, a* is analytic in D. This means (a,b) € L and a satisfies
all the desired properties.

Now we prove that such rational a is unique. Observe that rational functions
which are analytic in D are of the form f,yse B when restricted to D where foyter
is an outer function and B is a Blaschke product. The Blaschke product part of

a* is determined when we are given its zeros in D. The outer function part is
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determined (up to a phase factor) by |a*| on T which is given as y/1 — |b|2. And
the phase factor is determined by a*(0) > 0. Hence a*|p is uniquely determined.
Since a* is rational, it is determined by its restriction to D. Therefore a*, and thus
a, is unique.

O

LEMMA 3.19. Assume (a,b) € L is rational. Then for any factorization
(afabf)(aJrabJr) = (avb); (a,,b,) € HS; (a’JrabJr) € Ha
we have that (a—,b_) and (ay,by) are also rational.

PROOF. We first show that b is a rational function.

Given that a and b are rational functions, and |a|, [b| <1 on T, we know that
a and b have no poles on T and are bounded in a neighborhood around T.

The identity (a_,b_)(a,b) = (ay,by)”! implies b_ = —aby + ba; and hence
aby = bay—b_. On the right hand side of the last equation, a and b_ have analytic
extensions on D*, and b is a rational function. Hence ab; has a meromorphic
extension to D* with finitely many poles in D*. Moreover, |ay|,|b—| < 1 on D*,
and b is bounded in a neighborhood of T. Therefore, [ |aby|?(r.) is bounded for
1 <r <1+ ¢ for some € > 0. On the other hand, b4 has an analytic extension
on D with absolute value smaller or equal to 1 and a is a rational function which
is bounded in a neighborhood of T. Hence ab, is meromorphic in D with finitely
many poles in D and fT laby|?(r.) is bounded for 1 — e < r < 1 for some € > 0.

Now we can remove the poles of ab; by the following recursive procedure. If
Zoo 18 & pole of aby, then subtract a constant from ab; so that the new function
has a zero at zg. Then we multiply the new function by (z — 2s)/(z — 2z0). This will
reduce the order of the pole at z,, and leave the order of other poles unchanged and
doesn’t produce new poles. Iterating this procedure, we obtain a function g, which
is holomorphic in D and D* and [, |g|*(r.) remains bounded for 1 —e <7 < 1+e.
That means g € H2(D) N H?(D*) and thus g is a constant. This proves that ab
is a rational function and so is ..

Similarly, with the equation a* = a*a4 +b*b,, we can prove that a4 is rational.
And by (a_,b_) = (a,b)(ay,bs)"t, (a—,b_) is also rational. O

Given a rational data (a,b) € L, we now transform the factorization problem
(a,b) = (a—,b_)(ayt,bs) with (a—,b_) € H} and (a,b;) € H, into a more classical

Riemann-Hilbert problem.
Given aa* 4 bb* = 1, it is easily checked that the following conditions

(3.11) { (a,b-)(ay,by) = (a,b)

ayal +byby =1, a_a* +0_0* =1

are equivalent to either of the following equivalent equations:

ai —b+ a4 b+ o 1 0
(42 (5% ) e )=( v
ai —b+ ay —b_ . 1 —b
(4:20) (5 ) )=
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If we multiply equation (4.2b) by equation (4.2a), we obtain

ai *b+ a4 b_ o 1 —b
(812) ( bt at >< b5 a_ > ( b1

Hence, given two rational functions a and b such that (a,b) € L, (3.11) = (3.12).
Moreover, if we require (ay,b;) € H and (a—,b_) € H, then on the left hand side
of (3.12), all the entries of the first matrix (hereafter denoted by A ) are analytic
in D and a* appears implicitly as its determinant. Similarly, all the entries of the
second matrix (hereafter denoted by A_) are analytic in D* and a appears implicitly
as its determinant. Thus (3.12) as a classical Riemann-Hilbert factorization of the

matrix ( 71b* _1b ) (hereafter denoted by A) into a product

A=A A

a b\ . a* c*
(c d> 1sdeﬁnedas<b* d*>'

and all entries of A4 have holomorphic extensions to D.
Conversely, assume we have such a Riemann-Hilbert factorization of A and
assume it satisfies the following properties:

where

(1) The two elements in the first row of A4 have no common inner factor.
The two elements in the second row of A; have no common inner factor.

(2) det A is a rational function such that the zeros in D equal the zeros of
a*in D.

(3) A4 (0) is of the form ( —5 _T_

Then, (a—,b_)(a4,bs) is a decomposition of (a,b) into factors in Hfj and H respec-

tively, where
(li *b+ .
< —-b* a’ ) = 44

) where + denotes a positive element.

To see this, note that the product of the first row of Ay and the first column of
A% gives us aya’ + b b} = 1. Hence according to the above Properties 1 and 3,
(ay,by) € H. Similarly, (a—,b_) € H{. Moreover, the determinants of the left
hand side and the right hand side of (3.12) give us (det A} )(det Ay)* = 1 — bb*,
which together with the above Property 2 implies that det Ay = a% a* —b b* = a*
(by Lemma 3.19).

We call a Riemann Hilbert factorization of A with Properties 1,2,3 listed above
an admissible Riemann Hilbert factorization.

To obtain the Riemann Hilbert factorization for matrices A whose determi-
nant does not vanish on T , we reproduce a result from [21]. There the authors
define a factorization in L, (1 < p < o) of a measurable matrix function G on
T to be a representation G = G, AG_ where A is a diagonal matrix of the form
diag[z",- -+, z""] for some integers K1 > ko > - -k, and G4 € H;‘, G- € H,,
G;l € H[;r, G! e H; . In particular, det G4 and det G_ are non-vanishing on
functions on D U T and D* U T respectively.

The exponents k; are called p-partial indices of G. The sum k1 + -+ + Ky
is called the p-total index of X. It is shown that though the factorization is
not unique, the partial indices are uniquely determined by G and p. Moreover,
If G = GLAGY = G2 AG? are two factorizations of G in L,, then G = GLH
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and G2 = A"'H'AGL for some invertible matrix H = (h;;) such that h;; is a
polynomial of degree < k; — k; if k; — k; > 0 and hy; = 0 if kK; — k; < 0. In the
case of a rational 2 x 2 matrix X as in our Riemann Hilbert problem, the p-partial
indices ni,ny are independent of 1 < p < oo, and one can actually show that the
partial indices are all equal to 0.

We now state the precise result we need from [21]. Since we allow degeneracy
on T, which is slightly more general than stated in [21], and for the sake of self
containment, we present a proof as well.

LEMMA 3.20. Assume |b| <1 on T, but |b| is not constant 1 on T. Then there
is a rational matriz function Ay which is analytic and non-degenerate in D and
AL A% = A, Such Ay is unique up to multiplication by a unitary matriz from the
right.

ProoOF. Note that on every point z of T the matrix A(z) is positive semidefi-
nite, and that A = A*. Moreover, A(z) is positive definite on all but finitely many
points of T.

Set Ag = A. We will define a sequence of rational matrix functions A; by
the recursion A;11 = B;A; B} with rational matrix functions B;, such that A; will
have decreasing order of poles outside {0, 00} with increasing i. By virtue of the
recursion we retain the property that A; is positive definite on T and A; = A},
and we will also keep the matrix of A;(1) constant through most of the steps by
imposing that B;(1) is the identity matrix.

Assume A; is already defined and let z; € D be a point such that some entry
of A; has a pole at z;. By the symmetry relation A = A* this is equivalent to some
entry of A; having a pole at 2z} € D*. Let f be the Mdbius transformation of the
Riemann sphere which sends z; to oo and leaves the points 0 and 1 invariant. Let
Bi(z) = f(2)id, then clearly A;41 := B; 'A;(B})~! has a reduced order of pole at
zo and z§ while the order of poles elsewhere outside {0, 00} is unchanged. We may
repeat this process until all (finitely) many poles of any entry of A outside {0, oo}
are removed.

Next we remove the zeros of det(A;) in D and D* by a similar process. First
note that det(A4;) is not constant equal 0 by the assumption that |b| is not constant
1 on T, hence there are only finitely many zeros to be removed. Assume A; is
already defined and let z; € D be a zero of det(A;), which is equivalent to z} € D*
being a zero of det(4;). Then there is a unit vector v such that v A;(z;) = 0. Let w
be a unit vector perpendicular to v. In the basis v, w the matrix z then necessarily

takes the form
(z—=20)r(2) (2 —20)s(2)
with 7, s,¢,u analytic near zy. Let f be again the Mobius transformation of the
Riemann sphere which sends zg to oo and leaves the points 0 and 1 invariant. Then
the determinant of the matrix
f(z) 0 (z—zi)r(z) (2 —2)s(z)
0 1 t(z) u(2)
has a zero of one order less at zg while the order of zeros at all other points outside
{0, 00} is unchanged. If B; denotes the left factor in this product as matrix in the
original basis, we note that the determinant

Ai+1 = BzA'LBZ*
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has reduced order of zeros at zp and 2§ and unchanged order of zeros at all other
points outside {0, 00}. We may iterate this process until all zeros of det(A) outside
{0,00} UT are removed.

Next we remove the zeros of det(4;) on T by a similar process. Let z; be
such a zero and let v as before be a unit vector such that v* A;(2;) = 0. Then
v A;(z;)v = 0 and since A; is positive semidefinite on T, this has to be a zero of
even order and thus at least of order 2. In the basis given by v and a perpendicular
unit vector w the matrix A;(z) in the vicinity of z; takes the form

(G2 )

Note that both off diagonal terms vanish at z; since A;(z;) = Af(z;). Then with
the notation as above,
( f(z) 0 ) ( (2 = 2)%(2) (2 —2)s(2) ) ( £ 0 )
0 1 (z — zi)t(2) u(z) 0 1
is still analytic near z; and has lower order of vanishing at z;, while leaving the
order of zeros outside {z;,0,00} unchanged. Proceeding as before we remove in
this way all zeros on T.

Let A, _; denote the final matrix in this process, hence A,,_; is analytic and
non-singular outside {0,00}. Letting A, = B,_14,-1B;;_, for some appropri-
ate constant unitary matrix B, _; we may assume that A, (1) is diagonal. While
det(A,) may have a pole at 0 or oo, a winding number argument excludes this
possibility since det(A,) is positive on T. Being a rational function, det(A,) is
then actually constant.

Each diagonal entry of A,, can be expressed by el A, e; for unit vectors e;. Again
this rational function may in principle have a pole at 0 or co, but this possibility
is excluded by positivity of this rational function on T using positive definiteness
of A,,. Hence the diagonal entries of A, are constant as well. The product of the
diagonal entries is equal to the determinant, since this is the case at z = 1. Hence
the off diagonal terms of A,,, which are conjugate to each other on T, have to be
constant equal to 0 on T. By analyticity they have to be constant 0 everywhere.
Finally setting A,+1 = Bn,A, B for some appropriate constant diagonal matrix
B,, with positive diagonal entries assures A, 1 is constant equal to the identity
matrix. Note that these last two steps producing A, and A, 1 are the only ones
which change the matrix A4;(1), but they do so by a controlled amount determined
by the eigenvalues of A(1) which are less than sup,cy [b(2)| away from 1. Denoting
by A4 the product of the matrices B; from i = 1 to ¢ = n we obtain the factorization
A=A LAY

Now we show the uniqueness of A;. If there is another rational matrix B
which is analytic and non-degenerate in D and BB* = A = A A%, then A;IB =
A% (B*)~! which will be denoted by C. Thus C = A7'B is analytic in D and
similarly C = Ai(B*)’l is analytic in D*. Moreover, it is continuous on T. This
is clear if det(A) has no zeros on T since then A, and B are regular on T. If det(A)
has a zero at zy € T, we observe that there is unit vector v such that v7A = 0,
and hence also vy AT A% v = [[vrA4||* = 0 and hence vy Ay = 0 and similarly for
B. Considering the matrix
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as in the above process of removal of zeros we note that BfA, and ByB are
analytic near zg but with lower order vanishing of determinant. If the determinant
still vanishes at zg, we iterate this process until the matrix becomes regular, hence
we find a sequence By, ... B, so that By ... B,A; and B; ... B, B are analytic and
regular near zy. But then C = A_T_lB = A_T_lBgl .. .Bl_lBl ... B, B is regular near
29. Hence C is a constant matrix. In addition, C* = C'~! which means C is unitary.
Therefore A is unique up to a unitary matrix. (I

Note that A4 is non-degenerate in D. In particular A4 (0) is invertible. It
is a well-known fact that for an invertible 2 by 2 complex matrix G, there is a

*
0 + ) such that

GT = G'. Therefore if we require A4 to be of this form as stated in Property 3,
then it is uniquely determined.

We call the factor A4 described in the previous lemma and with the normal-
ization of A4 (0) being upper triangular with positive diagonal entries the regular
factor of A, because it is regular on D, and we denote it by A,. Note that A
gives an admissible Riemann-Hilbert factorization without singularities in D, in
particular the entries in the first row of A, do not have a common inner factor
since they do not simultaneously vanish in D, and similarly for the entires of the
second row.

We now consider the Riemann-Hilbert factorization with zeros, i.e. we find A4
which degenerates at given prescribed points Z = {21, 29,...,2,} € D\ {0}.

We shall develop the matter through special cases of increasing complexity, we
will follow the discussion in [14] using Blaschke Potapov factors as described in the
following lemma.

unique unitary matrix 7' and a unique matrix G’ of the form ( +

LEMMA 3.21. Given z1 € D\ {0} and a one dimensional subspace v1 of C2,
there is a unique meromorphic matrix function B on the Riemann sphere such that

(1) The entries of B have no pole outside z7.

(2) For z € T the matriz B(z) is unitary.

(3) The determinant det(B) a vanishes only at z1 and it vanishes of first order
there.

(4) B(0) is upper triangular and has positive diagonal entries

(5) For every vector v € C? we have B(z1)v € 71.

PRrROOF. We first prove existence by explicitly describing such a matrix B. Let
P be the orthogonal projection onto the space «; and define the auxiliary matrix
(Blaschke Potapov factor) B/(z) = (P 4+ (I — P)f(z)), where f(z) is a Blaschke
factor vanishing at z;. Since f has modulus 1 on T, this matrix B’(z) is unitary
for z € T. The determinant of B’ is equal to f(z) and thus satisfies the desired
properties. The entries of B’ can only have a pole where f has, and f only has
a pole at z7. The range of B'(z1) is the range of P, which is ;. Since B’(0) is
non-singular, there exists a unitary matrix 7" such that B’(0)7 is upper triangular
and positive on the diagonal. Then B(z) = B’(z)T has all the desired properties.

To prove uniqueness of the matrix B, assume we have some other matrix func-
tion B’ satisfying the properties listed in the lemma. Note that (B’)*B’ is the
identity matrix on T. Since (B’)*B’ is meromorphic on the sphere, it is constant
equal to the identity matrix. Hence (B")~! = (B’)* wherever defined, and similarly
B*l — B*
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Let v be a unit vector spannning v; and let w be a unit vector perpendicular
to v. Changing into the basis (v, w) the functions B, B’ take the form

( (2 —rijgt(Z) (2 —Silz))u(Z) >< (= —T;(lz)zf’(Z) (2 —Ségjzb’(Z) )

with functions r,s,t,u,7’,s’,t,u’ analytic near z;, since the range of the matrix
at z1 is spanned by the vector (1,0)7 in this basis. Since det(B) vanishes of first
order, it follows that all entries of

578 = (00 78 ) (e e )

are analytic near z;. We claim that all its entries are analytic near (z1)* as well. For
this it suffices to check that the entries of (B~1B’)* are analytic near z;. However,

(Ble/)* — (B/)*(Bfl)* — (B/)le
is analytic near z; by the symmetric argument as above. It follows that B~'B’ is
analytic everywhere and thus constant. This constant matrix is both unitary (by

evaluation on T) and upper triangular with positive diagonal entries (by evaluation
at 0). Hence it is the identity matrix, which proves B = B’. O

We denote the matrix B in this lemma by B., ,,. In Lemma 3.21, we chose to
parameterize for fixed z; the matrix B., ,, by its range v, at z;. Alternatively, we
could have used the kernel at z; to parameterize these matrices. This is the content
of the following lemma.

LEMMA 3.22. For fized z1 € D\{0}, the map v1 — ker(B., ~,) s a self-bijection
on the set of one dimensional subspaces of C?.

PrOOF. We construct the inverse map. For ¢; a one dimensional subspace, Let
Q be the orthogonal projection onto that subspace. Define B'(z) = (1- Q)+ Qf(2)
with f as above a Blaschke factor vanishing at z;. Let T be the unique unitary
map such that TB’(0) is upper triangular with positive entries on the diagonal.
Then the function B(z) = T'B’'(z) satisfies the assumptions of the Lemma above
with ~; the range of the rank one matrix B(z1). To establish the claimed bijection
it remains to show that for each one dimensional space d; there is a unique matrix
function B satisfying the properties of the previous lemma for some ~y;. For this we
consider another such matrix B’ with the same kernel. Analogously to the previous
lemma, by passing to a basis spanned by a unit vector in §; and a perpendicular
unit vector, we prove that B’B~! is regular at z; and then also regular at z}. hence
it is constant and hence it is constant equal to the identity matrix. O

Returning to the discussion of factorizations A = A, (A} )*, we first consider
the case that det(A4) has only one zero z; in D\ {0} and this is a simple zero. We
choose a one dimensional subspace v; C C? such that /Lr (21)71 is neither spanned
by (1,0)7 nor by (0,1)7, note that this excludes exactly two subspaces since A (z;)
is regular. Then we write A, = A~+lem. We have:

(1) A; is analytic in D.

(2) A Ar = A A = A

(3) Ay degenerates at z1, det(A;) has a simple zero there, and this is the
only point of degeneracy in D.

(4) A1 (0) is upper triangular with positive enties on the diagonal.
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(5) The entries of the first row of Ay do not have a common inner factor.
The entries of the second row of Ay do not have a common inner factor.

The last property follows since the entries of the first row of A may only vanish at
z1, but they do not both vanish at z; by choice of v;. Similarly for the second row.
We have thus produced an admissible Riemann Hilbert factorization of A with one
prescribed simple zero of det(A4) in D.

Now consider Z = {z1} but z; is a multiple zero with ord(det A4, z1) = n.
There are in principle two cases to be discussed:

Case 1.: Ay(z1) #0.
Case 2.: Ay (z)=0.

However, in Case 2 the two entries of the first row of A, have a common zero at z1,
which is inadmissible. We are thus reduced to discussing Case 1. Then necessarily
A, (#) has rank one. Similarly to above we write

A+ = A+B21771B21772 s BZL’Yn

for some sequence of 1, .. .7, of one dimensional subspaces of C2. Non-vanishing
of Ai(z1) requires that B, ,,7vit1 # {0} for each 1 < ¢ < n. Note that this
condition for all 1 < i < n is sufficient for non-vanishing of Ay (z1). As before,
we also require A4 (z1)7: to not be spanned by (1,0) or (0,1) so as to obtain an
admissible Riemann Hilbert factorization.

Based on these special cases we are ready to describe the family of Riemann

Hilbert factorizations for any prescribed set of zeros of det(Ay) in D.

THEOREM 3.23. Assume we are given a rational function b with |b] <1 on T
and b is not identically 1 on T. Define

1 —b
().

Assume we are given a finite subset Z = {z1,za,...,2zk} of D\ {0} and positive
integers ni,na,...,Nnk. Then there is a bijection between

(1) the set of data consisting of one dimensional subspaces 7]@ for1 <i<
kand 1 < j < ng with A~+'y§i) not spanned by (1,0)T or (0,1)T and
B (i)fyj(le #{0} forall1<i<kandl<j<mng and

ZisY;
(2) the set of admissible Riemann Hilbert factorizations

A=A (AL,

i.e., Ay a rational matriz function analytic in D such that the zeros
of det(Ay) inside D are exactly the points z1,...zp with multiplicities

ny,...ng, Ay(0) is of the form < o , and the two entries of the

0 +
first row of Ay have no common inner factor and the two entries of the
second row have no common inner factor.

PRrROOF. We first describe a different parametrization of the set of admissible
Riemann Hilbert factorizations that depends on the chosen enumeration of zeros
{z1,...,21}. We write

(3.13) A, =A,B B, .nB B _»...B

PRETC T wyen - B se 51 "'BZI’%(JZ)
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for some choices of 7yj(-i) which satisfy B_ nyj(-?l # {0} for all 1 < ¢ < k and
07

1 <j <ng, and ’y%i) avoids the two subspaces which make A, (z;) be spanned by
(1,0)T or (0,1)7, a condition which depends on all matrices to the left of B, soin

the above product. Note that all these matrices are non-singular at z;, hence this
last condition excludes exactly two subspaces. Then clearly A gives an admissible
Riemann Hilbert factorization.

To see that this is a parametrization of all admissible Riemann Hilbert factor-
izations we will recover the data 7yj(-z) from A. To do so we argue recursively by the
total order Zle ny. If this total order is zero, we are done by Lemma 3.20. As-
sume we are given a Riemann Hilbert factorization A = A (A4 )* with the desired
zeros and multiplicities. Then choose B = Bz;c,%’;) by Lemma 3.22 so as to have

the same one dimensional kernel as A, and consider A, B~!. Note that A, B~}
is regular at zx by an analoguous discussion as in the Lemma 3.22. Then A, B~}
is the left factor of a Riemann Hilbert factorization of lower total order than A,
and by induction we find a unique factorization as in (3.13) of Ay B~!. Multiplying
from the right by B gives the desired factorization of A .

The particular parameterization by ’y](.l) in the above proof is unsatisfactory,
since it depends on the enumeration of the zeros in Z. To find the parameterization
that is independent of enumeration as claimed in the theorem, we choose for each
1 the numbers ’yy) which arise from the above argument by an enumeration that
has z; as first element. These numbers are independent of the exact enumeration
chosen and depend only on local properties near z;, since the Blaschke Potapov
factors with superscript (1) are constructed first. To see that these new parameters
are equivalent to the old ones for some fixed enumeration, we shall successively
replace the old parameters by the new ones, running through the Blaschke Potapov
factors from right to left.

Note that ’y(-i) describes the range of the Blaschke Botapov factor B](-i) in the

J
product

A+ = ff+ e BJ(Z)B](QI e ngl) BrightT

where B is the product of Blaschke factors with upper index (i) with i’ # 4, while
’yj(-z) describes the range of the factor B](.z) in the product

Ay = A, BenBY . BYBY, B BT

where B]eft and Bright are the products of the Blaschke factors to the left and to the
right of the ones indexed by () in the fixed order. To show that these ranges are
in bijective correspondence with each other, it suffices to show by Lemma 3.22 that
the kernels of these matrices are in bijective correspondence. For this it suffices to
show that the matrix
B, BY By TT*B~Y(BY)™ .. .(BY)) !

has a regular continuation at the point z;. This will follow by induction on the
number n; — j. If that number is zero, then the product only has regular factors at
z; and the assertion is clear. To prove the induction step, we assume the product as

written is regular, and prove that the corresponding product with one extra factor
(@)

on either side is regular as well. By construction B;" is the right most factor of
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the matrix - o
A, By ...sz
= AT B YBY) .. (BY))
and hence has the same kernel as the regular extension of this matrix at z;. On the
other hand, this same matrix can be written as

A}Bleﬁéii) ... B](Z)BSJ(JZI .. .B,(fi)grightTT_lB_l(Bflii))_l ... (B](Ql)_l
and the kernel of this matrix has to be the same as the kernel of the product of the

right most factors

BYBY), . BY Bgn TT B Y(BY) " ... (B )
which by accounting orders of vanishing of the determinant of each factor is singular
at z;. Hence we may multiply (B](.z))*1 to the right of this matrix and retain a
regular extension to z;. This is what had to be shown, and we have established

that we can successively replace the 'y§i) by ’y;- retaining a good parameterization.
O
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3.5. Soliton Data

In this section we focus on data of the type (a,0) € L. This type of data
in the analoguous continuous model is related to soliton solutions for the focusing
nonlinear Schrodinger equation [14]. Following this connection we will also call
such data soliton data. Observe that (a,0) € L implies that a* is an inner function.

In the previous section we have described all preimages of soliton data under
the nonlinear Fourier transform in case a is a rational function, which for soliton
data means that a is a finite Blaschke product. As part of our discussion of soliton
data we will first extend these results to the case of a being an infinite Blaschke
product. With Frostman’s theorem in mind this is a step towards general inner
functions, however we are not able to give a satisfactory description of the inner
function case.

Then we will derive the exact formula for all inverse potentials of rational
soliton data and see that such potentials are rapidly decaying.

Finally, we will show that every rational data (a4,by) € H, after applying
finitely many steps of layer stripping if necessary, can be paired with another ratio-
nal data (a—,b_) € Hf such that (a_,b_)(ay,bs) is of the form (a,0). Similarly
all rational data (a—,b_) € H, after applying finitely many steps of layer strip-
ping if necessary, can be paired with another rational data (a4,b4) € H such that
(a—,b_)(ay4,bs+) = (a,0). Thus we can derive a formula for all inverse potentials
of rational data (a,b) € L and in particular establish that any inverse potential of
rational data is rapidly decaying.

THEOREM 3.24. Given a* an infinite Blaschke product with zeros {z;} C D\
{0} and corresponding multiplicities {n;}. There is a bijection between the set of
sequences of subspaces {7](2)} of C? for 1 < j < n; and 1 < i < oo satisfying the
conditions that %i) not spanned by (1,0)" or (0,1)" and B, y(*WJ(Ql # {0} for all

Bl j
1<i< o0 andl < j<ny and the set of factorizations (a—,b_)(ay,bs) = (a,0) in
(li *b+
—-b*  a*

such a way that the spaces 7](-i) describe the singularity of Ay =

at the point z; as in Theorem 3.23.

PRroOF. First we prove that given {'y§i)} as in the theorem, there exists a
corresponding factorization. We approximate a* by the finite Blaschke product

n — n;
v ] (- 22
n < |Zi|1—2i2) ’

=1

Since a} is rational, we may apply Theorem 3.23 to obtain an admissible Riemann
Hilbert factorization with parameters {7](2)}, 1<j<m,1<i<n}:

A" = < (ai)* 7bi >
+ —(0m)* (am)*
Note that in the notation of that theorem, /Lr is the identity matrix.

Since (a’})*, 0%, (a™)*, (b™)* are analytic and bounded by 1 on D, the theo-
rem of Arzela-Ascoli provides a subsequence such that (al}*)*,b*, (a”*)*, (b"*)*
converge uniformly on compact subsets of D. Thus (a’*)*,b%*, (a™*)*, (b*)* con-
verge to some H>(D) functions a*,by,a*,b*. We claim that (a_,b_) € Hg,
(ay,b4) € H and (a—,b_)(ay,by) = (a,0).
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ai *b+
-b*  a*

Let Ay = . Since det A* = a; and it converges to det A

uniformly on compact sets inside D, we have det A; = a%a® — by b* = a*, which
is half of the equation (a—,b_)(a4,by) = (a,0). '
Next observe that ||A%*(2)|[op < 1 for all z € D since ||B](2)|lop = 1 for

all z € D. Thus, ||A+(2)]lop < 1 on D. Since the entires of A, are bounded
analytic functions in D, they have almost everywhere on T nontangential limits,
which we also denote by A;. The estimate ||A;(2)||op < 1 then remains true
almost everywhere on T. However |det A1 | = |a*| = 1 a.e. on the circle, and thus
det(Ay A% ) = 1 almost everywhere on T. Since Ay A% is also positive semidefinite
on T, and bounded in operator norm by 1, we see that A, A% is the identity matrix
almost everywhere on T.

Next since all A'}*(0) are of the form < +

0

To establish that that {'y&)} is the range of Ay at {z;}, pick a nonzero vector
v perpendicular to the range and note that ’UTA?_’“ (z;) = 0 for all k. Hence in the
limit vT A4 (2;) = 0. We may now multiply A, by (le’v(i)’zi)71 from the left as
in the discussions of Lemma ?7, and proceed inductivelylwith identifying ranges

j; ), so if their limit A, (0).

as VJ(i)- After multiplication by all n; factors of the form (BZ%%(_U)*I we obtain a

matrix function regular at z; as we can verify by accounting the order of vanishing
of the determinant of each factor. This establishes in particular that A (z;) is rank
one. This establishes also that the entries of the first row of A (z;) and the entries
of the second row of A (z;) do not simultaneously vanish at z;, by the choice of
7.

If @ and by have common singular inner factor, say g, then det A also has
the factor g. However, det Ay is the infinite Blaschke product [];-, Bl (z) and
has no singular inner part. Thus, a’ and by ( @* and b* ) can not have common
singular inner factor. Hence, we have showed that (a4,by) € H, (a_,b_) € H,
and (a_,b_)(ay,by) = (a,0) is the desired factorization corresponding to the spaces

(@)
{'Yj b

To prove the uniqueness of such decomposition, suppose that there is another
factorization A’ (A’ )* = I, det A/, = a*, and {’y§z)} represents the images of A/,
at {z;}. Then A;'A', is analytic on D expect for possible poles {z;}. However, at

{z;} the parameters fyj(i) match and by an argument as before this means that the

product A7' A’ has an analytic extension to z;. Since the (i,j) element of A7'A/,
is a H>°(D) function, say f;;, divided by the infinite Blaschke product det A, =
a* and has no poles in D. Hence f;; must have the factor a*. Therefore each
element of A7'A’, belongs to H*(D). Similarly, (A’ )~'A; belongs to H>®(D)
and thus ((4/,)"'A;)* = A% (A7)~ € H. However, on T, AL A% = AL A =1
ie. Aj_lA’Jr = A% (AF)71. Thus A7' A/, can be extended as a bounded analytic
function on the whole Riemann sphere. Therefore, A;lAq_ is a constant matrix.
0 J*r ) at 0. Hence A7'A, =1I.
So far we have constructed the map from {7]@} to the factorization
(a—,b_)(ay4,by) = (a,0) and showed that it is injective. It is easy to see that
this map is onto. Given any factorization (a—,b_)(a4,by) = (a,0), let A} =

Moreover, it is unitary on IT and of the form (
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-b* a*

( o by > and collect the constants {fy](.i)} that describe the local behaviour

of the matrix A, at the degenerating points z;. The {fyj(i)} are well defined and
satisfy the properties of the theorem since A, (z;) has to have rank one and range
different from the span of (0,1)? and the span of (1,0)7, and there are only finitely
G

many parameters -y;

; ) for fixed i since det(A+) can only vanish up to finite order.

O

For (a,0) € L where a* is a general inner function, it is tempting to use
Frostman’s theorem to approach a* by {a’} where {aX} is a sequence of Blaschke
products and converges to a* uniformly on D. Each (a,,0) is factorable and the
decompositions are described by constants {7](-1)}. However, we do not have a good
description of the variety of the factorizations in the limit, as we do not understand
what data replaces the ’yj(-z) in the limit.

We pass to the next item of our discussion of soliton data and construct a
formula for the inverse potential of (a,0) where a* is a finite Blaschke product.

First assume that a* has only simple zeros {z;},i=1,...,n ie.
Z 2— 2
(3.14) 1;[ 17
Then given any v; € C* for i« = 1,...,n there is a unique rational matrix A,
analytic in D such that A, A% = Id, det Ay = a*, with ImA(2;) = << _1% >>,
and A (0) is normalized. Denote Ay = ( fbj; _al’)*+ ) Now we compute its

inverse potential.

LEMMA 3.25. Given (a,0) € L where a* is of the form (38.14) with z; #
z; for all i # j and constants v; € C* for i = 1,...,n. There is a unique

* J—
A, = 7@8; a(’)"+ ) described as above. Applying the layer stripping method

for (ay,by) and (a—,b_), we obtain a geometrically decreasing sequence (Fy),

i=n

detM1 )
H"'dtM ,forke Z

where M (k) is a n by n matriz with

ok
1+ 7055727 . and My (k) = M (k)

M(k);; =
W= Ton®

—~
Ifv; # 0,00 for all i, then (Fy,) is the unique ly sequence such that (F>o) = (a4, b4),

—~ =
(Fco) = (a—,b_) and (F) = (a,0). Suppose v; =0 or oo for some i. Reorder the
zeros of a* so that v; # 0,00 for1 < j <k, v, =0 fork+1<j <, and y; = o0

: 1 2
forl+1 < j<n. Then (FZO)((B )*,0) = (a+7b+)7 ((B )*70) (F<0) = (a—ab—)
where Bl is the Blaschke product with simple zeros {241, 2142, ---,2n} such that
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BY(0) > 0 and B? is the Blaschke product with simple zeros {241, Zk+2,-- -, 21}
such that B%(0) > 0.

PROOF. Denote A1 (0) = ( fgti(?g) ;?Jr((()(;) ) = ( ‘61 abQ ), ai, az > 0.

Then the layer stripping method give us Fy = b,(0)/a’ (0) = —b/as.
From our discussion in the previous section, A is just the normalization of the
product of Blaschke-Potapov factors,

Bi=I+(-2Z2"% 1)p
|z:| 1 — Z2

and thus A7 '(1/%) = A% (z;). Hence A]" is meromorphic on C* with simple poles
z;. Write

=n A
AN z)=A !
b (2) o+ ; P
for some constant matrices Ag, A1,---,A,. Then, Ay = A_T_l(oo) = A% (0) =

a0
b as )

Claim that A; = ( Zl ) ( v 1 ) for some p;, q; € C.

Since A} '(z) — Ai/(z — ), and AL (2) — C; = A4 (z;) as z — 2;, we have
A;C; = C;A; = 0. Moreover ImC; = (( 717_ )) Thus A; = ( Zl ) ( v o1 ) for

some p;, q; € C.
We can further solve for p; and ¢;. Since

TmA, (z) = << _1% )>, KerA (z) = KerA7Y(1/5) = << K >>.
Hence,
e (1)-(1 2)(5) Ectnl(1)-()

Jj=1

The first component gives us a system of linear equations for p; which reads as

j=n _
7 +1 ,
a1y + %pj =0, for all 7.
j=1
Thus
b1 71
M(O) = —ax .
DPn Yn

Observe that

[ Yar <bfaas) (a1 0\ ~=1( pv pi
Ay (0)( 0 1/ay S\ b a %\ GV G
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And the (1,2) component tells us —b/(ajaz) = — Y pi/z; or

Y41
F():*b/aliag(*i ,i) :
Pn

T

=amax (3 o 5 )MO)TH|

Vn

Since ajas = det A4 (0) = a*(0) =[] |2i|, together with Cramer’s rule,
(H I ) det M;(0)
det M(0)
To obtain Fj, we switch the cutting point from n = 0 to n = 1. That means we
apply the layer stripping method for new Ai_ which is

( at,  —bxi/z )
* *
fzbgo aZ,

= (1+ [F?) 172 ( aly+ Fob>o =7 (Fhal —bxo) )

—2(Roaty + ) a%e— Fubl,
-1z 1 F E
_ 2—1/2 [ # 0 z
= (14 |Fol”) < 0 S1/2 >A+< —Fy 1 ) ( 0 L-1/2 >
It is clear that A% degenerates at z; with ImA! (z;) = (( 7;_2_ )> The layer

stripping method works similarly on new A1 with new coefficients {7;2;}. Thus
H | | det M1
“i det M(1
And by induction, we prove the formula for all k£ € Z .
We prove the claim that (Fj) is geometrically decaying. Since after applying k
steps of layer stripping method, new v = ~;2% = O(|2;|¥) as k — +o00, ImA (2;) —
1
< 0
factor is of the form

) with the same order. i.e. |y;| = O(|z|¥). Thus, the Blaschke-Potapov

1
Bi = ( 0 _Zi OZ—Zi ) +O(rk)

‘Zl‘ 1—-z;2
where r = max{|z1|, |22], ..., |2n|}. Therefore,
1 0
Ak< ZLZZ7>+O7"Ic and
+ R I )
(A% (0)r .
A= G| = o).
(50D

1
0

P gnE=EL
Aﬁ- — < Hz_l |zi] 1—Z;2 . )+O(7’k)

Ask — —oo, ImA, (z;) — (( )> + O(|z|7%). And

0
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Hence |Fy| = O(r=%) as k — —oo.
If v; # 0,00 for all 4, then (ai,b;) € H and (a—,b_) € Hj. From the proof

—_— PN =
of Lemma 3.3, we know that (F>o) = (a4,b+), (Fco) = (a—,b_) and thus (F) =
(a,0). Otherwise, 7; = 0 or oo for some 4. Since v; = 0 means a* (z;) = b* (2;) =0
and v; = oo implies a’ (2;) = by (2;) = 0. Thus a’ and by have common inner
factor B! while a* and b* have common inner factor B2. Thus Lemma 3.3 says

—_— —_—
that (Fo0)(B1)*,0) = (a+,b+) and ((B2)*,0) (Feo) = (a—,b_). .

For the one simple zero case, i.e. a* = B where B is the Blaschke factor
vanishing at zgp, it seems that the inverse potential is described by a parameter
v € C\ {0}. By the previous lemma,

1 7753
Foy) = [ — — S N
»(7) (|zo| 'ZO')1+|7|2|ZO|%

Hence,
F,(¢y) = ¢F,(v) for all |¢| =1, and F,,(207) = Fr+1(y)

which means that the changes of the phase of v only cause the changes of the phase
of the inverse potential and multiplying v by zo causes the shift of the potential.

=~ =
Lemma (3.2) says that if F, = (a,b) then cF, = (a,cb) for all |¢] = 1 and
F,+1 = (a,bz71). Thus it may be natural to quotient by the equivalence relation:

(Fy) ~ (Gy,) if there is some |¢| = 1 and m € N such that (F,,) = (¢Gnim)-

After quotienting this equivalence relation, we can reduce the parameter v to the
interval (|20|%,|20|). However inside this interval, it is not clear how to relate po-
tentials from different parameters.

We have constructed the inverse potential for rational (a,0) where a* only
has simple zeros. Based on this we can construct the inverse potential for general
rational (a,0). Given

ko _
 _ n; o —Z; 2 — Z; ) ] . .
a —11:[131 7Bl—mm7zl#2{7f0raul7ﬁ],
there is a bijection between the half line decomposition (a—,b-)(a+,b+) = (a,0)
and the data {~]} satisfying (??), (??7). With such {4/}, we have

k() s

at —b

Ai(z) = ( _(;r* a*+ ) = HH(I*P@' + Bi(2)Pyj)
- - i=1j=1

L (1l
here P;; = ot J
where 1+|5ij|2 ( 5ij 1 )
and {8;;} are determined by {y/}. We approach A, by A, (z) = Hle H;“Z'I(I -
Pij + B'L'j (Z)P’L]) where

—Wij 2 — Wij

Bi;(2) , with wi1 = z; for all 1, w;; # we for all (4, j) # (s,t)

w1 — @52
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and let w;; — z; for all 2 < j < n;. Observe that 1414_ has simple zeros {w;;} and

i—1 ng

A (wig) = (J] T = Pet + Bet(wij) Par)

s=1t=1
(I = Pi1 + Bi1(wij)Pi)(I — Pig + Bia(wij)Pi2) - - -

1
(I — Pij_l + Bij—l(wij)Pij—l) ( 751_], )>

1
—Ty
rational function of variables {ws:} for 1 < s <i—1,1 <t < n, and {wy} for
1<1< .

When w;; is close to z;,

Define T;; such that TmA (w;j) = (( )> Then it is clear that I';; is a

1—1 s;
1
ImA, (wij) 1_[1}_[1 (I — Pst + Bs(2i) Pst) ( —6i )> =ImA; (2).
Since by assumption v} # 0,00, we have I';; # 0,00 for all (i,7). Thus we can
apply the previous lemma and obtain the inverse potential (F},) for A+

For a better notation, we replace the double index (4,j) by single index k =

k(i,j) = (Zi;ll ns)+ j, where 1 <k < Zfil n;, and let N = Zfil n;. Then

d t M ~
= H| Wi(i,) | det My(n) , where M(n) is a N x N matrix such that

det M (n)
rop
- 1+ [pD@iw? ~ Y
(VI (m)i = 2520 o S () = M(n) i
W —wi FNM%
wito le 0

Observe that as wy(; j) — Wy, for some I < j, (I — Py~ Biy(wij)Pu) — 1 —Py.
Therefore TmA , (w;;) — ImA, (wy) i.e. Tii.g) = Treg) and k(i,j) column (row)
of M(n) converges to k(i,1) column (row) of M(n). And it is also true for M;(n).
Hence to compute det M (n) we can do the following process:

Step 1.: Subtract k(i,1) column from k(i,2),k(4,3),...,k(i,n;) columns
and pull out the factor wy(; ;) —wy(i,1) from k(7, j) column for all 4, j > 1.
Note that after step 1, k(¢,j) column still converges to k(i,2) column
as Wy(i,j) — Wi(i,2) for j > 2. So we go further to the next step:
Step 2.: Subtract k(i,2) column from k(i,3),k(i,4),...,k(i,n;) columns
and pull out the factor wy(; ;) — wk(,2) from k(i, j) column for all 4, j > 2.
And we can repeat this process inductively so that in step n, we
subtract k(i,n) column from k(i,n + 1),k(i,n + 2),...,k(i,n;) columns
and pull out the factor wy(; ;) —Wg(i,n) from k(i, j) column for all i, j > n.
After max; n; — 1 steps we will stop. Then we repeat the whole process for rows
but pull out the factor wy(; jy — Wr(,n) (instead of wy(; jy — Wren)) from k(i, j) row
in step n for all n. Similarly, to compute det Ml(n) we apply the same process on
first N columns and first N rows of M (n).
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Then when taking the limit wy(; ;) — wWi(i,1) = 2, we will have

ko
- M(n)
F, F, :—II 1
n i=1|21| M (n)

G- 1) 6 T to the k(4, 7)

to the k(i, j) row of M (n) and taking value

where M (n) is obtained from M (n ) by applying operators
column of M (n), operators G 1), 5o J ST
at wy(; ;) = 2 for all i, j. My(n) is obtalned from M;(n) in the same way.

We now prove that (F,) is bounded by a geometric sequence.

First claim that shifting the cutting point from 0 to n can be viewed as changing
the coefficients from {7/} to {77(n)} where v}(n) = ~}2" and ~/ (n)z; " — ¢ j+
as n — 400, (v/(n)) "2 = ¢;j,— as n — —oo where ¢; j 4, ¢;j— € C are some
constants. Then the same argument in the proof of Lemma 3.25 says that

A = ( (1) HOBm )—1—0(7“”) as n — +0o

A+—( 0 1 +O(r ™) asn — —o0
where r = max{|z1]...|2k,|}. And thus |F,| = |[(A%(0))12/(A7(0))11] = O(rI"l)

for |n| — oo.
1

0 1 F
— vz _ 2\—1/2 - n
Define U, = ( 0 \/E),and T, = (1 + |F.|]%) < 1 > From

the proof of Lemma 3.25, we know that changing the cutting point from 0 to n
gives us new A’} which is

* _ben
@>n =) = UrPA U, VU - T, U
2", AL,
It is easy to see that A’} has image << —z}Wl )) at z;.
i Vi

Let Bi , J = 1...n;, be the Blaschke-Potapov factors which degenerate at
z and (B]")"Y(B}~')~1...(B})"'A" can be defined analytically at z;. Then

ImB (z;) = << 7%?1-(”) >> Suppose we have shown that (v/ (n)z; ™)
n — oo for j < k. For j =k+1,

B} () = Im(Bf) 1 (B; ™) - (B)) 1 Ay (1)

=Im(Bf)~' - (B}) " 'UT AL (2)

= ImUZ (U "(Bf) U] - - (U™ (BY) T UZ A (=)

z

e ja as

And the induction assumption says that

(U "(Bf) U] - (U™ (B]) T UL A (=)

z

will converge to some Vi as n goes to £oo. Now claim that V. # << (1) >> and V_ #

<< (1) >> Then TmBF ™ (2;) — ImU.Vy as n — doo and thus (v (n) 2, ™) —

Cik+1,+ as n — oo for some ¢; 41,+. Hence we have proved it by the induction.
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0
1

Wo(z) = [U7™(BF)~'U?] - [U7™(B}) " U Ay (2) is of the form
0 O
(o o)+

where a1, as are constants that are not both zeros and e(n) — 0 as n — +oo. Let
b; be the Blaschke factor vanishing at z;. Then
.. 1 g 2 1\~
L+ /()2 \ (b = 1) (n) |7 (n)]° + bs
_ 1 ( L+ bl ()P (b = D)7 (n)z" )
L+ )P\ (b =17/ ()" ()] + b
Thus as n — 400,

Assume that V; = << )) Then as n large,

1

U "BU™ —
= (Ci,j,+(bi—1)

0 )
b ) forj=1,...,k.
Since 3 3

Ay =[U7"BIUL] - [U " BRUMW,

for all n, we have

A () = 10\ 10 0 0\ _ (00
)= —Ci,1,+ 0 —Ci k,+ 0 ay; az - 0 0

which contradicts to our assumption that ImA, (z;) # ( ). Similarly, we can

0
0

show that V_ # (( (1) )>

The following lemma characterize all rational half line data (a4,by) € H such
that after pairing with a (a—,b_) € H, (a—,b_)(ay,b4) = (a,0) is a soliton
solution.

LEMMA 3.26. Given rational (a1,by) € H, there exists (a—,b_) € H§ (a—,b_)(ax, bg)
is a soliton data (a,0) if and only if by(00) = 0. If by(c0) # 0, then there is a
finite k so that if the sequence of complex numbers (F) = (Fy, Fy,--- , F}) consists
of the coefficients of the first k steps of layer stripping for (ay,by), then (d+,5+)

~ = ~
defined by (ay,b2%) = ((F)) (a4, by) is an element of H and b, (00) = 0.
PRrOOF. First assume (a—,b_)(a4,by) = (a,0) for some (a_,b_) € H§. Then
(3.15) a_ay —b b\ =a

(3.16) a_by+b_al =0.
Taking a linear combination to cancel b_ gives
a_ayal +a_bybl =aa’ .
By the determinant condition for (a4, b;) this gives
a_ =aa’ .

Evaluating at oo and noting that a(oc), a_(c0) > 0 gives a’ (oo > 0. Now evaluat-
ing (3.16) at oo and using that b_(o0) = 0 we obtain b4 (c0) = 0.
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Conversely, assume by (00) = 0. Using the determinant condition for ay at
00 gives a4 (00)a’ (00) = 1 and hence a’ (00) > 0. Choose a* to be the Blaschke
product of minimal order so that a*a4 has no pole in D and set a* = a*a. Note
that a_(co) > 0 since the same is true for a and a’. Now set b_ = —bya, then
clearly we have (??). Moreover we have

a_a® +b_b" =aa’ +b.0% =1

and using this one readily checks (3.15). It is then clear that (a_,b_) is the desired
first factor of the soliton data (a,0).

Finally, assume that b (c0) is not equal to 0, hence it is finite of co. Note that
the determinant condition

a+ai + b+bi =1

evaluated at oo shows that a% (oo) has a pole at most of the order of by at oo
because a (00) is finite and non-zero and b7 (c0) is finite. One step of layer stripping
produces new data (a,, by ) with

by = (14 [Fo*)"/(by. — Foa3)

and the previous discussion shows that b has at most the same order of pole as b,
at co. The potential sequence for (G, l~)+) vanbishes at 0, in other words b4 (0) = 0,
and we may shift the sequence back obtaining the NLFT data (G, l~)+z’1). Note
that b, 2! has a pole of one order less than by, and it vanishes if b, was finite.
Thus iterating the layer stripping and shifting one more time than the original order
of pole of b at oo we arrive at data in H which is the right factor of a factorization
of soliton data. O

a=a_/a}.
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