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BOUNDARY NEVANLINNA-PICK INTERPOLATION WITH PRESCRIBED PEAK POINTS.
APPLICATION TO IMPEDANCE MATCHING.

LAURENT BARATCHART *, MARTINE OLIVI f, AND FABIEN SEYFERT #

Abstract
We study a generalized Nevanlinna Pick interpolation problem on the half-plane for rational functions of
prescribed degree, where peak points are imposed and interpolation conditions may lie on the real axis.
This generalizes previous work by T. Giorgiou, C. Byrnes, A Lindquist and A. Megretski. The problem
is motivated by the issue of broadband matching in electronics and microwave system design. We prove
existence and uniqueness of a solution by differential-topological techniques. The approach is put to work
numerically on a real example, using a continuation method.

1. Introduction. Nevanlinna-Pick interpolation is a classical topic from function theory that has un-
dergone several generalizations and enjoys deep connections with circuits and systems theory. In its orig-
inal form, the problem consists in finding a Schur function to meet a finite set of interpolation conditions
on the disk or the half-plane; here and below, a Schur function is a complex analytic function bounded by
1 in modulus. This kind of interpolation owns attractive necessary and sufficient conditions for a solution
to exist (the non-negativity of the so-called Pick matrix), along with a parametrization of all solutions by
Schur functions (the so-called Nevanlinna parametrization) [21, Ch. I, sec. 2, Ch. IV, sec. 6]. Composing
with a conformal map, the problem can equivalently be stated in terms of Carathéodory functions, that is,
analytic functions with non-negative real part. The theory has been extended in various directions includ-
ing meromorphic, multiply connected, multivariable, operator-valued and non-commutative settings, as
well as boundary interpolation, see e.g. [1, 2,4, 8,7, 6, 17, 18, 35, 3, 38]. Meantime, the links of such in-
terpolation problems to sensitivity minimization and model matching, initially stressed in [36, 19], started
a success story in robust control of linear systems, see e.g. [28, 29, 30, 31, 40] and the survey in [5].

Still, the relevance of Nevanlinna-Pick interpolation to Engineering problems had been pointed at
earlier in a circuit-theoretic context, in relation with oscillator design, Darlington synthesis and broadband
matching of dissipative devices [39, 13, 33]. In particular, the two issues of describing rational solutions
of given degree and determining those of minimal degree were raised in [39]. Both turn out to be rather
subtle. The second is still fairly open, but the first made substantial progress through the works [22, 14,
15, 23]. These show that if there are N interpolation conditions and the Nevanlinna-Pick matrix is positive
definite, then rational Schur interpolants f of degree at most N — 1 are essentially parametrized by the
zeros of 1 — ff*, a rational function of degree at most 2(N — 1) which is positive on the boundary of the
analyticity domain of f (the disk or the half-plane); here, f* stands for the paraconjugate function (see
definition in section 3). The stable zeros of 1 — ff* (so-called spectral zeros) may in turn be regarded
(except in degenerate cases where cancellation occurs) as extra design parameters, see for example [26]
where they are used to shape a robust feedback loop while bounding the degree of the controller. Since
f* = f on the boundary of the domain of analyticity, we note that if the spectral zeros lie on that boundary
then they are maximum places for |f| (i.e. places where |f| = 1), hereafter called peak points of f.

Motivated by the broadband matching problem for filters, we present in this work a still more gen-
eral result where some or all interpolation points may lie on the boundary of the analyticity domain,
and still the zeros of 1 — ff* essentially parametrize the interpolants. For example, given N interpola-
tion points inside or on the boundary of the domain, and a polynomial r of degree at most N — 1 which
is nonzero at every interpolation point, then there is a continuously invertible correspondence between
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sets of admissible interpolation values and polynomials p of degree at most N — 1, the correspondence
being that p/q meets the interpolation conditions with g the (normalized) stable polynomial such that
qq" = pp* + rr*. Moreover, along “most” paths between two sets of interpolation conditions, this cor-
respondence is smoothly invertible. This allows us to tackle the problem numerically using continuation
methods. Even when the interpolation points lie interior to the domain, this procedure is more efficient
than minimizing entropy-like criteria as proposed in [14] (which are nevertheless interesting for them-
selves, see e.g. [26] for an application to model reduction).

The gist of our application to broadband matching for filters is that peak points at the ends of the
bandwidth (i.e. zeros of r) will ensure selectivity of the filter, while appropriate interpolation conditions
in the bandwidth will guarantee perfect match at designated frequencies. Once the location of the zeros
and the interpolation points is chosen, the results of the present paper allow one to compute the trans-
mission parameter of the filter (the unique Schur rational function meeting the interpolation conditions
and having zeros as prescribed, of degree the number of interpolation conditions minus 1) from which
the whole scattering matrix is easily deduced. A scattering matrix corresponding to a physical RLC net-
work (i.e. one with with real elements R, L, C) is obtained upon using appropriate conjugate-symmetric
interpolation conditions. Let us stress, however, that complex elements are common when modelling
microwave devices, due to the use of a low-pass transformation. The degree constraint on the filter is here
essential, for it should be kept as small as possible, while meeting given specifications, in order to contain
unmodelled losses and keep the physical size small. In the experiments presented in Section 5, a numeri-
cal search is performed on the location of the interpolation points so as to minimize the maximum of the
reflection over the bandwidth. This way the paper offers new avenues in broadband matching, which is
today a critical step in circuit design as passbands grow larger and efficiency concerns more stringent.

In the above-mentioned problem, interpolation values are admissible if those corresponding to bound-Jj
ary interpolation points have modulus strictly less than 1 while those corresponding to interior interpola-
tion points satisfy Pick’s criterion. We also consider another interpolation problem where an additional
interpolation condition is imposed on the boundary, whose value has modulus 1 (we do not prescribe
the angular derivative, though); in this case solutions are seeked in degree N + 1. Both problems are
relevant to filter design, in which a unimodular normalization of the filtering function at infinity is some-
times necessary (the setting here is the half-plane). Note, however, that no interpolation value of modulus
1 is ever needed in the bandwidth since perfect match cannot take place at frequencies where the load
is fully reflective. Still, it would be interesting to know which features of the interpolant can still be
injectively and continuously specified when some unimodular interpolation values are imposed, that is,
when interpolation points may at the same time be peak points. It is also natural to ask if in the case of
matrix-valued interpolation (tangential or higher dimensional), spectral factors of / — FF* can again be
used to parametrize solutions to the Nevanlinna-Pick problem whose McMillan degree is less than some
prescribed bound. Both issues are left here for future research.

The paper is organized as follows. In Section 2, we discuss broadband matching which motivates
the two interpolation problems raised in Section 3, called & and P respectively. In Section 4 we state
and prove our main results concerning existence, uniqueness, and generic smoothness of a solution with
respect to the interpolation data. Though different from those in [22, 14, 23], our proofs likewise have
a differential-topological flavour. Injectivity of the evaluation map at interpolation points (cf. equation
(12)) is the most difficult issue, and is handled using ideas from orthogonal polynomials theory. The
two interpolation problems are treated in parallel, but the authors were not able to reduce one of them
to the other; in particular, Nevanlinna’s iteration does not seem to be effective to do this. Finally, some
numerical illustrations are given in Section 5. Our computational scheme uses continuation techniques,
justified by the generic smoothness previously established. For the convenience of the reader, we provide
him with an index of notation at the end of the paper.

2. Broadband matching. Communication devices such as multiplexers, routers, power dividers,
couplers or antenna receptor chains, are realized by connecting together elementary components among
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which filters and N-port junctions are most common. For example, multiplexers are realized by plugging
N — 1 filters (one per channel) to a N-port junction. In fact, filters are typical two-port components which
are present in almost every telecommunication device.

L

)Ln

FIG. 1. Filter plugged to a load L with reflexion coefficient Liy
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Now, when connecting a filter to some existing system, a recurring issue is to determine which
frequencies will carry energy to the system across the filter, and which frequencies will bounce back. In
this respect, the system L shown in Figure 1 (to be seen as the load of the filter S) is characterized by its
reflection coefficient L, which is a complex-valued function of the frequency w as the latter ranges over
real numbers. We stress that the loads we consider may vary with frequency, i.e. they need not be purely
resistive. Hereafter, we abbreviate real and complex numbers by R and C, respectively. The effect of the
filter is described by a 2 x 2 scattering matrix S, whose entries are again C-valued functions of @ € R.
We assume in our discussion that the filter is lossless, meaning that S is unitary at all frequencies:

(D S(w)'S(w)=1d, wEeR,

where superscript “*” stands for “transpose-conjugate”. Then, the reflection coefficient G1; at port 1 of
the global system, consisting of the connected pair (S, L), is easily computed at the frequency o to be

S12(@)S21(@)L1;1 (@)
1—S22((D)L11((D)

. Si1(w) — L (w)det(S(w))

a I—SZQ(CO)LH(CO)

S22(a)) —L11 ((D)
1— SZQ(CO)L] 1 (CO) ’

G]]((J)) :S”(w)+

@) — det(S(w))

By definition, a matching frequency is some ® € R for which G (@) = 0. This means that the filter
transmits to the load all the energy carried by the signal entering port 1 at frequency w. If |Lj; ()| < 1,
hence also |Sx(@w)Li; (@)] < 1, it follows from (2) that @ is matching if and only if

(3) Szz(a)) =L11(a)).

In contrast, a stopping frequency is defined by the property that |Gy;(w)| = 1. This means that all the
energy carried by the signal entering port 1 at frequency @ bounces back and does not feed the load. If
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|L11 ()] < 1, this amounts in view of (2) to say that |S»; ()| = 1, which is in turn equivalent by (1) to
4) Si2(w) = S (w) =0.

The problem of synthesizing the filter S, or the matching network L, so that |G| is smallest possible on
a given frequency band is a very old one. When the filter is finite-dimensional, this issue gave rise to the
matching theory of Fano and Youla [16]. Specifically, if the model for the load is rational with 2 ports,
this theory provides one with a parametrization of all responses G of those global systems that can be
realized by plugging a filter S of given degree to a given load L. Such G are characterized in terms of their
transmission zeros, which account for the fact that the load L can be "extracted" from the global response.
However, it is unknown even today how to deduce filtering characteristics from this parametrization
when the load has degree greater that one. This may contribute to explain why the Fano-Youla theory
had little impact in practice. Also, the need to derive a rational model for the load, and to estimate
its transmission zeros, might have impeded its dissemination in the engineering community. Instead,
system manufacturers often use blackbox “optimization” in spite of usual drawbacks and uncertainties
pertaining to this approach. Another method was proposed by J. Helton [25] in the infinite dimensional
setting, where the matching problem gets reformulated as a H> approximation problem of Nehari type
whose solution is elegantly formulated in terms of the norm and maximizing vectors of a Hankel operator.
This technique amounts to convexify the problem and it yields hard bounds on the achievable matching
error, no matter the degree of the filter, along with an optimal (non-rational) solution to match this bound.
However, this optimal filter has infinite degree which makes it hardly realizable or even computable in
practice. In the present paper, we propose an intermediate approach where a finite-dimensional filter
response of prescribed degree is being synthesized by imposing matching and stopping frequencies when
the load is given.

3. Two interpolation problems. Below, we regard the scattering matrix of a filter as a function of
a real variable, namely the frequency. This differs from the more usual convention where the transfer
function is defined on the imaginary axis rather than the real line. In the present framework, a stable
finite dimensional filter is one whose scattering matrix is rational with poles in the open upper half-plane
C™" and entries with numerator’s degree not exceeding the degree of the denominator. Equivalently, the
scattering matrix belongs to the Hardy space H*(C™) of bounded holomorphic functions in the open
lower half-plane C~. Also, a physical RLC network has a scattering matrix whose entries are ratios of
polynomials whose coefficients in even degree are real and those in odd degree are pure imaginary (so
that the function is real on the imaginary axis).

A polynomial with no root in C™ is said to be stable in the broad sense. A polynomial is called stable
if it has no root in C—, the closed lower half-plane.

The scattering matrix S of a lossless filter is termed inner in H*(C™), meaning that it satisfies (1).
By the maximum principle, this entails that S is contractive in C~:

ISE)EN <&l YzeC, &eC?,

where “||.||”” indicates the Euclidean norm and the inequality is strict unless S(z)& is constant.
We denote by D the open unit disk. For a rational matrix valued function F(s), we define its para-
conjugate F*(s) by

F*(s) = (F(5))", seC.

When F is constant, this notation agrees with the one introduced previously for the transpose conjugate of
a complex matrix. Note that F*(s) indeed takes values on R which are transpose conjugate to those of F.
Clearly “x” is an involution: (F*)* = F. If p is a polynomial, then its paraconjugate p* is the polynomial
obtained by conjugating the coefficients, in particular it has the same degree as p and roots conjugate to

those of p.
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Recall (see e.g. [27, 20]) that the McMillan degree of a ¢; x ¢, rational matrix R is the smallest non-
negative integer ¢ for which one can write R(s) = C(sl; —A)~ !B+ D, where A, B, C and D are complex
matrices of size ¢ x £, { x {5, £1 x £ and {| X {, respectively, and Iy is the identity matrix of size ¢ x £.
Equivalently, the McMillan degree is the smallest possible degree for the determinant of an invertible
polynomial matrix P such that PR is also a polynomial matrix. A function of the form ¢* /g where ¢ is a
stable polynomial of degree d is called a Blaschke product of degree d. When a rational matrix R is inner,
then its determinant is a Blaschke product whose degree is equal to the McMillan degree of R [10].

Every 2 x 2 rational inner matrix § of McMillan degree N such that lim,_,. S(s) = I, admits the
following representation (Belevitch form [12]):

) s=110 ).

where p,q are monic complex polynomials of degree N while r is a complex polynomial of degree at
most N — 1 having no common real root with p and ¢ is computed from p and r as the unique monic
stable polynomial satisfying the Feldtkeller equation:

(6) qq" = pp* +rrt.

Sometimes we say that g satisfying (6) is a stable spectral factor of pp* + rr*, see Proposition 2 for more
details about existence and uniqueness of g.

By (3), a finite set {x| ...x, } C R consists of matching frequencies for the filter (5) with respect to a
load having reflection coefficient Ly if, and only if

— e
N g(xk) =Ly (%) & Yo, 1 <k<m.

We shall assume throughout that || < 1, because the matching problem at fully reflecting frequen-
cies for the load is ill-defined: indeed expression (2) is either of modulus 1 or indeterminate of the form
0/0 when |L; ()| = 1, which makes it impossible to meet G (®) = 0.

In addition to the interpolation conditions (7) which take place on R, it is often desirable (e.g. to
prevent oscillations of the response or to account for unmodelled resistive effects) to meet additional
interpolation conditions inside the stability domain C~. To accomodate this case as well, we consider
points {z;j ...z} in C~ where following "complex" matching condition should hold:

) S(m —In(R@) Y By,

where “R” indicates the real part. Let us abbreviate (z1,---,z;)” and (B1,---,8)7 by Z and B respectively
(hereafter M” denote the transpose of a matrix M). We define P(Z,3) to be the so-called Pick matrix
associated with the interpolation data (zx, B¢), namely the Hermitian / x [ matrix defined by:

1 —BeB;
@ )

It is classical that P(Z, 3) is positive semi-definite if and only if there is a Schur function f on C~ (i.e.
holomorphic and such that |f| < 1) to meet the interpolation conditions f(z;) = By for 1 < k <1, see
e.g. [21, Ch. I, Cor. 2.3] for a version on the disk which immediately implies the present one using the
conformal map z — (i+z)/(i —z) from C~ onto . When such a function exists, P(Z,f3) is actually
positive definite unless the solution to this constrained interpolation problem is unique, in which case the
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unique solution is a Blaschke product of degree equal to the rank of P(Z,3). Conversely, if there is a
solution to the interpolation problem which is a Blaschke product of degree < I then P(Z, 3) has rank
6. Functions in H*(C™), in particular Schur functions, have nontangential limits at a.e. point of R which
allow one to speak of their boundary values [21, Ch. I, Thm. 5.3]. Moreover, knowing the boundary
values on an arbitrary subset of positive measure of R determines the function uniquely [21, Ch. II, Cor.
4.2]. This implies that positive definiteness of P(Z, ) is equivalent to the existence of a Schur solution to
the interpolation problem whose trace on R has modulus strictly less than 1 on a set of positive measure.
Indeed, if two distinct solutions have modulus 1 a.e. on R, then any convex combination yields another
solution having modulus strictly less than 1 at every point where the initial solutions take on distinct
values.

We call P} the set of those B € C! such that P(Z, 8) is positive definite. Clearly P} is open in C/,
and it is also convex as follows easily from the equivalence of positive definiteness with the existence
of Schur solutions to the interpolation problem having modulus strictly less than 1 on a subset of R of
positive measure. In particular, IP’} is connected. For simplicity, we often drop the subscript Z when the
interpolation points are understood, and write P* instead PP .

Next, if we want to impose N — 1 stopping frequencies for S in R U {eo} which are distinct from the
X, it is equivalent in view of (4) to prescribes the roots of the transmission polynomial r in (5) (or of r*
since it has the same real zeros as r). Here, we count multiplicities by repetition and a zero at infinity
means a drop in degree. We shall first consider the situation where the leading coefficient of r is imposed
as well, so that r itself is prescribed. This leads us to raise the following matching problem.

Problem 2: Given m distinct real frequencies (x1,x2 .. .xy ), m interpolation conditions (1,7 - .. ¥ )l
in D™, [ distinct "complex frequencies" (z1,z2...z;) associated to [ interpolation values (81,5, ...5;) in
P* and r # 0 a complex polynomial of degree at most m+1 — 1, such that r(x;) #0, k= 1,...,m, to find
(p,q) a pair of monic complex polynomials of degree N = m + [ such that,

g(xk) = Y, fork=1,..,m
(10) @) = P, fort=1,.1
aq" —pp* =

and ¢ has no root in the open lower half-plane C™ (i.e. ¢ is stable in the broad sense).

Nothing in the formulation of Problem & prevents the denominator polynomial g from vanishing at
real points. If this happens, then the McMillan degree of S will drop since a real zero of g is a zero both of
p and r with the same multiplicity (because |p|?> + |r|*> = |g|* on R by (10)), c¢f (5). Observe in this case,
by the assumption in Problem &2, that a common zero to p and r cannot be one of the x;, hence Z(xk) in
(10) is still equal to p(xx)/q(xx). Remark also that the real roots of r are peak points for the modulus of
p/q, i.e. points where the maximum value |p/q| = 1 is attained.

Problem & may be viewed as a generalization of the Nevanlinna-Pick interpolation problem with
degree constraint studied in [22], in which the interpolation points are now allowed to lie on the real
axis, whereas in [22] they are confined to the stability domain C~. We also extend the results announced
in [11], in that the polynomial r can have real roots provided these are not interpolation points. Both
generalizations are crucial to approach the matching problem with interpolation techniques as described
in Section 2, which was the main incentive for the authors to undertake the present study.

Problem & imposes the condition (p/q)(ee) = 1 since p, g are monic of degree N. In other words
there is an implicit extra interpolation node on the real line (namely o) with interpolation value equal
to 1. In connection with the matching problem discussed in Section 1, where p/q is thought of as the
entry Sy of the scattering matrix S of a filter (cf. (5)), this is the right normalization in that the low-pass
equivalent model to a LC-resonant filter behaves like an open circuit at infinite frequency, which results
into the condition S(eo) = Id. However, if we add for example a transmission line in front of the filter,
the line can be modeled in the narrow band approximation by a reflexion coefficient which is unimodular
(with free phase) at infinity. This extra design parameter can be used to meet an additional interpolation
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condition or, dually, to reduce the degree of p, ¢ while keeping the interpolation properties of p/q. This
leads us naturally to the following “non-normalized” version of problem 2.

Problem 22: Given m distinct real frequencies (x1,x; . ..xy), m interpolation conditions (1,7 .. . i)
in D™, [ distinct "complex frequencies" (z1,22...z;) € (C~)! associated to [ interpolation values (81, . .., Bl
in P and r # 0 a complex polynomial of degree at most m+ [ — 1, such that r(x;) #0, k= 1,...,m, to
find (p,q) a couple of complex polynomials of degree at most N =m+1—1 such that,

%(xk) = Y, fork=1,..,m
(11) g(Zg) = By, forl=1,.,1
qq" —pp* = rr

where g is stable in the broad sense and normalized so that g(x;) > 0 if m > 0, g(z1) > 0 otherwise.
Although problems & and & will be treated in a similar way, the authors were not able to reduce
one of them to the other.

4. Solution to 2 and Z: two matching theorems. We begin with the analysis of problem .
It relies on the study of a specific evaluation map to be defined presently. According to the statement
of the problem, we fix (x1,x2...x,)7 € R™, (z1,22...2))7 € (C7)!, and a polynomial r of degree at
most m+ [ — 1 such that r(x;) # 0 for all k. We let PMy designate the set of monic polynomial of
degree N = m + [ with complex coefficients. This set is topologized as CY ~ R?" using coefficients
as coordinates except for the leading one which is equal to 1 by definition. Specifically, we identify
p(z) =N+ py_1ZV 1+ + po with the vector (po, p1,---,pn—1)T € CVN. Hereafter, the degree of a
polynomial p is abbreviated as deg p.

As ris fixed with deg r < N, equation (6) associates to each p € PMy a unique polynomial g = ¢(p) €
PM, which is stable in the broad sense, cf. Proposition 2 to come. Since |p|> < |p|*> +|r|* = |g|* on R,
the rational function p/q has modulus at most 1 there. In particular it has no real pole, and no pole in C™
either since ¢ is stable in the broad sense. Thus, by the maximum principle, we conclude that |p/g| < 1
on C~. In addition, since no x; is a root of r by assumption, we have that |p(x)/q(x)| < 1 hence p/q is
not a Blaschke product. Therefore the Pick matrix associated with the interpolation data (zx, p(zx)/q(zx))
is positive definite, and we can define an evaluation map y : PMy — D™ x P} by the formula

p(x1)/q(x1)

s e |
(12) l[/(p)— p(Z1)/q(Z1) e XP;

p(a)/alz)

The result which yields existence and uniqueness of a solution to Problem &, along with generic
differentiability thereof, may now be stated as follows.

THEOREM 1.  is a homeomorphism from PMy onto the product space D™ x P*. Moreover, the
restriction of Y to those p € PMy having no common real root with r is a diffeomorphism onto its image.

REMARK 4.1. From the uniqueness part of Theorem 1, it follows that if the set of interpolation points
Xy, Z¢ IS stable under the map z — —Z, and if the interpolation values at x; and —xy (resp. zp and —Zy)
are conjugate, then p and q have pure imaginary coefficients in odd degree and real coefficients in even
degree. Equivalently, p/q is real-valued on the imaginary axis.

The proof of Theorem | will be given in sections 4.5 and 4.6, after some preparatory work.
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4.1. Continuity and differentiability of y. For k > 0 an integer, we let P, be the space of complex
polynomials of degree at most k and PE, the subset comprising polynomials of exact degree k. We
occasionally write Py for the real subspace of polynomials with real coefficients. The space P, identifies
with CH1 ~ R?%*2 _using coefficients as coordinates. Thus, p(z) = pizk + pr_125"1 4+ - -+ po is regarded
as (po,p1,---,pr)’ € CH1. With this definition, PMy C Py is the hyperplane {py = 1} which in turn
identifies with CV as pointed out earlier. We further denote by SBy, the set of polynomials of degree at
most N which are stable in the broad sense, and by SBMy the subset of monic polynomials of degree N
stable in the broad sense. The set of stable polynomials of degree at most N will likewise be denoted by
Sw, the subset of stable polynomial of exact degree N by SEy, and the subset of stable monic polynomials
of degree N by SMy.

We write Py}, for the set of polynomials of degree at most 2N which are non-negative on R. Such a
polynomial must have real coefficients, even degree, positive dominant coefficient, and its real roots have
even multiplicity. Moreover, it is equal to its para-conjugate. We put PE;, for the subset of non-negative
polynomials of exact degree 2N and PM;, for the subset of non-negative monic polynomials of degree
2N. The sets P;}; and PE;;, will be regarded as embedded in R>¥*!, and again PM,|, will be seen as a
subset of R?V for it is the intersection of Py, C R?V*! with the hyperplane {poy+1 = 1}.

The interior PM,}, of PM,}, C R?" consists of monic polynomials of degree 2N which are strictly
positive on R. Indeed, if p € PM,}, is such that p(xo) = 0, then adding a small negative constant to p will
destroy positivity at xo and therefore p cannot lie interior to PM}, in R?V. Conversely, let p € PM,}, have
no zero on R. Then, there is € > 0 such that | p(x)| > € for x € R. Write p(x) = x*¥ ! 4 poya®N +-- + pg
and put @ := max{1,& + 255 |p;|}. If we let (&, -, 8w-1)" € R*" be such that I|;[a’ < £/2, we

easily get upon setting S p(x) := Z?Zgldixj that [p+ 0p| > €/2 on [—a,a] and that

|x|2N+l

() +8p(x)| = W™ (W —e/2=E2T p)l) > Fo—, xl>a.

Hence p lies interior to PM,|,. Likewise, the interior PE}, of PE,|, C R*N*! consists of polynomials of
exact degree 2N which are strictly positive on R. In another connection, the interior of SBMy C PMy is
SMy. Indeed, if p € SBMy \ SMy, then p must have a real root x, and replacing the latter with x — ie for
small € > 0 produces a nearby polynomial which is unstable. Hence p is not an interior point of SBM,.
Conversely if p € SMy, then it has N-roots in C~ and we can pick a smooth curve I' C C™~ encompassing
them. Since I' is compact and p does not vanish on I, we have that |p| > 1 > 0 on T and if ¢ € PMy is
close enough to p then |g| > 1 on I as well. By the argument principle, we have that [-¢'/qdz = 2inn
where 7 is the number of roots of g inside I', and if g is sufficiently close to p this integral is arbitrary close
to [ p'/pdz = 2inN so that n = N, implying that ¢ € SMy. Thus, p lies interior to SBMy. As well, the
interior of SBy is SEy. Indeed, if p(z) € SBMy, has degree strictly less than N, multiplying it by (1 —iez)
for small € > 0 yields a nearby polynomial (in the topology of SBMy) which is unstable, and if p has a
real root x then replacing x by x — i€ again produces an unstable nearby polynomial. Thus, the interior of
SBy, is included in SEy, and the converse inclusion follows from an application of the argument principle
similar to the one already used to show that SMy, is the interior of SBM,.
After these rather mechanical preliminaries, we are in position to prove our first result:

PROPOSITION 2. To any non zero P € Py, one can associate q € SBy such that

(13) P() = g0 = q)q’ (1), 1 €.

The polynomial q(s) is unique up to a multiplicative unimodular constant, and if P has exact degree 2N
then q has exact degree N. For fixed z € C~ and x € R, define three maps ¢., ¢, and @y by the formulas:
a) @.: P\ {0} — SBy, with ¢ (P) the unique solution to (13) meeting q(z) > 0,
b) @ : P\ {p € P, p(x) = 0} — SBy, with @y(P) the unique solution to (13) meeting q(x) > 0,
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c) @y : PMy;, — SBMy with @y (P) the unique monic solution to (13).
The maps @, @, Oy are continuous and define homeomorphisms P5i, \ {0} — {p € SBy, p(z) > 0},
P\ {p € P}, p(x) =0} — {p € SBy, p(x) > 0},and PM,, — SBM,, respectively.

Moreover, the restriction of Py to PM,, is a diffeomorphism onto SMy, and the restriction of @, (resp.

©.) to PE, is a diffeomorphism onto the open subset {p € SEy, p(z) > 0} (resp. {p € SEy, p(x) > 0})
of the linear subspace ‘U, (resp. U,) of Py consisting of polynomials of degree at most N whose value at
z (resp. x) is real. Specifically, the derivatives of Q,, ¢y, and @y are given by:

e if P € PE;, and 8P is a real polynomial of degree at most 2N, then
Do (P)[6P] =u
where u is the unique polynomial such that

(14) u* @,(P) +u@ (P) = 6P, uePy, u(z)eRr;

e if P € PE}}, and 8P is a real polynomial of degree at most 2N, then
Doy (P)[6P] =u
where u is the unique polynomial such that

(15) u* @ (P) + u@ (P) = 8P, ucPy, ulx)eRr;

e fPc Pl\(jl;g, and 8P is a real polynomial of degree at most 2N — 1, then
Doy(P)[8P] = u
where u is the unique polynomial such that
(16) oy (P)+ugy(P) =8P,  ueP,.

Proof. 1t is elementary to check that g € SBy satisfies (13) if and only if its roots are the real roots
of P with half their multiplicity and the non-real roots of P having strictly positive imaginary part with
their multiplicity, while its dominant coefficient has square modulus equal to the dominant coefficient of
P. This shows the existence of ¢ and its uniqueness up to a multiplicative unimodular constant. Alterna-
tively, the result also follows upon applying to P(i(¢® 4-1)/¢?® — 1)) a classical result by Fejér and Riesz
asserting that non-negative trigonometric polynomials are square moduli of algebraic polynomials on the
unit circle [34, sec. 53].

Next, we prove that @, is continuous. Let (P;) be a sequence in P}, \ {0} converging to P € P;}, \ {0}.
We must show that g; := @,(P;) converges to @,(P). As a basis of Py, pick the Lagrange interpolation
polynomials L,,, n =0,1... N, associated with the integer points x =0, 1,...,N. In other words, to each
ne{0,---,N}, we have for 0 < j <N that L,(j) = 8,,;, the Kronecker delta function. The coordinates
of gy in this basis are (g¢(0),qx(1),...,qx(N)). As |gx(j)| = /F:(j) is bounded since (F;) converges,
the sequence (gi) is in turn bounded in Py. Thus we may extract a convergent sub-sequence from any
subsequence, and we claim that the limit is ¢,(P); this will prove the announced continuity. Assume
indeed that a subsequence, again denoted by (gi) for simplicity, converges to ¢ € Py. Since taking
products and conjugates of polynomials is continuous Py x Py — P,y and Py — Py respectively, we get
in the limit from the relation P, = gxqj that P = gg*. In particular ¢ # 0. Moreover g(z) > 0 because
pointwise evaluation is also continuous. In order to prove the claim, it remains to show that ¢ € SBy.
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Suppose for a contradiction that ¢ has some unstable root so € C~ with multiplicity . As g is not
identically zero, so is an isolated root so there exists R > 0 such that the disk D = {s,|s — so| < R}
is included in C~ and the circle dD = {s,|s —so| = R} contains no root of g. As the sequence (gi)
converges uniformly to ¢ on every compact subset of C, the argument principle implies that g; has
roots in D counting multiplicities, as soon as k is large enough, which yields the desired contradiction.

Next, consider the map @ : Py — P\, defined by ¢(gq) = g¢*. Clearly, the restriction of @ to the subset
{p €SBy, p(z) > 0} (resp. {p € SBy, p(x) > 0}, SBMy) is a continuous inverse to @, (resp. @, @y). In
addition @ is C*-differentiable, and its differential D@(q) at g acts on dgq € Py by the formula

a7 D®(q)ldq] = dqq* +qdq".

Let us prove that the restriction of ¢, to Py}, is a diffeomorphism onto H, Ll {p € SEy, p(z) > 0}. By

definition, if P € PE}, then ¢ = @.(P) lies in H, which is obviously an open subset of U,. Being a
linear subspace of Py of codimension 1, 2, identifies with R?*! and the restriction of @ to %, is in turn

C~-differentiable. Further, the restriction @; of @ to H, is inverse to the restriction of @, to PE},, and
it is differentiable with derivative given by (17) restricted to dg € *U,. We claim that this derivative is
injective. Assume indeed that D@; (q)[dg] = 0. Then, since g and ¢* are coprime polynomials (for their
roots respectively lie in C™ and C™), we get from (17) that g divides dg so that dg = A g for some A € C,
because the degree of dg cannot exceed N which is the degree of g. In view of (17), we conclude from
D@1 (q)[dg] = 0 that (A 4+ A)gq* = 0, and since gg* # 0 (for it has exact degree 2N) we see that A is
pure imaginary. As g(z) > 0, this implies that dg(z) = A¢(z) is pure imaginary, and since it is also real
because dg € U, we necessarily have that A = 0 whence dg = 0. This proves the claim. As D@, (gq) maps
2, injectively into reals polynomials of degree at most 2N and both spaces have dimension 2N + 1, we
conclude that it is invertible. Now, the inverse function theorem asserts that ¢; is a local diffeomorphism

H, — PE;. But we saw that ¢ is a homeomorphism {p € SBy, p(z) >0} — P3, \ {0} under which the

image of H, is evidently PE,}, hence @, is a global diffeomorphism H, — PE;{, This concludes the proof
for ¢,.

The case of @, is similar, and the case of @y even simpler for dq in (17) will have degree at most N — 1,
making obvious that it must vanish if it is divisible by q. a

REMARK 4.2. Continuity of spectral factorization can be given other, more analytic proofs based
on the Poisson representation of log-moduli of outer functions, see e.g. [9, Lemma 1] for an alternative
argument on the disk that easily carries over to the half-plane.

Keeping in mind notation from Proposition 2, we may now represent the map Y introduced in (12)
as the composition of two functions, namely the map from PM,, into PMy x SBM,, given by

p— (p,on(pp* +rr"))

followed by the evaluation map

p p p p r
(pa) = (q(xn,...,q(xm>,q<z1>,...,q<zz>)

from PM, x SBM,, into D™ x IP}’. Proposition 2 immediately yields:

COROLLARY 3. The map y is continuous at every p € PMy, and if p has no real root in common
with r, then y is C*-smooth around p.
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4.2. An excursion into positive real functions. Recall that a holomorphic function f on C™ is a
Schur function if |f] < 1, and a Carathéodory function if Rf > 0. The map f+ (1 —f)/(1+ f) is an
involution from Schur functions to Carathéodory functions and back. Like Schur functions, Carathéodory
functions have non tangential limits a.e. on R from C~, allowing us to speak of their boundary values.
Unlike Schur functions, though, rational Carathéodory functions may well have poles on R. The function

(18) 7= —i/(z—xp), x0 € R,

is an example. This difference stems from the fact that the real part of a Schur function is the Poisson
integral of a function on R, wheras that of a Carathéodory function is generally the Poisson integral of a
measure [21, Ch. I, Thm. 3.5]. In the previous example, the measure is a Dirac delta at xg.

If (p,q) is a solution to Problem 2, then p/q is a Schur function as explained before (12). Our proof
of Theorem 1 rests in part on the link, to be stressed momentarily, between problem &2 and its analog for
Carathéodory functions.

For p € PMy and g = @n(pp™* +rr*), we put £ = X(p) := p/q. By construction, this is a Schur
rational function satisfying

rr*

qq*

(19) 1-X'Y =

We now define a Carathéodory function Y (the so-called Cayley transform of X) by the formula

-3 g¢-
(20) Y= —=9"P
1+X g+p

Then, a straightforward computation shows that

1) yayt o @=pP@+p)+(a —p)atp) _ Dy

(¢+p)(g*+p*) (g+p)a*+p*)

By definition, the dissipation polynomial of a rational Carathéodory function is the numerator of
the fraction Y + Y* when the latter is written in irreducible form. To us, given a rational Carathéodory
function 7/x with 7, y polynomials, it is more convenient to define the dissipation polynomial of the
pair (7, %) to be the polynomial x* + n* . Thus, by (21), 2rr* is the dissipation polynomial of the pair
(q—p,q+Dp).

In view of (20)-(21), Problem &7 is equivalent to an interpolation problem for rational Carathédory
functions of the form 7/y where w € Py_, and )y € SBMy, with prescribed dissipation polynomial rr*
for the pair (7,x). The corresponding interpolation conditions are (7/%)(x¢) = (1 —%)/(1+ %) and
(m/x)(z¢) = (1 —B¢)/(1+ By). For this equivalent problem, the analog of equation (6) is

(22) Y+t =rrt,

which entails that 7/ is a Carathéodory function when )} € SBM,. If r has no real root and (7, ) is a
solution to the Carathéodory analog of Problem Z, then y is stable by (22), i.e. it lies in SMy and not
just in SBMy. This entails that ), x* are coprime so that 7 is uniquely determined by » and y through
(22). In this case the Carathéodory analog to &7 is easier to handle than & itself, essentially because (22)
is inear in )} and m whereas (6) is quadratic in ¢ and p. Things change when 7 has a real root, say x. For
if x € SBM,, satisfies x(xo) =0 and 7 € Py_, is a solution to (22) then for each a > 0 the polynomial
7a(s);=m(s) —iax(s)/(s —xp) is again a solution. So, when r and ) happen to have a common real root,
they fall short of determining 7 via (22). This discrepancy arises because the dissipation polynomial of
the pair (—ia, (z—xp)) is identically zero and still z — —ia/(z— xp) is a non-zero Carathéodory function,
see example (18).
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Applications of Problem £ to filter design discussed in Section 1 typically involve a transmission
polynomial » having real zeros near the endpoints of the bandwidth of the filter, because these ensure
stiffness of the response there. Thus, we find ourselves in the diffult case of the Carathéodory analog to
. Nevertheless, the latter plays an important role in our proof of Theorem 1, when showing that y and
its derivative are injective.

It will be convenient to introduce the Hardy space H?(C ™) consisting of those holomorphic functions
fin C™ satisfying

o 1/2
(23) sup </+ |f (x+iy)* dx) < oo,

y<0 —o0

Such a function has a nontangential limit at almost every x € R that we denote again with f(x), the
argument being now in R and not in C~. This nontangential limit lies in the Lebesgue space L?>(R), and
in fact || f|;2(r) is equal to the supremum in (23) [21, Ch. I, Thm. 5.3]. Moreover, for z € C~, f(z)
can be recovered from f on R through a Cauchy as well as a Poisson integral [21, Ch. II, sec. 3]. In
particular, a rational function 7z/x with = € PE, and ) € PEy does lie in H?>(C~) if and only if k < N
and it has no pole in C—, in other words if it vanishes at infinity and if every zero of y in C~ is cancelled
by a corresponding zero of 7. It follows easily that a rational Carathéodory function lies in H>(C™) if
and only if its restriction to the real line lies in L?(R). Every f € H*(C~) is the Cauchy integral of the
non-tangential limit of its real part:

24) ) = L/Rw‘”’ ceC,

i t—z

and the non-tangential limit of its imaginary part is the Hilbert transform of the nontangential limit of its
real part [21, Ch. III, sec. 2]:

(25) Sfx) = 1 lim / Rf ) dt, ae. xeR.
[x—t|>¢

T e—0* r—x

Consequently, the nontangential limit of f can be recovered from its real part as

(26) Sx)=Rf(x)+ ! lim / Rf) dt, ae xeR.

T e—0t |x—t|>€ r—x

When f is smooth on R, in particular if it is rational, then the last formula is valid for all x € R and not
just almost every x.

THEOREM 4. Let g € PM,, and d € Py, with K < N and g € L*(R). Let further (x1,--- ,x,)T € R™

and (z1,---,2))T € (C7)! with m+1 = N, and assume that d(x;) # O for all k € {1,--- ,m}. Then, the
following three properties hold.

1. There exists a unique pair of polynomials x, € SBMy and 7y, € Py_,, such that the rational
Sfunction Y, , = %g satisfies:
(a) Yy, € H*(C™)
(b) Taex, + n;’gxg =d
_d
(© Yag+¥j, =4
2. Let g1,g> in PM,|, such that g;i] and é are in L*(R). If
(a) Vk e {lm} Yd,gl ()Ck) = Yd,gz (xk),

(b) Vk € {1..1} Yy g, (2x) = Yue, (2),
then g = g2 so that Ty 4, = Ty g, and Xg, = Xg, by property 1.
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3. For fixed d € Py, the evaluation map 6 : PM,, — CV given by

Yaﬂg(xl)

@7) 0(g)= | Jisbin)

Yae(zi)
is well-defined and a diffeomorphism onto its image.

Proof. Let u(z) = Hézl(z —x;)*¥i be the monic divisor of g comprising all its real roots (if g has
no real roots, then £ = 0 and u = 1). If 7y, ¥, satisfy (1b) and (Ic), a short computation yields that
Xe = @n(g), where @y was defined in Proposition 2. In particular ), is uniquely determined by g and
of necessity u'/? := Hﬁ‘-:l (z—x;)% divides y,. Then, condition (1a) implies that u'/? also divides 7,,.
Moreover, u divides d since d/g € L*(R). After cancellation of the factor u = u'/?(u'/?)* on both sides
of (1b), we find that 7, , / u'/? is uniquely determined in PN,I,ZJ. K; by an equation of the Bezout type since

the polynomials x,/u'/? and (y,/u'/?)* are coprime (for if , had more real roots than those in u'/2,
counting multiplicities, they would also appear in X, and thus in g, contradicting the definition of ).
This establishes the uniqueness part of property 1 and the existence part follows easily by reverting the
computations.

Let Y, , be as in property 1. It is a rational function in H(C~) whose real part on R is d/(2g) by
(Ic), therefore (26) implies for k € {1...m} that

d i d(t) dt
28 Y, =— —1 —=
(28) a.(x%) 2g (v) + 27 e30 /g<‘[7xk| (1) t —x;
and (24) entails that Vk € {1...1}
i [d() dt
29 Y, =— —_
29 a(2) = 57 /ﬂx, g(t) 1—2z

Suppose now that g1, g» are as in property 2. Note that g;(x;) # 0 for j = 1,2 and 1 < k < m, since
d(x¢) # 0 and d/g; € L*(R) by assumption. Separating real and imaginary parts in (28), we see from
(2a) that g (x¢) = g1 (xx) for 1 < k < m and also that

t)—gi(t) d
P a2 -0 _d
€0 Je<|r—x| g1(t)ga(t) t—xi

e 8)—gi(t) dr
0 _/—ood(t) g1(g(r) t—x

where we omitted the principal value in the integral because we claim that the integrand is in fact non-
singular. Indeed, even though g; and g, may have real zeros (some of which may be common to g; and
g2), the fraction d(g> — g1)/g18> has no pole on R; for if A is a zero of g; with multiplicity p; and, say,
W > Lo, then A is a zero of d with multiplicity at least i; (as d/g; € L*(R)) and it is a zero of (g2 — g1)
of multiplicity at least ;. Moreover, A cannot coincide with x; by our assumption that d(x;) # 0, while
we observed already that go — g1 vanishes at x;. This proves the claim.

Similarly we get from (29) and 2b that Vk € {1.../}

- [t 2

)
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and taking conjugates

dt
32) @) / d( 82 —gi1(t) .
gz( ) t—Z
We combine linearly equations (31), (32) and (30) using arbitrary complex coefficients a = (ay, ... ,al)T,
b= (by,...,b;)T and ¢ = (cy,...,cm)" to obtain

] ] m
ZakIZk ZkaZk +ch~]xk )=0.

k=1 k=1
Putting everything over a common denominator yields
= ) —gi(t c(t)dt
(33) | _ao el -gl) Pl __,
—ee 81(0)&2 () [Ty It — 2> TIHZ (7 — )

where P, j, . is the polynomial defined by

l
Pipe@ =Y a [ G@-z) [] @=z) [] @—x)+
k=1 j=1..1,j#k j=1..0 j=l.m
l
(34) Yoo [TG-2z) [I G@-z) [] c—x)+
k=1 j=1..1 J=1..0,j#k j=1lm
Yal -6 I G-
=1 j=1.1 j=1. j=1om,j#k

The 2/ 4+ m polynomials obtained by setting ay, by, and c; to 0 except for one of them which is set to 1
forms the Lagrange interpolating basis of Py, ; at the points {x;,z,Z} . Therefore P, . ranges over
Py, 1 as (a,b,c) ranges over C" x C! x C!. Observing now that g» — g1 vanishes at the x;, (33) can be
rewritten as

oo P(t)P,p (1)
35 d ] dt =0,
G /. e OO —al

where P(t) is the polynomial (g2(¢) — g1(¢))/IT"'(t — x¢). Note that P has degree at most 2N — 1 =
21 +2m— 1 (for g1, g» are monic of degree N). Hence, we can choose (a,b,¢) so that P, p = P, and then
we conclude from (35) that
d(r)P>(r)
g1(1)g2 (I |t — zi?
because it is everywhere non-negative and its integral is zero. Since d is not identically zero, we get that
P = 0 and consequently that g» = g1. This proves property 2.

=0 teR,

)

As to property 3, observe that if g € PEy}, (i.e. if g € PM,}, has no real root, see discussion before
Proposition 2), then d/g lies in in L?>(R) hence also in H>(C~), and @ is well-defined by (27). Next, we
compute the derivatives of ¥; 4 (x¢), Y4 4 (zx) with respect to the coefficients of g. Put

2N—1

g(x)=x2N+g2N71X +---+go-

Since x, = @n(g), we get from (16) that dx,/dg; exists in Py_; for 0 < j <2N — 1, and that

8xg

ag]() X/

(36) xg<x>§’gfj<x>+x )
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(note that (dx,/dg;)* = dx;/dg; since x is a linear operation). Moreover, by property 1 already proved,
Tlyg 1s the solution to (1b) which is a nonsingular linear equation (for x, and , are now coprime since
they have no real root) whose coefficients depend linearly on the coefficients of x,. Hence dm;,/dg;
also exists in Py_;, 0 < j < 2N — 1, and by the Leibnitz rule we have that

L OTug x; %g NN
37 Xg agj +7nga +Xg a + 7 d,gagj =0.

From the differentiability of xg, 7z just pointed out, we get since evaluation at x; is a linear operation
and because y,(xx) # 0 that

d
(38) Tg] (Yd,g(xk)) = Fd,g.j(xk)7

where

(aﬂd,g/agj)Xg - ﬂd,g(an/agj)

(39) Fygi
d.g.j xg

is a rational function in H>(C™) as it is the ratio of a polynomial of degree at most 2N — 1 by a stable
polynomial of degree 2N (namely 752) Using (39), (37), (1b), (36) and the fact that y, = @n(g), W
compute

Iy Ixg 2 ok
. (ng_”d‘g ag-> "’( - T)Xg
Fug j(x) +Fjg;(x) =-— - TP (x)

any omy P) 2 ok
e, i () e (\2 e O
( dgi Xt dg i Xg Xé’xg Td.g dg ;i (lg) +7td.g dgi Xg

_ J J > J J (x)
(%)

g« * oxg 2
(40) (agf dg+ ag ”d z)%glq (”dg e (Xg) ‘*‘”d,gﬁilg
= )

%

QJ{)“

g x5
~ 3 (”dgxﬁ”dgxg)lg 3g§
g2
QXg alg
(ag Xt g, X (x) A
—g .

(”dvgx; +”§.g758) Xg

(x)

Since Fy ¢ +F; e = 2RF; 4, on R, we obtain from (26), (38) and the previous computation:

(41)

Otso) _ iy, [,
g 28%(x)  2mes0t Jpyapme 2O —x)

and combining linearly these partial derivatives leads us to the formula

SdOe)_ Gy [ d00)
28%(x) 20 Jecli—n|  8(1)?  t—xi

(42) D(Ydﬂg(Xk)) [5g] = \V/Sg (S P]R.ZN—]-

The companion formula

@ D(Yye(z0))[88] = _l/ d(t)dg(t) dt

Y Y SgePany
27[ g([)z t*Zé 8 R2N—1

is obtained in the same manner, appealing to (24) rather than (26). Hereafter, we drop the dependence on
d, g and we write for simplicity Y,, (resp Y;,) instead of Yy o(x) (resp. Y;,(z¢)). Then, we find that the
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application 0 is differentiable with derivative

DY, (8g))

DY)C] (Bg)

eCV,
DY, (6g)

(44) De(g) N 5g (S PR.ZN*I —

DYZ[(Sg)

where DY, (8g) is given by (42) and DY,,(8g) by (43).

Now, suppose that §g € ker(D6). Separating real and imaginary parts in (42), we see that 8g vanishes
at every x;. Consequently the principal value of the integral in (42) can be omitted, and this integral is
zero for all x;. Moreover, the integrals in (43) vanish for all z,. Thus, equating to zero an arbitrary linear
combination of the integrals in (42) and those in (43) together with their conjugates, as x; ranges over

{x1,---,m} and zy ranges over {z;,- -,z }, we get in the same manner as we got (35) that
% 5g(t)Pyy (1

(45) VPapc € Porimoi, / d(1)— 8 3 abell) Sdt =0,
—o g2 (1) o=y 17 — 22

where Sg is the real polynomial dg/[1}'(r —xi). Picking P, . = Sg in (45), we conclude since the
integrand is nonnegative that 0g = 0, hence also g = 0. Therefore D6(g) is injective, thus it is invertible
and 0 is a local diffeomorphism. Finally, we know from property 2 that 0 is injective, therefore it is a

diffeomorphism from PM,}, onto its image. a

4.3. Injectivity of y. We can now establish that the map y introduced in (12) is one-to-one.
PROPOSITION 5. The map  is injective.

Proof. Letv= (Yi,...,Ym,B1,---,Pn) € D" x P and assume that there exist distinct polynomials
p1(z) and p>(z) in PMy such that y(p1) = y(p2). Put g; = @y(p;p; +rr*) for j = {1,2}, so that our
assumption means:

(46) Pl =L2(x), 1<k<m, and 2r(z)=22(), 1<1<1.

a1 9 q1 q2
By the Feldtkeller equation (6), |p;(t)/q;(t)] < 1fort € R,and |p;(t)/q;(t)| = 1 exactly when ¢ is a real
zero of r with multiplicity g > 1 which is not a zero of p; of multiplicity greater than, or equal to ;
here, when p; and ¢; both vanish at ¢, the value p;(t)/q;(t) is understood as the limit of p;(7)/q;(7)
when T — ¢. In particular, there are at most degr real numbers ¢ for which |p;(z)/q;(t)| = 1, hence we
can find a complex number & of modulus 1, distinct from —1, such that 1 +& p;/q; is never zero on R for
j={1,2}. Consider the rational functions G;, Y; defined by

N

pj(z

L\ def 1—§qj(z) B 1-¢& 28 q;(z) —p;(2)
7) “o= LrEHE 148 (1+C‘) q;(z) +&p;(2)
def 1-§ '
- m""YJ(Z)

Being the Cayley transform of the Schur function p;/g;, the function G; is a Carathédory function
and so is Y; as it differs from G; by the pure imaginary constant (1 —&)/(1+&). Now, our choice of
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& ensures the continuity of G i, hence of Y;, on the real axis. Moreover Y; vanishes at infinity, since
deg(p; —q;) < N —1 while deg(q; + &p;) = N, therefore Y; lies in H*(C~). A computation similar to
(21) then yields that

2rr*

(qj+Epi)gj+&Epj)*

(48) Yj+Y =G +G;=

We can apply Theorem 4 to d = 2rr* /|14 &> and g; = (q; + Ep;)(q; +Ep;)* /|1 + &%, because on R
we have that d/g; = RY; is square summable. So, if we set

(49) xXi= qj:épj and 7= (O_Zé)z) (qj—pj); O

we see from (48), since Y; = 7;/, that the pair of polynomials ;, 7; satisfies assertions (1a), (1b), (1c)
of that theorem. Therefore x; = Xegj and 7; = Mg hence property 2 of Theorem 4 implies that 7; = m,
and x1 = X2, consequently p; = p.

4.4. Properness of y. Recall that a map is called proper if the preimage of a compact set is compact.

PROPOSITION 6. The map y : PMy — D" x P} defined in (12) is proper.

Proof Let K C D" x P* be compact and put W = w~!(K). By the continuity of y, W is closed.
Thus, it remains to prove that W is bounded in PM,,.

Assume for a contradiction that there is an unbounded sequence p, in y~!(K), and let us write
yon) = (1" BB, By definition 1) = p () fan(ri) and B = pa(r)/an()
with g, = @n(pnp) + r7*), ¢f. Proposition 2, item ¢). Extracting a subsequence if necessary, we may
assume that y(p,) converges to some (¥i, -, Y%, B1,---,B;) € K in D" x P}. For each n, by Euclidean
division of p,(t) by L(t) := IT]"_, (t — x;), we can write

(50) pu(t) = 3" pulo) Ly () + L)1)
k=1

where Ly, (t) =[] 1<j<m ;k%xxfj is the k-th Lagrange interpolation polynomial of the set {x1,...x, } and
j %k

hy, is a monic polynmjn?iéal of degree N —m = [. It may of course happen that m = 0 (if there is no xy), in
which case we set L= 1 and L,, = 0; then h,, = p,. To the opposite, it may be that / = 0 (if there is no zy)
in which case h, = 1.

Let ||p,|| indicate the norm of p, in PMy ~ CV. The precise norm that we use is irrelevant for they
are all equivalent. Since p,/||pn|| is bounded whereas || p,|| is not, we may assume upon taking another
subsequence if necessary that ||p,|| — 4o and p, /|| pu|| — g Where g € Py is such that ||g|| = 1. In another

connection, using (6), one easily checks that

(51) Vke {1...m} |pa(xp)|* =

and since y,j"} — Y € D we conclude that p,(x) is bounded independently of n. Then, dividing (50)
by ||px|| and letting n — oo, we get that g = Lh where h is the limit of 4, /|| p,||. Observe that h € P,_,
for h, /| pn|| has leading coefficient 1/||p,|| — 0 as n — oo. If I = 0 we are done, because then i = 0,
contradicting the fact that ||g|| = 1.
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Suppose next that / > 0 and rewrite the Feldtkeller equation after division by ||p,||* as

pnpy 1t pnpy pupy T :
(52) + =0Q; < + — >(<P ( +—
a2 " eal = \lpal® 7 pall2) 7 \lpal®  pal?))

where the map ¢, defined in Proposition 2 item a) has been used since the polynomial p,p;; /|| pa
rr*/||pn||? fails to be monic. Because ¢, is continuous except at 0, as shown in that proposition, and
since r7*/||pall> — 0 while pap?/[[pal® — g8* # 0, we get from (52) that @, (pap + )/ |l
converges to ¢, (gg*) in Py as n — co. Moreover, as g, /|| pn|| = an®z, ((papj+rr*)/||pal|*) for some
a, € C with |a,| = 1 by Proposition 2, we may assume upon extracting another subsequence that a,, — a
with |a| = 1 and therefore that g, /||p,|| — a¢;, (g¢*). In addition, since L = L* has only real roots, it
holds that ¢, (gg*) = bL¢,, (hh*) for some b € C with |b| = 1. Therefore, because convergence in Py
implies pointwise convergence on C and since ¢, (gg*) has no zeros in C~ by definition of ¢;,, we have
that

12+

B, lim 1 B = lim pa(ze) _ o pn@)/llpall gz h(z)

n= gu(ze)  noequ(ze)/llpall ag: (88%)(ze)  abe:, (hh*)(z0)
Hence the [ x [ matrix P(Z,3) defined by (9) is the Pick matrix corresponding to the interpolation data
(z¢, (h/(ab@,, (hh*)))(z¢)), and since h/(abe,, (hh*)) is a Blaschke product of degree at most / — 1 it can-
not have full rank, see discussion after (9). This, however, contradicts the fact that P(Z, ) is nonsingular
by definition of P . 0

4.5. vy is a homeomorphism. We are now in position to prove the first claim of Theoreml. It will
be convenient to invoke a famous result by Brouwer, known as invariance of the domain [32, chap. 10,
sect. 62]: if Q@ C R” is open and f : Q — R”" is continuous and injective, then f is an open map; this
means that f maps open sets to open sets. Hence f(Q) is open and the inverse map f~!: f(Q) — Q is
continuous, that is: f is a homeomorphism onto its image.

PROPOSITION 7. Y defined in (12) is a homeomorphism from PMy onto D™ x PT.

Proof. We may regard v as a map from R* into R?N. By Corollary 3 and Proposition 5 it is
continuous and injective, hence the image w(PMy) is open and ¥ is a homeomorphism onto this image,
by invariance of the domain. In another connection, the properness of y implies that y(PMy) is closed
in D™ x P*. Indeed, suppose that W(p,) is a sequence in Y (PMy) that converges to some v € D™ x P,
Because the union of a convergent sequence and its limit is compact, properness entails that we can extract
a subsequence (pp,) converging to some p € PMy, and then y(p) = v by continuity. Hence y(PMy)
contains its limit point v, thereby showing that it is closed.

Now, being the product of two connected topological spaces, D™ x P} is connected. Consequently
v (PM,), which is both open and closed in D™ x P}, is either empty or the whole space. As it is certainly
not empty V is surjective, as desired.

4.6. vy is a diffeomorphism where differentiable. We established through Proposition 7 and Corol-
lary 3 that p — y(p) is a homeomorphism PMy — D™ x ]P; which is differentiable at every p having no
common real root with r. Clearly, such p form an open subset PMy (r) C PM,. To complete the proof of
Theorem 1, it remains to prove:

PROPOSITION 8. The map Y is a diffeomorphism from PMy(r) onto its image.

Proof. We show that, locally, y restricted to PMy(r) is a composition of diffeomorphisms involving
the map 6 defined in Theorem 4. This will ensure that y is a local diffeomorphism and, since it is a
homeomorphism PM,, — D™ x P* by Proposition 7, the proof will be complete.
If po € PMy(r), then the polynomial qo := @n(pop+rr*) € SBMy is devoid of real roots. Argueing as
we did before (47), there is & € C of unit modulus, & # —1, such that 1+ & po/qo is never zero on R,
hence & po +qo has no real root and since | pg/qo| < 1 on C~ we conclude that ( po+qo)/(1+&) € SMy.
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Since popy+rr* € P;{\, and SMy, is open in PMy, (cf. discussion before Proposition 2), the smoothness
of @y around pop(, + rr* and the continuity of p — pp* + rr* ensures the existence of a neighborhood V
of po in PMy(r) such that the map n(p) := (Ep+ on(pp* +rr*))/(1+ &) is defined and differentiable
onV with (V) C SMy. We claim that its differential D7) is invertible at every p € V. Indeed, it is enough
to show that D7 is injective. Set for simplicity ¢ = @y (pp* + rr*) and observe that the kernel of Dn(p)
consists of those dp € Py_, for which

(53) Edp+dq=0
where dq = Doy (pdp* + p*dp) satisfies (cf: (16))
(54) q"dq+qdq" = pdp* + p*dp.

Combining the last two equations yields

(55) S(6p+q)dp"+&(Sp+q) dp=0.

The polynomial (€ p + q) is strictly stable and therefore it is coprime with its paraconjugate, hence it
must divide dp by (55). Since dp has degree at most N — 1 while ({p + ¢) has degree N (remember
& # —1), this yields dp = 0 which proves the claim. Thus, 7 is a diffeormophism when restricted to V,
in particular, 11(V) is open in SMy.

Next, consider the map m : (V) — PM,}; given by m(v) = vv*; to check that m indeed maps 1 (V)
into the interior of PM,},, simply observe that (& p+¢q)(& p+¢)* has no real root because so does (€ p+q)
as it is strictly stable. Shrinking V if necessary, we get from Proposition 2 that m is the restriction to 17(V)
of @y !"and therefore a diffeomorphism onto its image.

Then, putting g = n(p)n(p)* and d = 2rr* /|1 + £|?, we see from Theorem 4 that the map 6 defined
in (27) allows us to evaluate at the interpolation points (x,- -+ ,Xu,21, - ,z) the positive real function

1-¢

Yog=(q=8p)/(a+8p)— 1%
+

in a diffeomorphic manner with respect to m(n(p)).

Eventually we need to come back to the "scattering domain", that is, we must compute the values
p(xx)/q(xx) and p(z¢)/q(z¢), for 1 <k <mand 1 </ <1, in terms of the Yy 4(xx) and the ¥, 4(z¢) in a
diffeomorphic manner. This is easily accomplished by smoothly inverting the correspondence p;/q;+— Y;
in equation (47). Specifically, upon defining 7 : C* — D by

1- (2 +2)
- T+
(56) W) =E—o L zeCt

we find that 7(Y,,) = p/q. So, letting Ty : (C*)N — D act componentwise as 7, we find that on V

57 W:TNoeo(plglon

which expresses Y locally as a composition of diffeomorphisms. 0

REMARK 4.3. In the decomposition (57), the maps Ty and 1 depend on & and therefore on the point
po around which we carry out the local analysis of Y. In fact, there is no global decomposition of Y in
terms of 0, but merely a collection of local ones, taylored so as to associate a non singular Carathéodory
function'Y (i.e. one having no pole on R) to the initial Schur function (i.e. scattering element) py/qo.
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Proposition 8 s is of practical importance to solve Problem &7 numerically, because computationally ef-
ficient algorithms for the numerical inversion of y can be based on continuation techniques which them-
selves rely on the differentiability of w~!, see Section 5. In this connection, we give below a genericity
result that warrants the use of such techniques in the present context.

PROPOSITION 9. W (PM,(r)) is an open, dense and connected subset of D™ x P*. Suppose that
Vo, V1 both lie in w(PMy(r)), and that v is a continuous path from vy to vy in D™ x P*. Then, for every
€ > 0 there exists a continuous path ¥ from vo to vy in y(PMy(r)) such that

sup [|7(r) —y(t)|| <e,
t€[0,1]

where ||.|| designates an arbitrary but fixed norm on R*N ~ CN > D" x P+,

Proof. By Proposition 7 y is a homeomorphism PM, — D" x P*. Openness, density and connect-
edness of Y(PMy(r)) in D" x P* will thus follow from the corresponding properties of PMy(r) in PMy.
These are easily verified, for if {{;,---,{,} are the real roots of r then PMy(r) consists of those monic
polynomials no root of which coincides with a {;. This is clearly an open condition. Moreover, given
any p(z) =TI, (z— &) in PMy, we can find &/ arbitrary close to & which is not a {j, thereby showing

the density of PMy(r). In addition, two polynomials H’JY:] (z—¢& 151)) and HIJV:l (z— 5152)) such that neither
élgl) nor §,§2> is a {j can be deformed into each other within PMy(r) by a map ¢ Hljy:l (z— & (r)) where

t— & (1), 1 €[0,1], is a continuous path from é,fl) to 5,52) in C which does not meet any {;; hence PMy(r)
is connected.

Next, pick Vo, vi € w(PMy(r)) and let y: [0,1] — D™ x P* be a continuous map such that y(0) = vy
and y(1) = v;. Set F : [0,1] — PM, to be F(t) = w~'(y(t)). Thanks to the Stone-Weiestrass theorem,
there is a sequence of polynomial maps G, : [0, 1] — PMy converging uniformly to F; here, by a polyno-
mial map, we mean that each component is a polynomial in ¢. We claim that y(G,) converges uniformly
to 7 in the space of continuous maps [0,1] — D™ x P*. To see this, we can select a compact neigh-
borhood K of the compact set F([0,1]) in PMy and observe, by Heine’s theorem, that y is uniformly
continuous on K. In particular, to each € > 0, there exists 6 > 0 such that, for all 7 € [0,1] and p € PMy,
[lp—=F@)]| <6 =|ly(p)— ()| <e. Letting p = G,(¢) for n large enough that ||G,(t) — F(¢)|| < & for
all t € [0, 1], we get that ||y(Gn (7)) — v(¢)|| < €, thereby proving the claim.

We now show that ¥ can be uniformly approximated by paths contained in y(PMy(r)). Given € > 0,
let ng be so large that ||y/(G,,(t)) —y(t)|| < €/2 for all ¢ € [0, 1]. For each root {; of r, define a smooth
map 1 : [0,1] — C by nk(t) = —Gy, (¢)[Ex], that is, evaluation of the polynomial —G,,(¢) at {;. Sard’s
theorem [24, App.1] implies that the image of a smooth map from R into R? has Lebesgue measure
zero in R?, hence N« ([0, 1]) has measure zero in C. Therefore we can pick z of arbitrary small modulus
in the set C\ U;_, M([0,1]). In particular, invoking Heine’s theorem again, we can select || so small
that ||y(Gy, () +2) — W(Gp, (1)|| < €/2 for t € [0, 1], which means that ||y(G,,(t) +z) — y(t)|| < €. By
construction, the polynomial G,,(t)+ z vanishes at no {; which indicates that the path y; defined by
11 (1) = w(G(t) +z) lies in y(PMy(r)) and uniformly approximates y within a distance of €.

Still, 71 does not meet our needs because its origin and endpoint need not be equal to vy and v;
(although they lie within € of them). To remedy this, we concatenate y; with small line segments joining
Vo to 71(0) and v; to (1) within yw(PMy(r)). More precisely, as vy and v; both lie in the open set
w(PMy(r)), we can find an open ball therein, centered at vy (resp. Vi) of radius & < €. Let 9, be a path
in y(PMy(r)) that uniformly approximates y within & /3. Such a path exists by the previous part of the
proof. By uniform continuity of ¥, there exists 6 > 0 such that |t — ;| < 8 = ||y(t0) — v(t1)|] < &/3.
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We define the path 7 by:

(1= 5)vo+ 57(3) ifreo0,0]
76)=4 Pr@ ift€[8,1-9]
(I-5Hp(1-8)+ 5t ifre[1-46,1]
The triangular inequality yields that ||72(8) — vo|| < [|72(8) — (8)|| +[|7(8) — o|| < %2, which shows
that the line segment between vy and 9 (0) lies in y(PMy(r)). The same holds for the segment between
1(1—8) and v;. Besides, for 7 € [0, 6], we have that

17() = YOIl < [17() = vol [+ [[vo = Y]] < %\IYz(5)—Vo|I+80/3 <& <e

The same inequality holds for ¢+ € [1 — §,1], while for € [§,1 — §] the equality 7(t) = 1(¢) yields
[17(t) — y(r)|| < &/3 < €. This concludes the proof. 0

4.7. Solution to &. Much like Problem %, Problem & can be studied via the evaluation map:

plx1)/q(xr)

P(xm)./Q(xm)

(58) e reR = e |

p(Zz)k q(z1)

where, this time, ¢ is computed from p using the maps defined in point b) or ¢) of Proposition 2 :

(59) = { @y, (i +pp*) ifm >0,

@, (rr*+pp*) ifm=0.

Note that definition (59) is always legitimate, for pp* + rr* is not the zero polynomial since r # 0, and if
m > 0 then pp* + rr* cannot vanish at x| because r(x;) # 0 by assumption.

Hereafter, we say that a polynomial p € Py has n zeros at infinity if p has degree N —n. Zeros at
infinity are considered to lie on the real line.

The exact analog of Theorem 1 holds, namely:

THEOREM 10.  is a homeomorphism from Py onto D™ x PT. The restriction of  to those p € Py
having no common real root with r (including at infinity) is a diffeomorphism onto its image.

Remark 4.1 applies to Theorem 10 as well as to Theorem 1. It is worth emphasizing that the condition
that p and r have no common zero at infinity, which is required in Theorem 10 for § to be a local
diffeomorphism at p, means that one of them at least has exact degree N.

The proof closely follows the path to Theorem 1 but with one significant difference, namely the
analog of Y; in (47), though still bounded, may no longer vanish at infinity. Thus, it needs not belong
to L?(R) and Theorem 4 does not apply. Below, we state and prove a modified version of that theorem
which is valid when d /g is merely bounded on R. Subsequently, we outline a proof of Theorem 10 which
runs parallel to that of Theorem 1. The statement refers to the notion of a smooth embedded manifold of
dimension n; in R"2, namely a subset of R"2 which is locally the image of a C”-map Y : U — R, with
U C R™ an open set, such that T is injective together with its derivative. Beyond this basic terminology,
we use only two elementary facts from differential geometry, namely that the preimage of a manifold
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under a submersion (i.e. a map with surjective derivative) is a manifold with the same codimension,
and that the image of a manifold under an immersion (i.e. a map with injective derivative) is locally a
manifold of the same dimension, see e.g. [24, Ch. 1] or [37, Ch. 1]. In what follows, depending on
whether m > 0 or m = 0, the normalization induced by (59) is either g(x;) > 0 or g(z;) > 0. We shall
detail the proofs when m > 0, and indicate briefly the changes when m = 0.

THEOREM 11. Letd € P} and (x1,-+ ,.x)T €R™, (z1,-,2)T € (C7), withm+1=N+1. As-
sume that d(x;) # 0 for k € {1,--- ,m}. Then, the following three properties hold.

1. Foreachge P;v such that % € L*(R), there uniquely exist polynomials X, € SBy and my 4 € Py,

Mg

£ satisfies:

with Xg(x1) > 0 (resp. X4(z1) > 0 if m = 0), such that the rational function Y, , = 2

(@) Yz, € H*(C),

(b) Tagxy + 7y X =4,

(©) S(Yug(x1)) =0 (resp. S(Yaz(z1)) =0if m=0),

d) Yoo +Y;, = g.
2. Let g1,82 in P;,_v be such that % and é are in L*(R). If

(a) Vk e {lm} Yd7g1 (xk) = Yd7g2 (xk),
(b) Vke {1..1} Yy o, (2x) = Yae, (21)
then g1 = gz whence Ty 4 = Ty g, and Yo, = Xg,, by 1.

3. For fixed d, the evaluation map 6 : PE;V —SRxCV given by

Yd,g(xl)

(60) oe) = | Yt

Yd.,g.(zl)

is well-defined and a diffeomorphism onto its image (observe that if m > 0 then Y, 4(x1) is real-
valued and all other components of @ are complex valued, whereas if m = 0 then there are no xi
and Yy 4(z1) is real valued while other components are complex valued).

4. The set Myg(d) =0 ({1} x (CN) is a smooth embedded submanifold of of PE; of dimension
2N. For G the canonical projection from R x CV onto CV given by (x,y1 .. D)= Onsp)h

~ d ~ «
the map 6,eq e/ GoO: Myy(d) — CN is a diffeomorphism onto its image. Moreover, it holds
that

61) M (d) = {g € PES,, g() = d(xn/z}

(62) <resp. Moy (d) = {g € P]i*}}], /:7 Zg; i _d;|2 = 732(:1) } ifm= O) .

Proof. As to property 1, observe from (1b) and (1d) that necessarily ), = @, (g) (resp. ¢, (g) if
m = 0) . Let us check that equation (1b) is then solvable with respect to 7;, € Py. In doing so, we
may as well assume that 2V is the exact degree of g, and therefore that degd < 2N (since d/g € L”(R))
as well as degy, = N. Let A be the monic g.c.d. of X and x,. Clearly all roots of A are real, and

A = A*. Of necessity, A? divide g, therefore also d since d/g € L™(R). Since /A and x* /A are coprime,
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we can certainly solve the Bezout-type equation Ay, /A+ By, /A =d/ A? with A,B € Py deg,- Since
(d/A%)* = d/A?, we may replace A with A; = (A+B*)/2 and B with By = (A* +B) /2. Then, 7, ; = AA,
solves for (1b) and (1d) is satisfied by construction. Equation (1b) characterizes 7, , up to the addition
of a pure imaginary multiple of x, only, but the latter is determined by condition (1c). Clearly Yy , just
constructed belongs to H*(C™), because it is a rational Carathéodory function with no pole on R since A
divides 7, . This shows both existence and uniqueness of the pair x,, 7y o).

We turn to property 2. Note that the vanishing at infinity of Y;, in Theorem 4 (induced by the
condition degy, =N > N — 1 > deg @, o) is replaced here by the normalization condition (Ic) at some
interpolation point. This is to the effect that ¥, , (which belongs to H(C ™)) may not belong to H*(C~)
because it may not vanish at infinity. For that reason, slightly different kernels than those in (28) and (29)
are required to represent Y, , in terms of its real part on R. Below, we discuss the case where m > 0 so
that (1¢) bears on xj.

First, let d, g, x, and Y; , be as before. Then, it holds by (1c), (1d) that

d
(63) Ydhg(x]): g(xl).

By Euclidean division, we can write ¥, ;(z) = C+ H(z) where H € H*(C™) and C = Y, 4(0) is a complex
constant. Since C = Yy o(x1) — H(x;), we get from (Ic) and (25) that

(64) 3(C) = ~ 1 fim RHE)) dt,

T e—=0t S —t|>e T—X1
ensuing by (1d) and (25) again that

d i di di
Faa) = g+ 2 lim [ i) (2 - )

e<|r—x|

d i (g —xi)dr

(65)

In another connection, it is elementary to check that

dt

(66) lim / [
=0 iil‘;—iﬂ (t—x)(t—x1)

therefore R(H) may be replaced by R(Y; ,) under the integral sign in (65) to yield

_d LY d(t) (w—x)dr
(67) Vaglse) = 5 (w) + 5 im /iii_i’; 0y ket

where we used (1d) again. Note that the kernel in (67) decays like |t| =2 for large |¢|, hence this singular
integral makes sense even though d/g may not vanish at infinity. In the same manner, we obtain using
(24) instead of (25) that

(68) Yyg(ze) = 2ir/e<,xl|g8m’ ce{l...1}.

Now, let g1, g» be as in property 2. Then, in view of (63) and (67) where we separate real and
imaginary parts, we get from property (2a) and (1d) that g1 (x;) = g2(xx) for 1 < k < m. Next, writing
by (2a) again that Y; o, — Yy, vanishes at x, zp for 2 <k <m, 1 < ¢ <1, and adjoining the equations
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conjugate to those at zy while using representations (67) and (68), we get m + 2/ — 1 equations that
we can linearly combine together so as to get (33), where this time P, ranges over Py, and again
d(g1 —g2)/g18> has no real pole while g — g> vanishes at x; for 1 <k <m. Since (g1 —g2)/IT}"; (z —xk)
has degree at most 2N —m = m + 2] — 2, we can pick P, to be that polynomial thereby making the
integrand nonnegative in (33). Consequently this integrand is identically zero whence g; = g2, as desired.
The case where m = 0 and (1c) bears on z; is similar but easier, since we no longer need (67) and we can
base the whole argument on the representing formula

(69) Yi,(z) i/""d(t)( : —t_ER(le))dt, zeC™,

T2 )wg) \i—z -z

where we note that the kernel in between parentheses behaves like |t|=2 at infinity, locally uniformly
with respect to z, so that the integral converges and defines a holomorphic function of z € C~ by the
boundedness of d/g. To check the validity of (69), observe on the one hand that the right side has real
part the Poisson integral of d /2g (recall that the Poisson kernel for C~ is 773 (1/(z —t)), compare [21,
Ch. I, Eqn. (3.4)]). On the other hand, as ¥, , lies in H*(C™), it real part is a bounded harmonic function
on C~ and therefore it is the Poisson integral of its nontangential limit [21, Ch. I, Thm. 5.3]. Therefore
both sides of (69) have the same real part, thus they represent the same analytic function in C~, up to
an additive pure imaginary constant. But since 3(Yy,(z1)) = 0, this constant must be zero because it is
obvious that the right hand side of (69) is real when z = z;. This confirms that (69) holds.

To prove property 3, first note that d/g € L(R) when g € PE;, since the latter consists of strictly
positive polynomials on R having exact degree 2V, see discussion before Proposition 2. Hence 6 is well-
defined with domain an open subset of R?*! and values in R x R?M = R?¥*! Observe also that y, is

o
strictly stable when g € PE;V, hence %, and y, are coprime. So, if we write

8(x) = gop™ + g1 X -+ g0,

the differentiability of x, with respect to the coefficients g; follows from (15), while the differentiability
of 7, , with respect to the g; comes from the fact that it solves a nonsingular linear system of equations
whose coefficients are smooth (in fact: linear) in the coefficients of x,. Thus, 0 is differentiable, and
since it is injective by property 2 it remains to show that its differential Dé(g) is injective (and therefore
invertible) at every point g. Assume first that m > 0. Then, differentiating Yy (x1) = d(x1)/(2g(x1)), we
get since evaluation at x; is linear that

0g(x1)d(x)

(10) Daglon)3g] = 2555,

oge PR,ZIVa

where Dy indicates the partial differential with respect to g. Moreover, equations (36) and (37) hold for
0<;< 2N, hence (38) and (39) remain valid and we obtain as in (40) that

Thus, writing the analogs of (67), (68) for dY,;,/dg; rather than Y, , and combining the corresponding
equations linearly, we find for all §g € Py o and 2 < k < m that

—d(w)8g(n) il —x) [ A3 __d

(71) Dy (Yag(xi)) [08] = 282 (x¢) 2T &0 g (r—x))(t—xx)’

e<|t—xz|
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while for 1 < ¢ <[ it holds that

(72) Dy (Yae(z))[88] = —

M/ d(1)og(t) dt
2n e<li—x| &)?  (t—x1)(t—z)

Assume now that §g lies in the kernel of DO (g):

(73) DYy, (x1)[08] =

(74) DygYao(20)[08] =
D

In view of (70), and since d vanishes at no x; by assumption, we deduce firstly from (73) that §g(x;) =0,
and secondly taking real parts in (73) and (71) that 8g(x;) = 0 for 2 < k < m. In particular dg(x) =
0g(x) /T (x — x¢) is a real polynomial, and the principal part of the integral can be omitted in (71) and
(72). Next, combining linearly (with arbitrary complex coefficients) the equations (73) for 2 < k < m
together with the equations (74) augmented with their conjugates, we get upon substituting therein (71)
and (72) while making use of §g(xx) = 0 that (45) holds, where this time, P, , . ranges over Py, ». Since
5 g has degree at most 2N —m = 2/ +m — 2, we can pick Pipe= 5 g thereby making the integrand in
(45)non-negative. Therefore the integrand is identically zero, implying that §g = 0, as desired. The case
where m = 0 is similar but easier, applying the analog of (69) to dY; ,/dg; rather than ¥, ,.

As to property 4, remark that Dé(g) is surjective at every g € PE;V by property 3. Therefore, the
preimage 6! ({1} x CV) of the affine submanifold {1} x C¥ of € R x CV is a smooth embedded subman-

ifold of PE;;J with the same codimension, namely 1 (see [24, Ch. 1, p.28]). This shows that .#Z,(d) is a

smooth embedded submanifold of PE;}; of real dimension 2V. Moreover, the tangent space Zy.#%55(d) to
Moz (d) at g is the preimage under D(g) of the tangent space to {1} x CV at §(g) which is but {0} x CV
(see [24, Ch. 1,p.32, ex. 5]). This implies that Go DO (g)(v) # 0 whenever 0 # v € Ty i, (d), otherwise

Dé(g) (v) Woulq be zero (since the first component is already known to vanish), thereby contradicting the
injectivity of D6(g). Hence the restriction of DO(g) to 7.4, (d) is injective, therefore an isomorphism
onto {0} x C¥. In view of the local inversion theorem, this proves that é,ed, which is already known to
be a homeomorphism ./, (d) — {1} x C (being a restriction of ), is in fact a diffeomorphism.

Finally, characterization (61) follows directly from formula (63), while characterization (62) is ob-
tained upon evaluating (69) at z; and equating the result to 1.

Proof. (of Theorem 10) If m > 0, then pp* + rr* cannot vanish at x; since r(x;) # 0 by assumption.
Thus, the continuity of { follows from (59) and the continuity of ¢,, (resp. ¢;, if m = 0) in Proposition
2. Injectivity is proved like in Proposition 5 upon choosing & so that G; defined by (47) lies in H*(C™)
for j = 1,2, and appealing to property 2 of Theorem 11 (rather than of Theorem 4) with d = 2rr*,
gi=(qj+8&pj)(aj+Epj)*, xe; = (¢ +Epj) and Ty 5, = (¢ — Ep;). To secure the choice of §, as pj, q;
are no longer monic, we trade the requirement made in Proposition 5 that & # —1 for the requirement that
deg(q;+&p;) = degq;, which is obviously possible since degq; > deg p; by (59) and (6). Properness of
 is established as in Proposition 6, noting that now degh, <[ — 1 by construction. Then, reasoning as
in Proposition 7 shows that { is a homeomorphism. Finally, let Py (r) C Py be the subset of polynomials
having no common real root with 7 including at infinity, which is easily seen to be open. As in corollary 3
one checks that V¥ is differentiable on Py (r). To prove that { restricted to Py (r) is a local diffeomorphism,
we write it locally as a composition of local diffeomorphisms, like we did to obtain (57). The arguments,
however, are a little different and we detail them below. We consistently denote with g, (or simply with
q if p is understood) the polynomial defined by (59).
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As in Theorem 11, let G be the canonical projection from R x C¥ onto CV. We define
Py, ={pePy, p(x1) =0}, (resp. Py, ={p Py, p(z1)=0}if m=0),
and
Py (r)={p €Py(r), p(x1) =0},  (resp. Py, (r)={p € Py(r), p(z1) =0} if m=0).
Note that Py, (resp. Py ) is isomorphic to R2Y and that Py, (r) (resp. Py (r)) is an open subset

thereof. In a first step, we prove that the map Wy L G o defines a homeomorphism from Py, onto
{0} x D"~ x P* (resp. {0} x ]P’j; o if m = 0) and a diffeomorphism onto its image when restricted
to Py, (r) (resp. Py_ (r)). In fact, as g(x1) > 0 (resp. g(z1) > 0 if m = 0), the relation p(x;) = O (resp.
p(z1) = 0) amounts to (p/q)(x1) = 0 (resp. (p/q)(z1) = 0), and since we know ¥ is a homeomorphism
P; — D™ x P* it follows from its very definition that it induces by restriction a homeomorphism from

Py, onto {0} x D=1 x P+ (resp. {0} x ]P’;’z’_,_yzml). Obviously then, ., is a homeomorphism from

Py, onto D"~ x P+ (resp. szw-xm.)'
Next, the differentiability of W..q on Py, (r) (resp. Py (r)) follows from the differentiability of

on Py (7), and it remains to show that {4 has non-singular differential there.

If p € Py, (r) (resp. Py, (r)), then pp* +rr* € PE (for p in Py(r) has no common root with
r including at infinity), hence g belongs to SE; and is a smooth function of p by Proposition 2. In a
neighborhood V' of pg € Py, (r) (resp. Py, (r)), define f)(p) = Ep+q where £ € C is such that [§] =1
and §po + qp, € SEg. That & exists can be shown as in the beginning of the proof of Proposition 8,
replacing the condition & # —1 by & po[N] # —q,, [V] which is clearly an open condition by the continuity
of p — ¢, (here, the symbol []V] means that we select the coefficient of degree N). Shrinking V is
necessary, we may assume that Ep+¢, € SEg forall pe V. If dp € Py, (resp. Py ) lies in the kernel
of the derivative Dfj(p), then (55) holds. As (£p+ q)* is coprime to & p + g by stability of the latter,
and since degdp < N = deg(Ep + q), it follows that dp = A(E p+ ¢) for some A € C. Evaluating at x;
(resp. z1) yields A = 0 for g, (x1) > 0 (resp. gp(z1) > 0). The derivative DAj (p) : Py, — Py is therefore
injective at py and so, for sufficiently small V, the map 7} is a diffeormorphism from V onto a smooth
embedded submanifold 7}(V) C SE; of dimension 2N [37, Ch. 1, Cor. (f)]. Note that, by construction,
(V) C {P € SEg, P(x;) > 0} (resp. {P € SE;, P(z1) > 0}).

Consider now the map v : (V) — PEJ; given by t(v) = vv*. Clearly th is the restriction to

A(V) of o ! (resp. o, 1, and we get from Proposition 2 that it is a diffeomorphism onto an embedded

submanifold W C PE;]Q, of dimension 2. By construction, the elements of W can uniquely be written as
(Ep+qp)(Ep + qy,) with p € V. C Py, (r). Thus, the elementary computation

(q—8&p)(Ep+q)*+(g—3Ep) (Ep+q) =2rr"

together with the fact that (Ep+¢q)(x1) = q(x1) > 0 (resp. (Ep+q)(z1) = q(z1) > 0) and the relation
q=Sp .\ _ e, 4780
e =1 ( p.q+§p(ZI)1)

allow us for an application of Theorem 11 with d = 2rr* and g = (Ep+¢,) (Ep* + q,) =mof(p). Inthe
notation of that theorem we have that 7;, = ¢ —&p and x, = g+ &p, hence Yy, = (¢ —Ep)/(q+Ep).
In particular, we deduce from point 4 that tho (V) C .#,5(d). Moreover, letting £ : (CT)Y — DV act
componentwise as z — (1 —z)/(1+z), we easily check that

. 1, . o s
Yyed = groeredOmon
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where 0, is the diffeomorphism from .#, 4 (d) into CV introduced in Theorem 11 point 4. This indicates
that {,.; admits a local representation as a composition of diffeomorphisms on the neighborhood V of
po. Since the latter was arbitrary in Py, (resp. Py, ) and g is already known to be a homeomorphism,
it follows that it is a diffeomorphism from Py, (r) (resp. Py, (r)) onto its image in in CV. This completes
the first step.

In a second step, we pass from {4 to . For this, observe that for any @ € D

(q—ap)(g—0ap)* — (g —p)(ag—p)* = (1 - |a*)(9¢" — pp")

75
(73) = (1 |aP)rr,

and that

_

ag—p %~

76
(76) qg—0ap -

=My (p/q)

QIS

where My (z) = (a—z)/1—aiz) is the familiar automorphism of the unit disk swaping 0 and . Together,

(75) and (76) imply that if (p,q) is the pair of polynomials solving for problem P with interpolation
values (0,%,... %, B1...By) (resp. (0,B2... By, ) if m = 0), then \/Ii‘le(aqu,qfﬁp) is the pair of

polynomials solving for & with interpolation values

a—-p =Y, a—p a—f a—p o — By
a7 <a71_ay2... 1—aym’ l—ﬁﬁl’m’ 1—06[3,) (resp. (Oc, l—ﬁﬁz’m’ 1—5131(/“ y

where it should be observed that if (B;,---, ;) € Pt then (My(B1), -+ ,Ma(B;)) € PT also, because if f
is a Schur function on C~ which is strictly less than 1 in modulus on a subset of R of positive measure,
then so is My (f). Thus, if we let fo : DY — DV act componentwise as M, we find since the latter is
involutive that

£(xn)
(78) 1 =1 - N VpePy ifm>0,
W) F2(x) © Wred <1%W(Z(xl)q—lﬂ)> PEm
2@)
(79) W(p) = VpeP; ifm=0.

5 . 1
f%(m) O Yred (W(Z(ZI)Q - p))

This completes the second step.

Finally, we make use of the previous two steps to compute ¥~ ! and show that it is differentiable at
y(p) when p € Py(r). This will achieve the proof. We give the argument when m > 0 only, as the case
m = 0 is entirely similar, replacing formally ¢y, by ¢;, and Py, by Py_ .

Define x : D" x P* — Py, by

(80) K() = Wh ofy, (GO))y ¥y =1, Vgyy) €D x PT.

Note that (k(y),qgx(y)) is the solution to 2 with interpolation values (0,,, (v2...yx .)7). Therefore, it
is readily checked from (77) that the inverse of  : Py — D™ x P* is given by

1

81) VTI(Y):W(Ylﬁoxl(’f(y)’f()’)*‘f‘”*)—K(Y))’ Y=, pp) €D X P
-
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To prove that ¥~ ! is differentiable at every y € {(Py(r)), observe from (75) that p has no real common
root with r if, and only if a.g — p does. Applying this with & = (p/q)(x1), we deduce from (78) that
y = Jy; ©G(y) maps ¥(Py(r)) into Weq(Py., (r)). The k" component of this map is:

(82) Y1 j’k+1 ,
1 —Y1yrs1

which is differentiable with respect to the components of y as the denominator of (82) is locally bounded
away from zero. The differentiability of ! on Wrea Py, (r)) is then to the effect that K is differentiable
on y(Py(r)). The differentiability of ¢,, and formula (81) then yield that §~! is differentiable at each
y € ¥(Py(r)), as desired. a

To conclude this section, let us point out an interesting relation between problems & and 2. In
the statement below, we write W, and . to emphasize the dependency of y and { with respect to the
polynomial r.

PROPOSITION 12. Suppose that y € D™ x PT and that (o) is a sequence of real numbers tending to
+oo. Let py = ‘If(;k]r(y) and put P« for the leading term of Oy, (Oc,frr* + prpy) (resp. @, (oc,%rr* +pepy) if
m = 0), noting that By € R (because degr < m+1 while p; € PM,,,;). Then, it holds that

lim B PX — g1(y).
Jim e = W »)

Proof. Set gy = oy (02 rr* + pipt) and note that ePeqy = @, (a2 rr* + pyp}) (resp. varphiy, (o2 rr+
pipy) if m = 0). The polynomials (pi/oy) verify the Feldtkeller equation:

PkDy; i
72]‘ +rrt = 4 Z",
0 o

and argueing as in Proposition 6 we see that (py/0y) is bounded independently of &, for otherwise y
would lie on the boundary of D™ x P*. Thus, we can extract from any subsequence (elﬁkn %) and

(eiﬁkn (quT”) a subsequence that converges to some polynomials p and g. Of necessity, p and g have degree

strictly less than N because py, and gy, are monic. By continuity we get that p/q verifies (11) with
Y= M-y Vs Brs---. Br)T, and that g = @y, (rr* + pp*) (resp. @, (rr* + pp*)) which indicates that
(p,q) is the solution of 2. a

5. Numerical experiments. In order to invert the maps y and {, a continuation method has been
implemented as follows. Suppose we want to compute W~ (resp.~!) at v; € D" x P}. We pick an
aritrary po € PMy devoid of common real zero with r, and we compute vy = y(po) (resp. Vo = ¥(po)).
Then, we select ¥ to be a smooth path in D" x IP’}r joining Vg to vi. Now, using a classical predictor-
corrector method, we lift ¥ to the path A = w~!(y) by numerically integrating the differential equation:

(83) % =Dy ' (y(t)) {fhy]

with initial condition A (0) = po. Note that Dy, thus also Dy ! is easily computed from Proposition 2,
and that Proposition 9 ensures the integration process will run smoothly along 7 at the cost of jiggling the
latter slightly if near-singular places are met.

Below we consider the case of an antenna functioning around 2.4 Ghz. The red curve on Figure 2
represents the reflexion coefficient L;; of the antenna. The latter was designed to match well a load of
50Q at the frquency 2.454Ghz, whith a value of —23.54dB. Our objective here is to improve this match
on the whole frequency pass-band I = [2.2,2.5] Ghz, while requiring strong rejection outside of this band.
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For this we solve Problem 2 in degree 5, choosing r to have two transmission zeros at 2.17Ghz and
2.53Ghz respectively. The interpolation points are initially placed as Tchebychev nodes on the frequency
interval I (i.e. the roots of the Tchebychev polynomial of the first kind with degree 5 on 7). Then, we
iteratively adjust the interpolation points by feeding the whole process to a blackbox optimizer from
Matlab so as to minimize the maximum of the reflexion level (see equation 2):

P/C]*zl,l
1—p/qLi,

over the segment /. The obtained reflexion level Gy is presented on Figure 2, showing a clear improve-
ment with respect to the initial reflexion level of Ly 1, while exhibiting strong selectivity at the ends of the
pass-band. The whole procedure takes less than 3sec on a pc equipped with Pentiuml7 procedure, which
makes it perfectly suited to design matching circuit responses. If needed, these can be further adjusted

using dedicated local optimization procedures.

(84) |G1.1(w)| = ‘
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Notations. The main notations used in this paper are listed below.

C
(C+
Cc-

P
PE,,
PM,,

SBM,

field of complex number

open upper half-plane

open lower half-plane

unit circle

open unit disk

Pick matrix associated with the sequence of interpolation data (z, )
the set of interpolation values B € C' such that P(Z,) > 0
complex polynomials of degree at most N

complex polynomials of exact degree N

monic complex polynomials of degree N

non negative real polynomials of degree at most 2N

non negative real polynomials of exact degree 2N

non negative real monic polynomials of degree 2N

stable (no roots in C~) complex polynomials of degree at most N
stable complex polynomials of exact degree N

stable monic complex polynomials of degree N

polynomials of degree at most N stable in the broad sense

monic polynomials of degree N stable in the broad sense

the subset of PM,, of polynomials having no common root with r
the set of polynomials p € Py vanishing at x;

the set of polynomials p € Py, vanishing at x;, having no common root with r
the space of bounded holomorphic functions in the lower half-plane
the Hardy space of exponent 2 of the lower half-plane

the space of square integrable functions on the real line

the para-Hermitian conjugate of a rational matrix function F(s)
denotes the interior of a set V in a topological space
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