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0. Introduction

The concept of expressing complicated objects in terms of simpler basis elements is
ubiquitous in mathematics. It is central in linear algebra, and permeates many branches
of the sciences. Such an expression often allows to answer questions concerning the
original object by considering the better-known basis elements. As just one prominent
instance, a fundamental challenge in signal and image processing is to fit the parameters
of a model to measured data, e. g., for purposes of interpolation, extrapolation or spectral
analysis, see, for instance, the textbook of Marple [43].

It is therefore of great importance to have efficient as well as general techniques at
one’s disposal to analyze data and obtain (or “learn”), such structured decompositions.

The problem is highly relevant in vector spaces of functions, with many important
examples being infinite-dimensional. In this scenario, strategies that do not employ
direct searches within the basis B become a necessity. An often-used approach is to
first consider the subproblem of determining the support of a vector f € V w.r.t. B,
that is, the (finite) set of basis vectors occurring in the expansion of f with a non-zero
coefficient. It is usually much easier to determine the coefficients once the support is
known. Of course, this strategy may also be applied in the finite-dimensional case.

The paradigmatic instance is Prony’s method [56] to decompose a sum f of exponential
functions. It uses evaluations to construct a polynomial whose roots correspond to the
summands of f. Generalizations and variations of Prony’s method have been intensely
studied, with motivations stemming from, e.g., signal processing and biology. Classic
applications of Prony’s method include for example Sylvester’s method for Waring de-
compositions of binary forms [64, 65] and Padé approximation [69, 7]. Over centuries,
these tools have been further developed, with [52, 46, 54, 63] being a small sampling of
the recent literature. New applications have been found (see, e.g., [30, Section 2.2] for
connections to the Berlekamp-Massey algorithm). For a recent overview see [51].

Recently also advances have been made on multivariate versions. Direct attempts can
be found in, e.g., [53, 47, 38, 57, 45], for methods based on projections to univariate
exponential sums see, e.g., [17, 18, 14]. A numerical variant can be found in, e.g., [20],
and further related results and applications in, e. g., [19, 24, 40, 12, 31, 55, 9, 10, 29, 50,
33, 32, 27, 15].

Among the spaces (V, B) for which instances of the problem have been studied are, in
particular, the space of polynomials V' = Kly] (K a field) with the monomial basis B [5]
or bases of Chebyshev polynomials [40, 31, 46, 55, 27]. These investigations led to anal-
ogous results and “Prony-like” decomposition methods for these spaces. The apparent
similarities motivate the search for a common framework in which to study and extend
these methods.

In 1991, Dress and Grabmeier [19] proposed a framework for the decomposition of



character sums, i. e., linear combinations of monoid homomorphisms mapping a commu-
tative monoid to the multiplicative monoid of a field. This setup encompasses, among
others, the above mentioned methods for decomposition into of sums of exponentials
and sums of monomials. Refinements have been proposed by Grigoriev, Karpinski, and
Singer [24] and in 2013 by Peter and Plonka [46], the latter containing an alternative
“analytic” approach to the Chebyshev decomposition problem which does not seem to
fit into the earlier frameworks.

In order to facilitate the simultaneous study of these classes of methods, we introduce
the axiomatic notion of Prony structures (cf. Definition 1.7). We will see that a large
part! of the instances that could be treated within previously established frameworks
and also Lakshman and Saunders’ Chebyshev decomposition method are included in this
setup.

In typical Prony situations one has a natural identification of basis elements with
points in an affine space. For example, in the classic case of exponential sums the basis
function exp,, is identified with its base point b € C". It is this identification that allows
to describe the support of f by polynomial equations. A key idea of Prony is to construct
Hankel (or Toeplitz) matrices using evaluations of f to obtain the desired data from their
kernels.

In our framework we assume that an identification as above is given as part of the
initial data. Then suitable sequences of matrices are computed from evaluations of f
which are constructed in a way such that their kernels eventually have to yield systems
of polynomial equations to determine the support of f.

The thesis is organized as follows. Chapter 1 begins with a brief presentation of
Prony’s method for the reconstruction of exponential sums, and two well-known variants
for polynomial spaces, emphasizing their similarities. With this motivation, we set out
on our task of unifying these methods. After fixing the setup and some notation, we
introduce our main definition of a Prony structure. Besides the function space and
the basis as key parts of the data it consists of families of linear maps and associated
ideals defined by their kernels. These ideals are then used to attack the decomposition
problem. We discuss properties of evaluation maps on vector spaces of polynomials and
their kernels. As one of the main results in this chapter, we prove in Theorem 1.18
a very useful characterization of Prony structures in terms of factorizations through
evaluation maps. It can be seen that given some mild assumptions the ideals of a Prony
structure are zero-dimensional and radical, which leads to the natural question to provide
sufficient conditions which guarantee that the ideals of kernels of evaluation maps have
this property. We study this problem, proving a theorem we learned from H. M. Moller on
Grobner bases of zero-dimensional radical ideals with interesting consequences for Prony
structures. At the end of the chapter we introduce the category of Prony structures and
prove a useful transfer for Prony structures.

In Chapter 2 we discuss examples and applications of Prony structures. We introduce
the notion of t-exponential in order to treat Hankel and Toeplitz variants of Prony’s

!The main exception are characters of not finitely generated monoids, which, roughly speaking, corre-
sponds to the case of functions in an unbounded number of variables.



method for exponential sums w.r.t. various vector space bases in a unified manner.
Versions for polynomials with the corresponding monomial and Chebyshev bases and
Gauflian sums then follow by the transfer principle.

In Chapter 3 we show how the framework of Prony structures relates to previously
known frameworks for the decomposition of sums of characters [19] or eigenfunctions [24,
46].

A priori knowledge can be that functions are supported for example on a torus or a
sphere, see, e. g., [36, 37]. Classic techniques do not take this additional information into
account. As a novel approach we extend the notion of Prony structures for functions
supported on algebraic sets to a relative version in Chapter 4. A first key result is a
characterization of such structures in Theorem 4.8. We discuss how to obtain Prony
structures in this relative case. Main examples include relative Prony structures for
spaces of spherical harmonics.

This work is based on the article [39] by Kunis, Rémer, and von der Ohe. A main
addition is the unified treatment using the concept of t-exponentials in Chapter 2. We
do not cite individual results from this publication. This work also constitutes a contin-
uation, generalization, and update of the earlier thesis [68] of the author. The articles
Kunis, Peter, Romer, and von der Ohe [38], Kunis, Moller, Peter, and von der Ohe [36],
and Kunis, Méller, and von der Ohe [37] have been the basis of this earlier thesis and

they, as well as [68], and are cited appropriately.






1. Prony structures

In this chapter we define our main notion of Prony structure and deduce relevant prop-
erties. We start in Section 1.1 by presenting three classic results that will yield typical
examples of Prony structures: Prony’s reconstruction method for exponential sums,
Ben-Or and Tiwari’s method for polynomials, and Lakshman and Saunders’ method
for Chebyshev polynomials. Each of these methods involve the construction of a set of
polynomials whose zero locus corresponds to the support of the input function. We take
this as motivation to introduce a common abstraction, Prony structures, in Section 1.2.
We discuss fundamental properties of Prony structures in Section 1.3 where the close
connection to evaluation maps on spaces of polynomials is established. Their relevant
basic properties are recalled and additional properties are proven, leading to a theorem
of Moller. In Section 1.4 we define structure preserving maps between Prony structures
and prove a useful transfer principle that will be applied in the following chapter.

1.1. Prelude: Three classic results

In the following subsections we briefly discuss three well-known and exemplary “Prony-
like” results. All three are formulated analogously and to mesh with later material.

1.1.1. Reconstruction of exponential sums

We start with the classic method due to G. C. F. M. Riche, baron de Prony [56]. Let F' be
an arbitrary field. For b € F' we call the sequence

expy: N— F, k—s b,

exponential. Here it is understood that 6 = 1 for all b € F, in particular for b = 0.
The element b is called the base of expy; it is uniquely determined since b = exp;(1). An
exponential sum is defined to be an F-linear combination of exponentials.

To an exponential sum f one associates the sequence (@4(f))ey of linear maps with

d
dsd(f): F[X]Sd Fd7 Zpkxk ? Pd(f) : (p07"'7pd)T7
k=0

where P;(f) is the Hankel matrix

O e fld=1)  f(d)
fQ - f(d) o fld+1)

e px(d+1)

fd=1) - f@d-2) f@d-1)



For a set A C F[x] let the zero locus of A be denoted by
Z(A) ={be F | p(b) =0 for all p € A}.

(In the univariate situation at hand, of course Z(A) consists precisely of the roots of
a generator p € F[x]| of the principal ideal (A) = (p) of F[x].) The following theorem
forms the basis for Prony’s method.

THEOREM 1.1 (Prony, 1795): Let f = >7i_; fiexp,, be an exponential sum with non-
zero coefficients f; € F and pairwise distinct bases b; € F. Then the following are
equivalent:

(i) Zker @4(f)) = {b1,...,b};

(ii) d >r.

Using Prony’s theorem, one can approach the problem of computing the bases b; of
the exponential sum f by computing the roots of a polynomial. Always choosing the
least index d = r that is sufficient to perform the computations, the size of the matrices
and number of evaluations depends only on the number r of summands of f; we will call
this number also the rank of f. Methods whose computational complexity is essentially
determined by the rank of the input may be called sparse methods, and Prony’s method
for the decomposition of exponential sums is among the prime examples.

1.1.2. Sparse monomial interpolation

Prony’s method for exponential sums has since attracted much attention and has in
particular inspired variants for other families of functions and generalizations.

Among the classes that Prony’s method has been adapted to, and closely related to
the case of exponential sums, are polynomial functions over a field F. For decompo-
sitions w.r.t. the monomial basis a result can be found explicitly as a special case in
Ben-Or and Tiwari [5]. It is quickly obtained as a corollary of Theorem 1.1 as follows. We
emphasize that [5] is mostly concerned with the efficient treatment of the multivariate
case, which we omit in this introductory discussion.

Let F be an arbitrary field. The objective is to determine the support of a polynomial
over I w.r.t. the monomial basis using only evaluations. Of course, this cannot be
achieved in general with evaluations only in F' and hence we allow evaluating in a field
extension of F.

Let b be an element in a suitable field K > F' such that the sequence (bi)ieN € KN is
injective. For f € F[y] let the sequence (@4(f))en of K-linear maps be defined by

d
SZsd(f): K[X]Sd—>Kd7 ZkakHPd(f)'(p07"'7pd)T7
k=0



where P;(f) denotes the matrix

FO) e FOTY F0Y)
FOY e 0T FOT

c KdX(d+1) )

Pa(f) = (f(bi+j))i;0,...,d71 = : : : :
FOTY) e FO?) fOP)

For f =3, fiy® € F[y] let suppf = {i € N | f; # 0} denote the support of f. The
following is a version of Theorem 1.1 for polynomials instead of exponential sums.

COROLLARY 1.2 (Ben-Or and Tiwari, 1988): Let b € K > F be chosen as above and
let f € F[y]. Then the following are equivalent:

(i) Z(ker ®q(f)) = {b' | i € supp f};
(ii) d > [supp f].

Indeed, Corollary 1.2 follows from Theorem 1.1 by the observation that the function
N — K, i+ f(b'), is an exponential sum with support {expy: | i € supp f}. In order to
decompose polynomials in this way, it is essential to have an efficient way of computing
logarithms w.r. t. the element b € K. Those logarithms may be precomputed for specific
choices of b.

1.1.3. Sparse Chebyshev interpolation

In 1995, Lakshman and Saunders [40] proposed the following as a method to compute
Chebyshev decompositions of polynomials. Let F' be a field of characteristic zero. Recall
that the Chebyshev polynomials T; € Z[y] < F[y], ¢ € N, are defined inductively by

TO = 1, T1 =Y, and Ti = 2yTi—1 — Ti_g for 1 > 2.

It follows immediately from the definition that deg(T;) = i. Hence, B := {T; | i € N}
is an F-basis of F[y] and for any d € N, {Ty,..., T4} is an F-basis of F[y].,.

Let b € F be suitably chosen (since char F' = 0 there is a unique embedding of Q into F
and here it is sufficient that b € Q C F with b > 1 as an element of Q), set u; := T;(b) €
F, and let the sequence of linear maps (@4(f))yen be defined by

d
D4(f): Flxlog— F%L > puTe — Pa(f) - (pos---,pa) |
k=0

where P;(f) denotes the matrix

Py(f) = (f(uiJrj) + f(u\j—i\))i;o,...,d—1’

.7:07---7d



i.e., Py(f) is the sum of the d x (d + 1) Hankel matrix

fluwo) - flua—1)  f(ua)
flur) - flua)  fluasr)

Flugor) - flunas) flusa )

and the d x (d + 1) Toeplitz matrix

fluo)  flur)  fluz2) flug—1)  f(uq)
flur)  fluo)  flw) f(ua—2)  flua-1)
Ty(f)=| fluz)  flu)  f(uo) fua-s)  f(ua-2)

fuar) flugs) flugs) - Flu)  fu)
For f = 5%, Ty € Flyl let supp f = {i € N | f; # 0},

THEOREM 1.3 (Lakshman and Saunders, 1995): Let u; € F be as above and let f €
Fly]. Then the following are equivalent:

(1) Z(ker @4(f)) = {wi | i € supp f};
(ii) d > [supp f].

With b suitably chosen, the sequence (u;),cy is injective and hence the support
of f w.r.t. the Chebyshev basis B is determined by the set {u; | i € supp f}. To per-
form the method in practice, analogously to the monomial case one must (pre-)compute
the “Chebyshev logarithms” of b, i.e., the inverse of the mapping i — u; = T;(b) for
appropriate u;. A computational illustration of the method is given in Example 2.18.

The preceding discussion indicates a structural analogy of the results of Prony, Ben-Or
and Tiwari, and Lakshman and Saunders, which we will investigate more closely in the
following.

1.2. Foundation

Motivated by the methods discussed in Section 1.1 and other recent variations and
generalizations of Prony’s method, we introduce a framework that allows to treat these
variants simultaneously and which can be applied in various contexts.

We first fix some notation regarding evaluation maps for polynomials.

DEFINITION 1.4: Let K be a field, n € N, S := KJ[x1,...,%,], and let U C S be a
K-subvector space of S. For X C K™ we set

evy: U — K¥, pr— (P(2))zex>



and call evf]( evaluation map at X on U. Of course, evaluation maps are K-linear. We
set
Iy(X) = kerevys ,

and call I (X) the vanishing space of X on U.
The space U is called X -interpolating if eV)U( is surjective.

Observe that for U = S, Iy(X) = I(X) is the usual vanishing ideal of X. In this
special situation we also set evX := equ( . Note that in general we have

Occasionally we will identify the monomial x* € S with its exponent o € N". Then, for
D C N" we set ev := evis and Ip(X) := Iy(X) where U denotes the K-subvector space
generated by {x* | « € D} in S, and we call D X -interpolating if U is X-interpolating.
In Section 1.3 we will state and prove all results on evaluation maps and their ker-
nels that are relevant here. The zero locus of a set A C S is denoted by Z(A) =
{z e K" | p(x) =0 for all p € A}.

In the following three definitions we introduce the central notion of a Prony structure.
The key point is to provide a general formal setting that captures the essence of Prony’s
method with the aim of laying the foundation for a structural theory. In Definition 1.5
we formulate the crucial properties of a Prony structure without reference to the space
of elements that are to be decomposed. This forms the basis for Definition 1.7 where
the algebraic set X corresponds to the support of a vector.

As usual, for a sequence a = (ay), <y and a property P, we say that a satisfies P even-
tually or that P(ay) holds for all large k if there is an m € N such that for all k£ > m,
ay, satisfies P.

DEFINITION 1.5 (Prony structure, abstract version): Let X C K™ be an algebraic
set.

(a) Let U be a K-subvector space of S = KJxi,...,%,] and let W be an arbitrary
K-vector space. We say that a K-linear map ¢: U — W has a Prony kernel for X
if the following conditions (P;) and (P2) are satisfied:

Z(ker o) = X (Py)

and
() C kerg. (P)
(b) Let (Sq)zen be a sequence of K-subvector spaces of S = K[xi,...,x,] and let

(Wa) gen be a sequence of arbitrary K-vector spaces. We call a sequence

¢ € |[ Homx (Sa, Wa)
deN

a Prony structure for X if for all large d, ¢4 has a Prony kernel for X.



In this case, the number
ind,(X) :=min{c € N | for all d > ¢, ¢4 has a Prony kernel for X'}
is called p-index of X.

The typical situation we consider is that the set X corresponds to the support of a
vector f w.r.t. a basis B of some vector space V. Given such a correspondence, the
kernel of ¢ consists of equations for the support of f. We formalize this in the following
definition.

DEFINITION 1.6: Let F be a field, V be an F-vector space, and B be an F-basis of V.
For feV, f=>7_, fibi with f1,..., f, € F'\ {0} and distinct by,...,b, € B, let

suppg f :=={b1,...,b,} and rankp f :=|suppg f| =7

denote the support of f and rank of f (w.r.t. B), respectively. For a field K, n € N,
and an injective map u: B — K™ let

supp,, f = {u(b1),...,u(b.)}.
We call supp,, f € K" the u-support and its elements the support labels of f.

In many situations we will choose K = F, but for reasons of flexibility we allow
the choice of possibly different fields. Unless mentioned otherwise, we will assume
that F', V, B, K, n, and u are given as in Definition 1.6.

DEFINITION 1.7 (Prony structure): Given the setup of Definition 1.6, we define the
following;:

(a) Let U be a K-subvector space of S = KJxi,...,%,] and let W be an arbitrary
K-vector space. Let f € V. We say that a K-linear map ¢: U — W has a Prony
kernel for f w.r.t. u if ¢ has a Prony kernel for X = supp,, f.

(b) Let (Sq)gzeny be a sequence of K-subvector spaces of S = K[xi,...,x,] and let
(Wa)gen be a sequence of arbitrary K-vector spaces. Let f € V. We call a
sequence ¢ € [[zeny Hompg (Sq, Wq) a Prony structure for f w.r.t. uif ¢ is a Prony
structure for X = supp,, f.

In this case, the number
ind,(f) := ind,(supp, f)
is called p-index of f.

(c) Let (Sq)geny be a sequence of K-subvector spaces of S = K[xy,...,x,] and let
(Wa) e be a sequence of arbitrary K-vector spaces. We call a function

b: V — H HomK(Sd, Wd)
deN

10



a Prony structure on (V, B,u) if for every f € V the sequence &(f) is a Prony
structure for f w.r.t. u.

For f € V we call the &( f)-index of f simply @-index of f and denote it by indg(f).

REMARK 1.8: A key point of a Prony structure ¢ on (V,B,u) is that the idea of
Prony’s method works, i.e. to compute the support of a given f € V w.r.t. the basis B
through a system of polynomial equations. More precisely, one can perform the following
(pseudo-)algorithm:

1. Choose d € N.

2. Determine the linear map ®4(f): Sq — Wy.
3. Compute U :=ker @4(f) C Sy.

4. Compute Z :=Z(U) C K™.

5. Compute u~'[Z] C B.

If d is chosen sufficiently large, then the zero locus Z is the w-support and its pre-
image u~1[Z] is the support of f (and in particular these sets are finite). Note that for
this strategy to work in practice, it is important that the maps @4(f) can be computed
from “standard information” on f (such as evaluations if f is a function), in particular
without prior knowledge of its support; see also Remark 1.10. Computations will usu-
ally be performed with matrices of the linear maps ®4(f). Often computation of the
zero locus as well as a good choice of d turn out to be problematic steps.

In classic situations of Prony’s method the non-zero coefficients of f w.r.t. B can be
computed in an additional step by solving a system of linear equations involving only
standard information; this system is finite since one has already computed the support.

Common options for the sequence (Sg)4cn of subvector spaces of S = K[xq,...,%,]
are Sq = S7,, Sa = Sm,, or Sq = Sc,, where

%::{QGN” } Zajgd},
j=1
Mg ={aeN" | max{o; | j=1,...,n} < d},

and Cg:= {oz e N" ‘ ﬁ(aj +1) < d}.
j=1

Choosing S4 = ST, yields the subvector space of polynomials of total degree at most d.
The choice of Sq = Sy, yields the subvector space of polynomials of mazimal degree
at most d. One motivation for considering these spaces lies in the fact that sometimes
it is possible to reduce statements involving polynomial functions in several variables to
the univariate case using the fact that K[xi,...,x,] = K[x1] ®x -+ @ K|x,]. With
this technique, estimates of the (total) degree of univariate solutions naturally lead

11



to estimates of the maximal degree of solutions in the multivariate case. Examples
include estimates for the degree of polynomials approximating continuous functions in
multivariate versions of the Weierstrafl approximation theorem, see, e.g., Trefethen [67,
Chapter 6]; also proofs of the absolute convergence of Cauchy products of absolutely
convergent sequences can be seen in this light, cf., e. g., Forster [21, § 8, proof of Satz 3].

Choosing Sg = S¢, gives rise to a space of polynomials that is particularly well-suited
for zero-testing and interpolation of polynomials. The earliest use of Cg, the non-negative
orthant of the hyperbolic cross of order d, in the context of Prony-like methods that we
are aware of is in articles by Clausen, Dress, Grabmeier, and Karpinski [8] and by Dress
and Grabmeier [19]. For more recent applications see in particular Sauer [58] and the
recent preprint of Hubert and Singer [27].

Often one sets W; = Sy, Wy = S4_1, or chooses a similar relation between the
sequences (Wy) gy and (Sa)gen-

For the case of total degree we will also use the notation

Scag =57, =x" | ae€ Ty, ev)é(d = ev%, and I<g(X) :=I7,(X).

REMARK 1.9: A framework for the decomposition of sums of characters of commuta-
tive monoids has been proposed by Dress and Grabmeier [19] and derivations for sums of
eigenfunctions (or more generally eigenvectors) of linear operators have been developed
by Grigoriev, Karpinski, and Singer [24] and by Peter and Plonka [46]. We recast these
frameworks in the language of Prony structures in Chapter 3. See Remark 3.8 for an
overview.

While there is considerable overlap with the one we propose, the approaches make
different compromises between generality and effectivity. We aim at a formalization
of the most general situation in which Prony’s strategy still works. Our treatment is
axiomatic rather than the explicit constructions of [19, 24, 46]. While trading in some
directness, this abstraction also allows to stay within the language of linear algebra.
When dealing with applications, a detour through character sums can seem unnatural
(or, as in the Chebyshev decomposition, impossible) given the concrete situation. In this
sense, we also find our framework to be more effectively verifiable.

REMARK 1.10: For f € V|, X :=supp,, f, let @4(f) := ev)<(d. It follows immediately
from the noetherianity of the polynomial ring S that the sequence (P4(f)),e
structure for f, cf. Lemma 1.14. We call @(f) trivial Prony structure for f.

The trivial Prony structure itself is useless for the practical computation of the support
of f: If one is able evaluate @4(f), then one can compute the u-support of f using
Dq(f)(x5) = (bj)pex for d > 1. While this cannot be viewed as a computational shortcut,
trivial Prony structures still provide a possible strategy to construct Prony structures
that may be obtained from the available data, see Corollary 1.16.

Note also that the function

y is a Prony

@: V — [[Homp(S<a, K¥), [ (Pa(f))aen:
deN

12



is in general not a Prony structure on (V, B,u) since the sequences of spaces (Wy) in
Definition 1.7 (¢) cannot depend on f. This holds for Wy = KX = KS"Pu/ only in the
trivial case that V' = {0}.

ExaMPLE 1.11: We reformulate the methods discussed in Section 1.1 in the language
of Prony structures as follows.

(a) Let E := {exp, | b € F} and Exp := (F), be the F-vector space of exponential
sums. Set
u: FE—F, exp, — b = expy(1).

Then w is clearly a bijection. Let @4(f) be defined as in Section 1.1.1 and

&: Exp — H HomF(F[y]Sd,Fd), = (Pa(f))gen-
deN

Then by Theorem 1.1, @ is a Prony structure on (Exp, F,u). Moreover, one has
indg(f) = rankg(f) for every exponential sum f € Exp.

(b) Let M := {y' | i € N} be the F-basis of monomials of F[y]. With b € K > F
chosen as in Section 1.1.2, set

u: M —K, vl —s b
By the choice of b, u is an injection. Let ®@4(f) be defined as in Section 1.1.2 and

é: Fly| — H HOHlF(F[Y]gdaFd)a fr—(@a(f))gen-
deN

Then, by Corollary 1.2, @ is a Prony structure on (F[y|, M,u). Moreover, one has
indg(f) = ranky/(f) for every polynomial f € FJy].

(c) Let F be a field of characteristic zero and C' := {T; | i € N} be the Chebyshev
basis of Fly]. With b € F' chosen as in Section 1.1.3, set

u: C—K, T; — Ty(b).
By the choice of b, u is an injection. Let ®@4(f) be defined as in Section 1.1.3 and

&:  Fly] — [[ Homp(Flyl<g, FY),  f— (@a(f))gen:
deN

Then, by Theorem 1.3, @ is a Prony structure on (F[y],C,u). Moreover, one has
indg(f) = ranke(f) for every polynomial f € Fly].

In each of these cases, this provides a means to compute the support w.r.t. to the
respective basis under the assumption that an upper bound d = d; € N of the rank of f
is known. Further generalizations and variants will be discussed in Chapters 2 and 3
(see also Peter and Plonka [46], Kunis, Peter, Romer, and von der Ohe [38], Sauer [57],
and Mourrain [45]).
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REMARK 1.12: One might be tempted to remove the technical condition (P2) from
Definition 1.5 (a). For the sake of discussion we say that ¢: U — W has a quasi Prony
kernel for X C K™ if ¢ satisfies condition (P;) of Definition 1.5 (a), and define quasi
Prony structures for X C K™ respectively for f € V in the nearby way. We observe the
following;:

(a) All practically relevant examples of quasi Prony structures that we are aware of
are indeed Prony structures.

(b) One of the main reasons why we include condition (P2) in the definition of Prony
structures is that the analogues of several of our statements on Prony structures
do not hold or are not known to hold for quasi Prony structures; see, for example,
Theorem 1.18 and Corollary 4.14.

(c) An “artificial” example of a quasi Prony structure that is not a Prony structure:
Let U := K[x|oy, W = K[x]y, and ¢: U — W the linear map with ¢(1) = 1,
o(x) = x, and p(x2) = 0. Then ker p = (x2);r C K|x], so Z(ker ) = Z(x?) = {0}.
Hence we see that ¢ has a quasi Prony kernel for the exponential f := exp,. Since
x € I7(0) \ ker ¢, ¢ does not have a Prony kernel for X.

REMARK 1.13:  (a) The generalization of Prony’s problem to polynomial-exponen-
tial sums (i. e., sums of functions a — p(«a) expy(a) with polynomials p), also known
as “multiplicity case”, can be found in the univariate case in Henrici [25, Theo-
rem 7.2 c|. Further developments such as a characterization of sequences that allow
interpolation by polynomial-exponential sums have been obtained by Sidi [62] and
a variant based on an associated generalized eigenvalue problem is given in Lee [41],
see also Peter and Plonka [46, Theorem 2.4] and Stampfer and Plonka [63]. For gen-
eralizations of many of these results to the multivariate setting see Mourrain [45].
It would be interesting to extend the notion of Prony structures to also include
these cases. We leave this for future work. See also Remark 3.7.

(b) In general, if p: U — W has a Prony kernel for X C K™ and K is algebraically
closed, then we have rad((ker ¢)) = I(Z(ker ¢)) = I(X) by Hilbert’s Nullstellensatz.
It is an interesting problem whether always or under which conditions the ideal
(ker @) is already a radical ideal. We return to this question in Section 1.3 where
we provide partial answers also over not necessarily algebraically closed fields.

1.3. Prony structures and the evaluation map

In this section we first recall some well-known properties of evaluation maps on vector
spaces of polynomials and their kernels. Since they are the vector spaces of polynomials
vanishing on a set X C K™, these kernels play a crucial role in the theory and application
of Prony structures. This will be made precise in Theorem 1.18 and its Corollary 1.19.

After providing these essential facts, we study ideal-theoretic issues related to evalu-
ation maps. Inspired by a theorem we learned from H.M. Moller [44], we introduce a
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condition that allows a characterization of the surjectivity of evaluation maps, cf. Corol-
lary 1.28. We are very grateful toward H. M. Moéller for several inspiring discussions
related to these results. Consequences of these results for Prony structures are summa-
rized in Corollary 1.32.

LEMMA 1.14: Let X C K™ be an arbitrary subset. Then there is a d € N with
(I<q(X)) =1(X). For finite X this implies Z(I<q(X)) = X.

Proof: This follows immediately from the fact that S = K[xq,...,%;,] is noetherian
and thus I(X) is finitely generated. If X is finite, then it is Zariski closed. q.e.d.

The following is a “quantitative” version of Lemma 1.14. The arguments are well-
known, see, e. g., Kunis, Peter, Rémer, and von der Ohe [38, proof of Theorem 3.1].

PROPOSITION 1.15:  (a) Let X C K™ be finite. With d :=|X| we have
(I<a(X)) = I(X).

(b) Let K be an infinite field. Then for every d € N there is an X C K" with
| X| =d+ 1 such that (I<q(X)) G I(X).

COROLLARY 1.16: Let X C K™ be finite. Then for any K-vector space W and in-
jective K-linear map i: KX — W one has I<4(X) = ker(i o ev)s(d). In particular,
Z(ker(i o ev)é(d)) = X for all large d. The following diagram illustrates the situation.

X
eVid
Sgd — KX
}-
ioevi(d
N w

Proof: The first statement clearly holds. Together with Lemma 1.14 this implies the
second one. q.e.d.

The following result on polynomial interpolation is well-known and is, in slightly
generalized form, also part of von der Ohe [68, Lemma 2.12].

LEMMA 1.17: Let X C K" be finite. If d € N and d > | X|—1 then ev)g(d is surjective.

Proof: Tt is easy to see that given x € X, there is a polynomial p € S of degree | X|—1
such that p(z) =1 and p(y) =0 for y € X \ {z} (see, e.g., the proof of Cox, Little, and
O’Shea [11, Chapter 5, § 3, Proposition 7]). By linearity this concludes the proof. q.e.d.

As usual, we call a sequence (Sg) oy of K-subvector spaces of S = K[x1,...,%,]| a
filtration on S if Sq C S441 for all d € N. A filtration (Sg),cy on S is called exhaustive
if Ugen Sa = S.

We obtain the following characterization of Prony structures.
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THEOREM 1.18: Let X C K" be an algebraic set. Let (W), be a sequence of K-
vector spaces and (Sq) gen be an exhaustive filtration on S. Let ¢ € []gey Homp (Sg, Wy).
Then the following are equivalent:

(i) ¢ is a Prony structure for X ;

(ii) For all large d there is an injective K-linear map ng: K~ < Wy such that the

diagram
Sy bd Wy
i Nd
evg(d J
KX

is commutative;

(ili) For all large d one has ker pg = Ig,(X).

Proof: (i) = (ii): By Definition 1.4 and since ¢ is a Prony structure for X, for all
large d we have

kerevfg(d =Ig,(X) C ker ¢q4.

Since (Sg) ey 18 an exhaustive filtration on S, we have S x| C Sy for all large d. Then

evfg(d is surjective by Lemma 1.17. Together, these facts imply the existence of K-linear

maps 7gq such that the required diagrams are commutative.
It remains to show that ny is injective for all large d. Let ¢ € N be such that for all
d > ¢ we have that

Z(ker pg) = X, evgd is surjective, and 7, exists.

Let v € kerny. By the surjectivity of eviq(d we have eviq(d (p) = v for some p € Sy. Then
wi(p) = nd(eviq(d (p)) = na(v) = 0. Thus, and since X is Zariski closed, we have

p € ker pg C I(Z(ker ) = I(X) = kerev™™ .

Hence, v = evX(p) = 0. Thus, 74 is injective.
(ii) = (iii): Since 74 exists and is injective (for all large d), we have

ker ¢4 = ker(ng o evfg(d) = ker eviq(d =Ig,(X).
(iii) = (i): Since (Sg)4ey is exhaustive, by Lemma 1.14 for all large d we have
Z(ker ) = (15, (X)) = Z(1(X)) = X.

Condition (P2) in Definition 1.5 (a) is obviously satisfied. q.e.d.
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For the decomposition of functions one applies Theorem 1.18 to the zero-dimensional
set X :=supp,, f foran f € V. Theorem 1.18 intuitively states that to construct a “com-
putable” Prony structure for a given f is to find K-linear embeddings n4: KPP« f — Wy
into K-vector spaces Wy such that (matrices of) the compositions

Dy(f) ==na oevsgjipp“f: Sqg — Wy

can be computed from standard data of f.

In that setting, the following variation of Theorem 1.18 for generating subsets is useful
when it is not a priori clear that B is linearly independent. Then the existence of a
structure that satisfies variants of the conditions in Theorem 1.18 implies that B is a
basis of V' and that & is a Prony structure.

COROLLARY 1.19: Let B be a generating subset of the F-vector space V and u: B —
K™ be injective. Let (Sq) ey and (Waq) ey be as in Theorem 1.18 and

P V— H HOHIK(Sd, Wd).
deN

Then the following are equivalent:
(i) B is a basis of V and @ is a Prony structure on (V, B, u).

(i) For all f € V, if M C B is a finite subset and f, € F'\ {0} with f = > ycpr fob,
then for all large d there is an injective K -linear map ng: K"™M < Wy such that
the diagram

S, D4(f) W,
eviM] e
¢ KulM]

is commutative;

(ili) For all f € V, if M C B is a finite subset and f, € F'\ {0} with f = > ycr b,
then for all large d one has ker @4(f) = Ig,(u[M]).

Proof: (i) = (ii) and (i) = (iii): This is part of Theorem 1.18.

(ii) = (iii): As in Theorem 1.18.

(iii) = (i): By Theorem 1.18 it is sufficient to show that B is linearly independent.
Let by,...,b. € B be pairwise distinct and fi,..., fr € F such that fib;+---+ f.b, = 0.
Suppose that f; # 0. By hypothesis, for all large d we have ker @4(f1b1 + -+ + fib,) =
ker @4(0) = Ig,(#) = Sq. On the other hand, since f; # 0, ker @4(f1b1 + - + frby) C
Is,({u(b1)}) G Sy for all large d, a contradiction. Thus f; = 0 and B is linearly
independent. q.e.d.

Theorem 1.18 and Corollary 1.19 establish a close link between Prony structures and
evaluation maps. Therefore carefully studying these maps can reveal joint properties of
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Prony structures. In the rest of the section we study ideal-theoretic issues related to the
questions raised in Remark 1.13 (b).

In the following we do not distinguish between ov € N and the monomial x* € Mon(S).
For general facts about initial ideals and Grébner bases see, e. g., the textbooks of Cox,
Little, and O’Shea [11] or Kreuzer and Robbiano [34, 35].

REMARK 1.20: Let X C K™ be finite. A direct consequence of Proposition 1.15 (a)
is that for all d > | X| the vanishing spaces I<4(X) generate the same radical ideal in S
(namely, I(X)).

We record an immediate consequence for Prony structures in the following corollary.

COROLLARY 1.21: Given the setup of Definition 1.7, let (Sg)ycn be an exhaustive
filtration on S and ¢ be a Prony structure for f € V.. Then for all large d

(ker ¢4) = I(supp,, f).

In particular, for all large d, (ker p4) is a radical ideal in S.

Proof: Let X := supp, f and r := rankp f = |X|. By hypothesis there is a d € N
with S<, C 54, hence by Theorem 1.18 we have ker ¢q = Ig,(X) D I<,(X). Since also
Sq C S<¢ for an e € N, we have

I(X) = (I« (X)) € (Is,(X)) € (Ts. (X)) S I(X).
This concludes the proof. q.e.d.

Observe that for D C N”, the ideal (Ip(X)) is not a radical ideal in general. This is
shown already by the example n = 1, X = {0}, D = {x}}, where (Ip(X)) = (x}).

On the other hand, in the total degree setting where d = | X| — 1 is sufficient for the
evaluation map evZ, to be surjective for a given X C K", evX, can be surjective also
for d < |X| — 1. Furthermore, it is also possible that I4(X) generates a radical ideal
for small d. The following simple example exhibits both of these behaviors.

ExXAMPLE 1.22: Let
X :={(0,0),(1,0),(0,1)} € K*.

One can see immediately that ev; is bijective by considering its matrix

teTi

— = =
O = O
= o O

Therefore, evZ, is surjective and I<1(X) = ker ev)S(1 = {0}. So (I<:( is the zero ideal

X))

of S, which is prime and thus radical (and of course not equal to I(X)).

Since |X| = 3, ev)g(2 is surjective by Lemma 1.17. Hence dimg I<2(X) = |T2| =3 =3
and it is easy to see that

ISQ(X) = <X1(X1 — 1),X2(X2 — 1),X1X2>K.

In fact, a computation shows that the vanishing ideal I(X) of X is generated by I<o(X).
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We consider special situations and prove results related to Corollary 1.21 and Exam-
ple 1.22.
For a monomial order < on Mon(.S) and an ideal I of S we denote by

N<(I) :=Mon(S) \ in< (1)

the normal set of I. If there seems to be no danger of confusion, we omit the mono-
mial order from the notation and write, e.g., in(/) and N(I) for in.(I) and N.(I),
respectively.

For example, for I = I(X) with X C K? as in Example 1.22, one has

in(I) = (x3,x1x2,x3) and thus N(I) = {1,x,x2}
for the degree reverse lexicographic order <.

LEMMA 1.23: Let < be a monomial order on Mon(S), X C K" be finite and I :=
I(X). Then the following holds:

(a) evﬁ(l): Snery = KX is bijective. In particular, |N(I)| = |X|.
(b) Let D C Mon(S) be such that evy: Sp — KX is surjective. Then there is a
C C Mon(S) with the following properties:
(1) CCD.
(2) evE: Sc — KX is bijective. In particular, |C| = |X| = [N(I)|.
(3) For allt € D\ C we have evy(t) € (evi(s) | s € C and s < t)y.

Proof:  (a) It is a standard fact that Sy = S/I = KX, see, for example, Cox,
Little, and O’Shea [11, Chapter 5, §3, Proposition 4]. Let p € ker(evﬁ(l)) and
suppose that p # 0. Then inp € in(I) NN(I) = 0, a contradiction. Thus, evﬁ( 1 s
injective and hence an isomorphism.

(b) Note that necessarily |D| > |X|. We prove the assertion by induction on k =
|ID| — |X| € N. If k£ = 0, then |D| = |X|. So ev} is bijective and C = D works
trivially.

Let k > 1. Then |D| > |X| and the elements ev(t), t € D, are linearly dependent
in KX. Hence there are \; € K with > ,cp Arevy(t) = 0 and A # 0 for at least
onet € D. Let

tg := max<{t eD ‘ At 7é 0} and Dy := D \ {to}.

Clearly, evyy : Sp, — K is surjective and |Di| — |X| = k — 1. By induction
hypothesis there is a C; C D; such that ev)c(1 : S¢, — KX is bijective and

evpy, () € (ev(, (s) | s € C1, s <t)p forallt € Dy \ Cy.
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Clearly, Cy € D. We claim that C' := (] fulfills the assertion also for D. It remains
to show statement (3) for ¢ = to. For thislet U := (ev3(s) | s € O, s < tg) . From
the linear dependency above it follows that

evp(to) = D msevp,(s) =D psevi(s)+ D psevp, (s) with pg € K.
s€Dq seC seD1\C

Trivially D co s evé{(s) € U since by the choice of ¢y we have s < ty for all s € D
with ps # 0. Also by the choice of ¢y and the induction hypothesis mentioned above
we have 3 cp ¢ Hs evp, (s) € U. Thus we have evy(tg) € U. This concludes the
proof. q.e.d.

REMARK 1.24: Let the notation be as in Lemma 1.23 (b) and evy, surjective. There
are the following interesting questions:

(Q1) Under which conditions do we have N(I) C D?
(Q2) Under which conditions does C' = N([) satisfy (1), (2), and (3) in Lemma 1.23 (b)?

Of course, C' = N(I) implies that N(I) C D. A simple example that shows N(I) C D
does not hold in general is given by n =1, X = {1} C K, D = {x;} € Mon(S).

DEFINITION 1.25: Let < be a monomial order on Mon(S) and D C Mon(S) be an
order ideal w.r.t. divisibility. We call D distinguished (w.r.t. <) if for all ¢ € D and
s € Mon(S) \ D we have t < s.

For an arbitrary non-empty order ideal D C Mon(S) we define

d(D):=(x1DU---Ux,D)\ D.

We also set
o(0) == {1}.
Usually, 9(D) is called the border of D.

ExXAaMPLE 1.26: Our standard examples of distinguished order ideals and a counterex-
ample are the following.

(a) Let d € N. Then
D=Tg={aeN"| a4+ +a, <d}

is a distinguished order ideal w.r.t. <gegreviex (Or any other degree compatible
monomial order).

(b) Choose any w € (N'\ {0})", let

n
deg,, (x%) := Z wja
j=1
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and define a monomial order <,, by letting x* <,, x? if deg,, (x®) <, deg,, (x?) or
deg,, (x*) = deg,, (x”) and x* <o, x7. Let d € N and

D :={a e N" | deg,(x%) < d}.
Then D is a distinguished order ideal w.r.t. <.

(c) Clearly, for any n € N,
D:=Myz={aeN" | max{ay,...,an} < d}

is an order ideal. For n > 2 and d > 1, there is no monomial order < on Mon(S)
such that D is a distinguished order ideal w.r.t. <. Indeed, if xo > xy, then
D > xox¢ > xix§ = xcllel ¢ D.

LEMMA 1.27: Let < be a monomial order on Mon(S), X C K™ be finite and D C
Mon(S) be a distinguished order ideal w. r.t. < such that evy is surjective. Let I :=1(X)
and C C D be as in Lemma 1.23 (b). For t € Mon(S) let p, € Sc be the uniquely
determined polynomial such that ev(p:) = evX(t) and set ¢ := t — p;. Then the

following holds:
(a) Fort € Mon(S) we have ¢; € I.
(

b) Fort € Mon(S) \ C we have suppp; C {s € C' | s < t}.

(
(d) For p e I\ {0} we have suppp € C, i.e. p ¢ Sc.
(e

Here, suppp denotes the support of p w. r.t. the monomial basis of S.

)
)
¢) Fort € Mon(S) \ C we have ing; = t.
)
)

We have C = N(I).

Proof:  (a) This is an immediate consequence of the definition, since I = ker(ev’).
(b) If t € D\ C then there are us € K such that
evy(t) = Z fhs eve (s) = evé(( Z ,uss).
seC,s<t seC,s<t

Hence p; = 50 s<t M55, and clearly supp(p;) € {s € C' | s < t}. Ift € Mon(S)\D
then ¢ > s for all s € D since D is a distinguished order ideal. In particular, we

see also in this case that supp(p;) C C = {s € C | s < t}, finishing the proof of
the claim.

(¢) This is an immediate consequence of part (b).

(d) Suppose that supp(p) C C. Then p € Io(X) = ker(evy ) = {0}, a contradiction.
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(e) If t € Mon(S) \ C then ¢t = in(q;) € in(I) by part (c). Thus N(I) C C and since
IN(I)| = |X| = |C], we have N(I) = C. q.e.d.

COROLLARY 1.28: Let < be a monomial order on Mon(S), X C K" be finite, I :=
I[(X), and D C Mon(S) be a distinguished order ideal w.r.t. <. Then the following are
equivalent:

(i) evy is surjective;

(i) N(I) C D.

Proof: (i) = (ii): Let t € N(I) and let C' C D be as in Lemma 1.23 (b). Then we have
N(I) = C by Lemma 1.27 (e) and thus N(I) C D.

(ii) = (i): By Lemma 1.23 (a), evﬁm is bijective, and since N(I) C D, evy is surjec-
tive. q.e.d.

The special case of the next theorem for a degree compatible monomial order < and
D =73 can already be found in [68, Theorem 2.48].

THEOREM 1.29 (Moéller): Let < be a monomial order on Mon(S), X C K™ finite,
and D a distinguished order ideal w. r.t. < such that evg is surjective. Then there is a

Gréobner basis G of I(X) such that
G € Spus(py and |G| = |D|+[0(D)| — | X].

Proof: Let I := I(X) and let C = N(I) C D, p € Sc, and ¢4 = t — p; be as in
Lemma 1.27.
Define
G:={¢s | se DUI(D)\C} I

We show that G is a Grobner basis of 1. Set J := (in(G))g. It suffices to show that
J =1in(I). Tt is clear that J C in(I). The reverse inclusion is certainly true if X = (),
since then

I=(1)=in({),C=0,1€ DUJ(D), and 1 =in(q1) € in(G).

Thus let w.1.0.g. X # (. Assume that in(1) ¢ J. Then there is a monomial s € in(I)\J.
Let ¢ be a minimal monomial generator of in(I) with ¢ | s. Since ¢ € in(I) we have
t¢ N(I)=C.

Case 1: t € D. Then ¢ € G and t = in(¢q;) € in(G), hence s € (in(GQ)) = J, a
contradiction.

Case 2: t ¢ D. Since X # () we have t # 1, so thereisa j € {1,...,n} such that x; | ¢.
Let ¢ := t/x;. Since ¢ is a minimal generator of in(I), we have ¢ ¢ in(I), so t € C C D.
Hence, t = x;t € (x;D)\ D C 9(D) C in(G). Thus we obtain that s € (in(G)) = J,
again a contradiction.

Thus we have in(I) C J and G is a Grobner basis of I. By Lemma 1.27 it is clear
that |G| = |[DUA(D)\ C| = |D|+19(D)| — | X|. Moreover, for t € DUJ(D)\ C we have
supp(q:) = {t} Usupp(pr) C {t}U{s € C | s <t} C DUAI(D), i.e., ¢ € Spua(p), which
concludes the proof. q.e.d.
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Note that in Theorem 1.29, in general G contains a border prebasis induced by 9(D).
In particular, if the distinguished order ideal D equals N(I), then G is a border basis
of I. See, e.g., Kreuzer and Robbiano [35, Section 6.4] for further details related to the
theory of border bases.

ExaMPLE 1.30: Let w € (N\ {0})" and deg,, and the monomial order <,, be defined
as in Example 1.26 (b). Let D := {a € N" | deg,,(x*) < d}. Then for any X C K™ such
that evy is surjective, by Theorem 1.29 there is a Grébner basis G (w.r.t. <) of I[(X)
of cardinality [D|+ [9(D)| — |X| contained in Spua(py-

For a simple concrete example over any field K of characteristic # 2, let

w:=(1,2),
X :={(0,0),(1,0),(-1,0),(0,1)} € K>

and
D= {1,X,y,x2} = {x% | deg, (x*) < 2}.

Then evyy: Sp — KX = K* is surjective as can easily be seen from its matrix

1 000
R R
1 010

Since by Example 1.26 (b), D is a distinguished order ideal w.r.t. <,, for the weight
w = (1,2), Theorem 1.29 implies that there is a Grobner basis G (w.r.t. <) of I(X)
with G C Spug(p)- Note that

D U 8(D) = {17 X7 y? X27 XY7 X37 X2Y7 y2} ; 737
so in particular, this statement cannot be obtained by specializing Theorem 1.29 to the

total degree situation.

We list two immediate consequences of Theorem 1.29 in the following corollary. We
state the special case of the total degree part (b) separately; it is also included in [68,
Theorem 2.48].

COROLLARY 1.31: (a) With notation and assumptions as in Theorem 1.29, the ideal
generated by Ipuppy(X) is a radical ideal in S.

(b) If ev)g(d is surjective, then the ideal generated by l<gy1(X) is a radical ideal in S.

We have the following implications for Prony structures.

COROLLARY 1.32: Given the setup of Definition 1.7, let ¢ be a Prony structure for f €

V w.r.t.u. Letd € N be such that ker o4 = Lg,(supp,, f). If there is a distinguished order

ideal D (w. r. t. some monomial order < on Mon(S)) such that evy,™"" T s surjective and

DuUJ(D) C Sy then
(ker ga) = I(X).

In particular, (ker pq) is a radical ideal in S.
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1.4. Maps between Prony structures

In this section we define structure preserving maps between Prony structures. This gives
rise to a category of Prony structures.

We then show a principle to transfer given Prony structures to other vector spaces.
In Chapter 2 we will see that many known constructions of Prony structures arise as
applications of the transfer principle.

For reasons of brevity, whenever we say that @ is a Prony structure, we mean that &
is a Prony structure on (V, B,u) where V is an F-vector space with F-basis B and
u: B — K" is an injection. Similarly, when P is a Prony structure, then this means
that @ is a Prony structure on (V B ,u) for an F-vector space V with F-basis B and an
injection @: B — (f(/)"

The following is a natural definition of structure preserving maps between Prony
structures.

DEFINITION 1.33: Let @ and @ be Prony structures and let
e 1: ' — F be a field homomorphism (turning V into an F-vector space),
e p:V — V be an F-vector space homomorphism, and
e u: B[V] — B[V] be a function, where V] = {(@a(f)gen | fEV]

Then 9 := (¢, p, p) is called map of Prony structures from @ to @, abbreviated as Prony
map in the following, and written ¢ : & — @, if the inclusion

elB] < [J®)

beB

holds and the following diagram is commutative.

<

oV]

2<—<}
=

2, V]

REMARK 1.34: (a) The definition of Prony map given here is slightly more general
than the one in [39] where the inclusion “@[B] C B” is part of the definition. The
general version follows the philosophy that Prony structures see only the support of
a vector and beyond this are oblivious of the coefficients. This allows in particular
to see the transfer principle below in terms of Prony maps.

(b) Under a similar name certain moment maps are considered in Batenkov and
Yomdin [4]. These are not related to our Prony maps.
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(¢) One might expect a map between (subsets of) K™ and (K)" (that is compatible
with the other data) to play a role in the definition of Prony map. However,
such a function is implicitly defined by a Prony map ¢ = (Lo p): @ — ®. Set
h: U3€B< )\ {0} — B, Ab — b. Since u is injective, there is a functlon

op: ulB] — a[B], L+ (@Wohop)(u V),

that maps elements of u[B] € K™ to elements of [B] C (K)fﬁ In other words, the
following diagram is commutative.

B —*— U; 500\ {0} —— B

[ e

u[B] = alB)

Clearly, oy is injective if and only if ¢ is injective.
DEFINITION 1.35: Let P = (O, Hom,id, o) be defined as follows.

e O :={® | ¢ Prony structure} is the class of all Prony structures.

e For 45,55 €0,
Hom(®,®) := {4 | ¢»: & — & Prony map}

is the set of all Prony maps from & to P.

e For @ € O, let
idqs = (idF,idv,id@[v]).

o For &,8,% € O, ¢ = (1,9, 1) € Hom(®,d), and v = (7, §, i) € Hom (P, ®), let

Potp:=((tor), (poyp), (fon).

It is straightforward to show that P is a category (cf., e.g., the classic textbooks by
Mac Lane [42] or Addmek, Herrlich, and Strecker [1] for the basic notions). We call P
the category of Prony structures.

In the following we single out a basic but useful transfer principle for Prony structures
that will be applied repeatedly in Chapter 2.

LEMMA 1.36 (Transfer principle): Let V, V be vector spaces over F' resp. F with F-
resp. F-bases B, B, respectively, and let u: B — K" and u: B — K™ be injective. Let
p: V= 1% (not necessarily linear) and for every f € V let

supp,, f = supp;(o(f))-
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Then every Prony structure & on (‘7, B, w) induces a Prony structure @*(5) on (V, B, u)
with N N
© (P)y(f) = Palee(f))

for f €V and d € N. The following commutative diagram illustrates the situation.

Vv Ld Vv
() Lﬁ
[Taen Hom z(S4, Wa)

Moreover, if ¢ is linear, then 1 = (1,0, 1) € Hom (p*(®), ®), where pu: o*(@)[V] —
V], " (P)(f) = D(e(f))-

Proof: By the hypotheses, for f € V and all large d we have

supp, f = supp; ((f)) = Z(ker da(¢(f))) = Z(ker o*(®),(f))

and
I, (supp, f) = I3 (supp(9(f))) C ker(Pa(o(f))) = ker(9*(2)4(f))-

This shows that @ is a Prony structure on (V, B, u).
Let ¢ be F-linear. By the hypothesis, for b € B we have

suppy (0 (b)) = supp,, b = {u(b)},

hence rankz((b)) = [suppz(p(b))| = 1, and thus () € (b) \ {0} for some b € B.
The required diagram for p is commutative by the definition of u. This concludes the
proof. q.e.d.
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2. Applications of Prony structures

In this chapter we discuss several examples and applications of Prony structures.

In Section 2.1 we introduce a generalized notion of exponentials that contains the
ordinary exponentials and also “Chebyshev exponentials”. It admits a natural Prony
structure that specializes to the Hankel, Toeplitz, and Hankel-plus-Toeplitz structures
for sums of (Chebyshev) exponentials and allows to treat Prony structures for these
types of functions in a unified way.

Corresponding Prony structures for sparse polynomial interpolation w.r.t. the mono-
mial and the Chebyshev bases are obtained in Section 2.2 as an application of the results
of Section 2.1 and the transfer principle from Chapter 1.

A reconstruction method for multivariate Gauflian sums was recently proposed by
Peter, Plonka, and Schaback [47]. In Section 2.3 we recast this result in the context of
Prony structures as an application of the transfer principle.

2.1. Prony structures for t-exponentials

Multivariate generalizations are among the main directions of recent research on Prony’s
method, see Potts and Tasche [53], Kunis, Peter, Romer, and von der Ohe [38], Sauer [57,
58], Diederichs and Iske [17, 18], Cuyt and Lee [14], Mourrain [45], and Hubert and
Singer [27], among others. For the basis of exponentials, multivariate versions based on
either Hankel-like or Toeplitz-like matrices have been studied previously, also in [38, 68].
Since for the Toeplitz case one needs evaluations also at negative arguments, one must
either restrict the discussion to a class of exponentials which allows these evaluations,
or one has to distinguish two different variants of exponentials. The first one has only
non-negative arguments and no constraints on the bases in K™. The second variant is
defined also for negative (integer) arguments under the constraint that the bases lie on
the algebraic torus (K \ {0})". Observe that it is not possible to define Toeplitz versions
of Prony’s method for the first variant. This is a technical difficulty that any unification
of these methods must cope with.

Moreover, the framework of t-exponentials we introduce in this section also suggests
Prony structures for exponential sums w.r.t. a vector space basis derived from Cheby-
shev polynomials. This will later be used to recast the Lakshman-Saunders method as
a simple application of the transfer principle, cf. Section 2.2.2.

Unless stated otherwise, F' will always be a field and K will be a field extension of F'.

DEFINITION 2.1: Let A be aset and t = (ta),c4 € Fly1 .. N4 We call b e K™
t-admissible if t,(b) € K is defined for all « € A. For a t-admissible b € K™ let

gxpl: A— K, a — to(b).
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We call the functions gxp! t-exponentials.
We call a subset Y C K™ t-admissible if every b € Y is t-admissible. For a t-admissible
subset Y C K™ let
By = {gxp, | be Y}

and
GXP%/(F) = (By)p-

We call the elements of Gxp} (F) t-exponential sums (with bases in Y).

Before giving examples, we state and prove the following simple lemma.

LEMMA 2.2: Let A be a set and t = (ta)aeA € F[Ylﬂa ‘e ayrjfl]A be such that for all
j=1,...,n we have that

yjE({ta la€A)p or 1/y;€(ta| acA)p.
Let Y C K™ be t-admissible. Then
ul: Bl — K", gxp}, — b,
is well-defined and injective.

Proof: Let b,c € Y be such that gxp} = gxpt. We show that b =c. Let j € {1,...,n}.
Case 1: y; € (ta | @ € A)p. Then there are p, € F, almost all zero, with y; =
Y aeAPata. Hence we have

bj = Y Pata(b) = Y pagxpy(a) = Y pagxpi(a) = Y pata(c) = ¢;.

acA acA acA acA
Thus b =c.
Case 2: 1/y; € (to | a € A) . Analogously to Case 1 one shows 1/b; = 1/c;.
Hence u! is a function. It is clear that u!- is injective. q.e.d.

The following Example 2.3 provides the fundamental examples of t-exponentials.
Part (a) generalizes the univariate case in Example 1.11 (a). See also [68, p. 12].

In part (b) we introduce the new notion of Chebyshev exponentials.

Part (c) is a variation of part (a) where all bases are restricted to lie on the al-
gebraic torus (K \ {0})". See also [68, pp. 38f.]. This allows also for non-negative
arguments, i.e., the exponentials are functions on the domain Z™. As a consequence it
is possible to define not only sequences of Hankel-like but also of Toeplitz-like matrices
associated to an exponential sum (with domain Z").

EXAMPLE 2.3: (a) Let A := N" and set t, := y* = y{'---y? for @ € A. Then
every b € K" is t-admissible for ¢ = (t4),c 4. For b € K™ we have

gxpy: N'— K, o — b%,
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i.e., gxp} is the usual n-variate exponential with base b, which we denote also
by expy,.
As in [68], for Y C K™ we also write

Expy (F) := Gxpy (F) = (By)p
and call the elements of Expy-(F) (n-variate) exponential sums (with domain N™).

Let A:= N and F be a field of characteristic zero. For i € A let T; € Z[y] < Fy]
denote the i-th Chebyshev polynomial, defined inductively by

TQ = 1, T1 =Y, and Ti = 2yTi—1 — Ti_g for 1 > 2.

Let t = (T;);c 4 denote the sequence of Chebyshev polynomials,
Let K be a field extension of F. Every b € K is t-admissible. For b € K™ let

txp, = gxpy: A — K, i — T;(b).

We call txp, Chebyshev exponential with base b.

For Y C K™ we also write
Txpy (F) = Gxpy (F) = (By)p
and call the elements of Txpy (F') Chebyshev exponential sums.

Let A:=7Z" and to :=y* = yi" ---yp» for a € A. For t = (ta),c 4, the set of all
t-admissible elements is the algebraic torus (K \ {0})". For b € (K'\ {0})" we have

gxpy: 7" — K, o — b%,

i.e., gxp} is the usual n-variate exponential with base b and domain Z", which we
denote also by expy ;.

As in [68], for Y C (K \ {0})" we also write
Expy y (F) := Gxpy (F) = (By)p

and call the elements of Expy, y (F) (n-variate) exponential sums (with domain Z™).

REMARK 2.4: Observe that considered merely as vector spaces, the spaces Expi-(F)
and Txpy (F') are identical. However, here we consider them equipped with the bases
of exponentials and Chebyshev exponentials, respectively, and provide the notation to
keep track of this distinction.

For the rest of the section we assume that (t4),c4 is a family of linearly indepen-
dent elements of F[ylil, ..., ¥ such that vj E{ta|a€A)pforallj=1,...,n. In
particular, uy : By — K™ is a well-defined injection according to Lemma 2.2.
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DEFINITION 2.5: Let A be a subset of Z™. For o € A let t, € F[ylil, o,y and let
ta € Flyi,...,y,] for « € ANN". In this context, for Z C AN N" we write

St={ta | 0 €L)p < Fly1,..., ¥,

Let Y C K" be t-admissible for ¢ := (t5),c4- For b€ Y and X' = (0q,...,0,) € A" we
write

b= (tg, (), ... te, (b)) € K"

and for M CY
My :={Xb|be M} C K"

Let Z,7 € ANN" For f = S ycns fogxph € Gxph (F) with fixed finite M C Y and
fo € F\ {0} we set

.
L (f) = (evyz) oxpoevi: Sz — (S7)%,
where ¢ : KM (KME)* denotes the K-linear map that maps u, to fyusy™® for b € M.

PROPOSITION 2.6: In the notation of Definition 2.5, the matrixz of @g(f) w. r. t. the
bases {tg | B € T} of Sz and {to* | « € I} of (S7)" is

(3 fomp}(8) gxplon() oo

beM peg

Proof: For p € J we have
+
M
& (tg) = (GVI 2) o s oeviy(tg)

= (evé/fz)—r o %f(z tg(b)llb)

beM
-
= > t5(0) - (ev1') o 5ep(w)
beM
-
= > fits®) - (ev7”) (usy”)
beM
Z fota(b) - (usp” oeVI )
beM
= > fogxph(B) - (ump* o evy'™®).

beM

It is also easy to see that for b € M we have

% Ms;
ugp ©€vg Z gxp'y(a )
a€cl

i.e., the coordinate vector of the linear form uy;* o ev%/lz € (S7)" w.r.t. {t,* | a €T}
is (gxp’y(@))aez- The claimed formula follows. q.e.d.
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REMARK 2.7: Proposition 2.6 allows to compute @g(f) under the assumption that
one has an expression of the products

gxpp(a) - gxpsy(B)

for b €Y, a € T and 8 € J, as a linear combination of evaluations of gxpi. For
applications see the following example.

EXAMPLE 2.8: (a) As in Example 2.3 (a), let A := N and t, = y* = y{* -y
for « € A. Then for b € K™ and «, 5 € A we have

expy(a) - expy,(B) = expy(a + B),

hence by Proposition 2.6 with 0; = u; € N” for j = 1,...,n, the matrix of sﬁg(f)
is the Hankel-like matrix

HY (f) == (f(B+ a))acez.

BeJ

(b) As in Example 2.3 (b), let char ¥ = 0, A := N, and t; = T; for i € A. It is
well-known that for i, 7 € A one has

1
ti-t; = §(ti+j + ti—j))
and thus for b € K™
. . 1 o .
txpy (1) - txpy(j) = §(tpr(j + 1) + txpy (|7 — Z’))-

Hence by Proposition 2.6, the matrix of @g(f) is
1 o o
P () = 5(FG+ 0+ (5 =) ez
JjeJ

Of course, the map 2 - @g has a Prony kernel if and only if @g does so. Thus for
our purposes the factor 1/2 in the above formula can safely be removed.

(c) As in Example 2.3 (c), let A :=Z" and t, = y* = y{'---y% for « € A. As in
part (a), for b € (K \ {0})" and «, 3 € A we have

expy(a) - exp,(B) = expy(a + B).

Hence by Proposition 2.6 with o; = —u; € Z" for j = 1,...,n, the matrix of sﬁg(f)
is the Toeplitz-like matrix

TL(f) = (f(B— @))aez-

BeJg

We summarize the resulting Prony structures in the following corollary.
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COROLLARY 2.9 (Prony structures for exponential sums): Let Z,J be sequences of
finite subsets of N™ such that (Sg,)seny and (Sz,)g4en @re exhaustive filtrations on S.
Then the following holds, with’ Y C K™ in part (a), Y C (K \{0})" in parts (b) and (c),
and Y C K in part (d):

(a) (See [68, Corollary 2.19].) The map

H: Expy(F) — gKIdXJd, = (Ha(f))gen = ((f(ﬁ + a))ggéj)deN’

induces a Prony structure on (Expy(F), By,uy).

(b) (See [68, Corollary 2.35].) The map

T: EXp%Y(F) — dl;!\]KIdXJd, fr— (Ta(f))gen = ((f(/B - a))ggé‘;)deN’

induces a Prony structure on (Expy y (F'), By, uy).

(¢c) The map

H: Expzy(F) — };!\IKIdXJd, fr— (Ha(f))gen = ((f(ﬁ + a))gggj)deN’

induces a Prony structure on (Expy y (F'), By, uy).

(d) Let n =1 and char F = 0. The map

@g: Expi (F) — H K*axJa f— ((f(] +i)+ f(l7 - i|))ieId)

deN J€Ja deN
induces a Prony structure on (Expy-(F'), By,uy).
Proof: These statements follow immediately from the preceding discussion.  q.e.d.

Corollary 2.9 implies in particular that the set By is a basis of Expy-(F') (and analo-
gously for Expy y-(F)), a fact that had been noted explicitly in von der Ohe [68, Corol-
lary 2.22] and more generally in Mourrain [45, Lemma 2.4]; it also follows from the
Dedekind lemma (see also Section 3.1).

Remark 3.3 shows that the linear independence of the Chebyshev exponential sums
(which holds by part (d)) does not simply follow from the Dedekind lemma. In particular,
in all cases the notation supp,,. f is justified.

Multivariate versions of Corollary 2.9 (d) are not easily obtained, because of the ap-
pearance of “mixed terms” that seemingly cannot be expressed as evaluations at a single
point in A. We refer to Hubert and Singer’s preprint [27] for recent developments in the
multivariate case.
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REMARK 2.10: Comparing the Prony structures from Corollary 2.9, as previously
mentioned, one advantage of the Hankel Prony structure H over the Toeplitz Prony struc-
ture T is that H works with exponential sums with arbitrary bases in the n-dimensional
affine space while T requires the bases to lie on the algebraic torus. On the other hand,
there are relevant results in this context that are known only for Toeplitz matrices;
see, e. g., [38, Theorem 3.7] regarding condition numbers.

In the spirit of Diaz and Kaltofen [16] and Garg and Schost [23], we discuss one
additional advantage of the Toeplitz variant regarding the number of used evaluations.
Let K be a field extension of F. Let I be a set, V < K! be an F-vector space of
functions I — K and B be a basis of V. Moreover, let ¢: K — K be an F-automorphism
of K such that for b € B we have v o b € B. Further, assume that a subset Iy C I is
given together with a function ¢: I — I such that ¢[Iy] C I} := I \ Iy and for every
f €V the following diagram is commutative.

r— 1 K

g [
I—1 K
(It is of course sufficient to check this diagram for every f = b € B.) Thus, under
these assumptions, one can replace the evaluations of f at a € Iy by evaluations of ¢ at
f(@(a)). Since ¥(a) ¢ Iy, one does not need the evaluation of f at any element of I.
An application is the case ' = R, K = C, and the space V = Expy, n(R) of exponen-
tial sums with real coefficients supported on the analytic torus

T"={2e€C" | |zj|=1forj=1,...,n} CC"

Take ¢: C — C to be the complex conjugation and let I =Z", ¢: I — I, a — —q, with
In = {a €I | a; <0}. In this case, one can often (depending on Z and J) define the
Toeplitz matrix Tz 7 4(f) using fewer evaluations than in the Hankel matrix Hz 7 4(f).

Let f € Expy (o (F) be arbitrary. Then the number sy z 7,4 of evaluations
needed to define the Hankel matrix Hz 7 4(f) can be different from the number st 7,74
of evaluations needed to define Tz 7 4(f), depending on the choice of Z and J. In general
one has

sHI,7.d = Za+Jal and  stz174=|J1— T4l

Thus for example, in the bivariate case n = 2 one has

SHM,M,d = ST,M,M.,d for all d

and

SH, T, 7,2 = 15 7& 19 = ST, 7,7,2-
A more detailed discussion of this fact can be found in Josz, Lasserre, and Mourrain [29,
Section 2.3.2].

It would be interesting to compare Prony indices indu, ,(f) and indr, ,(f) of f €
Expy y (F) for various choices of the involved parameters.
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2.2. Sparse interpolation of polynomials

We give a unified exposition of sparse polynomial interpolation with regards to the
monomial basis and the Chebyshev basis based on the notion of t-exponentials.

DEFINITION 2.11: For j =1,...,n let 0 # pj,q; € F[y}'ﬂ] < Flyl, ...,y and set
pi=p1---ppand q:=q1---q,. Wecall (p1,...,pn) and (q1,-..,qn) x-commuting if

p(ql" .. aQn) = Q(pl" .- ,pn)

holds in F(yy,...,y,). If it is clear which factorizations are meant, we simply call p
and q x-commuting if (p1,...,pn) and (q1,...,q,) are x-commuting.

EXAMPLE 2.12: (a) Ifp,q € F[ylil, ...,y are “Laurent monomials” (i. e., y* with
« € Z") then p,q are *-commuting. Indeed, if p = y{* ---y%» and ¢ = y|* ---ybo»
with a, 8 € Z™, one has

py7, o yon) = y P yan B = gy e,

(b) It is well-known that the Chebyshev polynomials T;, i € N, satisfy
Ti(T;) = T;(Ty)

for all 7,7 € N. Hence, T; and T, are *-commuting, and more generally, also
p="Ta(y1) - Ta,(yn) and ¢ = Tg,(y1) -+ Tg, (v,) are *-commuting since

p(Tﬂla s 7Tﬂn) = Tal(Tﬂl) e 'Tan(TBn)
= Tﬁl(TC‘ll) o Tﬂn(TQn) = Q(Tal? e 7TCVn)'

The following Proposition 2.13 shows that for suitable sequences ¢ of polynomials, a
Prony structure on the space of t-exponential sums induces a Prony structure on the
space of polynomials w.r.t. ¢t by the transfer principle. We apply Proposition 2.13 in
Sections 2.2.1 and 2.2.2 to the monomial and Chebyshev bases.

PROPOSITION 2.13: For j = 1,...,n let A be a set, t¥) = (gj))aeAj € Flyr%

A=A X - x A, and t, = tg}l)---tgi) € F[ylﬂ,...,yfl] for a € A. Assume that
the to, a € A, are linearly independent, let B := {to | o« € A}, V := (B)p, and assume

that y; € V for all j =1,...,n. Let b € K" be such that b; is tU)-admissible and such
that

u: B— K", to — (tay (b1),- - ta, (bn)),
is injective and u[B)] is t-admissible. Let B := {gxp’. | ¢ € u[B]}, V := GXPZ[B} (F), and
: B— K™ be according to Lemma 2.2.

ForpeV let
frr A— K, a— p(u(ty)).

Let t, and tg be x-commuting for all o, 3 € A. Then the following holds:
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(a) For allp € V we have f, € V.

(b) For all p € V' we have supp, p = supp;(fp)-

Proof: (a) Let p € V and let suppp = {# € A | t3 € suppgp} and pg € F with
P = gesuppp Potp- Then for a € A we have

@) =plulta)) = > pstauta)) = Y. petsta(b), ... ta, (b))

B€supp p BeEsupp p
= > patalts,(b),... 15, (0) = Y. pptalults))
Besupp p BEsupp p
= D PeexPuuy ().

Besuppp
This shows that f, € V.
(b) Since w is injective, the computation in the proof of part (a) shows that
supp;(fp) = {u(tp) | B € suppp} = {u(t) | t € supppp} = supp, p.

This concludes the proof. q.e.d.

2.2.1. Sparse interpolation w.r. t. the monomial basis

The following Corollary 2.14 identifies a well-known sparse interpolation technique for
polynomials w. r. t. the monomial basis (see, e. g., Ben-Or and Tiwari [5] or Mourrain [45,
Section 5.4]) as a Prony structure. In particular, our framework allows a simultaneous
treatment of the Hankel and Toeplitz cases.

Let A:=7Z". For a € A set

n +
to i=y* =yt yo EF[yll,...,yfl].

As in Proposition 2.13 set B := {t, | « € A} and V := (B). Choose a field exten-
sion K of F and let b € (K \ {0})" be such that the function

u: B — K", y&— (b1, ... 0,

is injective.! Observe that then necessarily u[B] C (K \ {0})™. Set V := Expy 15 (F),
B :={exp, | c € u[B]}, and @: B — K", exp, — ¢. For p € V let

i A—K, ar— p(u(ty)),

be as in Proposition 2.13. By Example 2.3 (c) we have f, € V.

'For example, for K = F = C, any b € C" such that b; # 0 and b; is not a root of unity for all
j =1,...,n works. Of course, K cannot be finite, for otherwise u: B — K" cannot be injective.
One may always choose K := F(w) (with w an indeterminate over F') and b := (w,...,w) € K"
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Let B
p: V=V, p— fp.

By Proposition 2.13 the premises of the transfer principle (Lemma 1.36) are satisfied.
Hence, any Prony structure & on the space of exponential sums (‘7, B, @) induces a Prony
structure Lp*(si) on the space of polynomials (V, B,u). The following corollary describes
the matrices of the Prony structures induced by the Hankel and Toeplitz Prony structures
from Corollary 2.9.

COROLLARY 2.14 (Prony structures for monomial-sparse interpolation):
The following holds:

(a) Let H be the Prony structure on (V, B, @) from Corollary 2.9 (¢) and H := ¢*(H).
Then for p € V and d € N, the matriz of Hy(p) is

(fo(B+ Q) aez = (pOTH, .. bEn+en)) per.
BeT BeTJ

(b) Let T be the Prony structure on (V, B, @) from Corollary 2.9 (b) and T := ¢*(T).
Then for p € V and d € N, the matriz of Tq(p) is

(fp(B = @))acz = (P07, ... 0I7)) ez
peT Beg

Proof: The assertions follow immediately from Proposition 2.13, Lemma 1.36, and
Corollary 2.9 (c) and (b), respectively. q.e.d.

EXAMPLE 2.15: The reconstruction method for p € V. = Fly,,...,y,] from Corol-
lary 2.14 is efficient if p has small rank, i.e., is a “sparse polynomial”. To give an
illustration, let n = 2, b € (K \ {0})" be chosen appropriately and p = y? — y?¥ € V be
a binomial. Then rank(f,) = 2, hence the polynomial p can be reconstructed, indepen-

dently of its degree, from the |T3| = (";:3) = (g) = 10 evaluations used for the matrix
Hr 7 (fp)-

The number of evaluations of p can be further reduced if p is known to be of degree
at most d — 1. In this case, q := p(z,2%,... ,zdnil) € F[z] is a binomial of degree at

most d" — 1 in one variable. The above binomial can thus be reconstructed from four
evaluations.

2.2.2. Sparse interpolation w.r. t. the Chebyshev basis

Decomposing a polynomial f € Q[y] w.r.t. the Chebyshev basis B is in principle pos-
sible by first decomposing f in terms of the monomial basis (Corollary 2.14) and then
computing the Chebyshev decomposition from that. However, the natural assumption
of an upper bound on the rank of f w.r.t. B does not imply an upper bound on the
rank of f w.r.t. the monomial basis, so that it may be impossible to check the premises
of Corollary 2.14. Even if such a bound were given, efficiency would be a concern.
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Lakshman and Saunders [40] proposed a sparse method to compute Chebyshev decom-
positions directly, which follows at this point effortlessly and as in the monomial case
(Corollary 2.14) from the case of Chebyshev exponential sums (Corollary 2.9 (d)) and
the transfer principle.

As observed by Lakshman and Saunders [40, p. 390], the crucial properties of the
Chebyshev polynomials for their Prony structures are that for all 4,5 € N one has the
linearization relation

1
(Tivj +Tjizy))

Ti-Tj =5

and the commutativity relation
Ti(Tj) = T5(Ta).

We already exploited the linearization relation to obtain Corollary 2.9 (d) and will not
need it further. We use the commutativity relation through Proposition 2.13.

It is now straightforward to derive a well-known sparse interpolation technique for
polynomials w.r.t. the Chebyshev basis (see, e.g., Lakshman and Saunders [40]) by
transferring the Prony structure for Chebyshev exponential sums from Corollary 2.9 (d)
to the space of polynomials using Lemma 1.36. To this end, let F' be a field of charac-
teristic zero and consider

V= Fly]
as an F-vector space with the Chebyshev basis
Choose a field extension K of I’ and let b € K be such that the function

u: B—K, T; — T;(b),

is injective.? N N N
Moreover, set V' := Txp,p(F), B := {txp, | ¢ € u[Bl]}, and u: B — K, txp, — c.
For p € V let f, be as in Proposition 2.13 and let

V! V—>‘~/, D fp.

By Proposition 2.13 the premises of the transfer principle (Lemma 1.36) are satisfied.
Hence, any Prony structure ® on the space of Chebyshev exponential sums (V B , )
induces a Prony structure ¢ (@) on the space of Chebyshev polynomials (V, B,u). The
following corollary describes the matrices of the Prony structure ¢* (55) induced by the
Hankel-plus-Toeplitz Prony structure & from Corollary 2.9 (d).

COROLLARY 2.16 (Prony structures for Chebyshev-sparse interpolation):
Let @ be the Prony structure on (V,B,a) from Corollary 2.9 (d) and set & := ¢*(P).
Then forp € V and d € N the matriz of ®4(p) is

Pa(f) = (fp(G+9) + fpld - il))@g? = (p(t;+i(0)) +p(t\j—u))z;§§d-

2A choice that always works is b € Q C F with b > 1.
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Proof: This follows from Proposition 2.13, Lemma 1.36, and Corollary 2.9 (d). g.e.d.

REMARK 2.17: While versions of Corollary 2.9 hold for any basis of polynomials sat-
isfying a linearization relation with fixed coefficients for products (cf. Remark 2.7 and
see Corollary 4.15 for a variant in the relative setting of Chapter 4), it is in general not
easily possible to obtain corresponding versions of Corollaries 2.14 and 2.16, i.e. sparse
interpolation techniques, since bases satisfying commutativity relations are rather elusive
and these conditions are not straightforward to replace. However, there are variants for
other kinds of Chebyshev bases, see, e. g., Potts and Tasche [55] and Imamoglu, Kaltofen,
and Yang [28].

Peter and Plonka show how to view Chebyshev polynomials of the first kind as eigen-
functions of a suitable endomorphism of the space W of continuous real-valued functions
on the interval [—1,1], see [46, Remark 4.6]. Thus, also the “analytic” reconstruction
technique for these functions given by Potts and Tasche [55] is recast in the framework
for eigenfunction sums. It is however not clear how this might be translated into a purely
algebraic version.

Multivariate variants for Chebyshev polynomials of first and second kind can be found
in a very recent preprint of Hubert and Singer [27].

EXAMPLE 2.18: We give a toy example computation to illustrate Corollary 2.16. Let

f=y"€Qlyl.

(The polynomial f = 1/8 - T3 + 1/4 - Ty has Chebyshev rank 2.) We choose b := 2.
Then the matrix of the linear map ®o(f) = (¢*(P))5(f) w.r.t. the bases {To, T1, T2} of
Flx]oy and {To", T1"} of Flx].," is

pQ(f):<f(To(b)) f(T1(b)) f(Tz(b))>+<f(T0(b)) F(T1(b)) f(Tz(b))>
F(T1(b))  f(Ta(b)) f(Ts(b))

(1 8 343 n 1 8 343
~\8 343 17576 8 1 8
(2 16 686 1 8 343

-~ \16 344 17584 0 1 56 )/°

Thus, in these coordinates the kernel of ®o(f) is generated by (105, —56,1)T € Q3.
Hence we have

ker(®y(f)) = (T2 — 56T + 105Ty) = ((x — 2)(x — 26)),
and since @ = * (5) is a Prony structure, we recover the support of f as

suppp f = u” ' [supp, f] = u” [Z(ker D5(f))] = u”'[{2,26}] = u” ' [{T1(b), T3(b)}]
= {T, T3}.

If desired, the coefficients 1/4 and 1/8 can now easily be computed by solving a 2 x 2-
system of linear equations.
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REMARK 2.19: Probabilistic results related to sparse interpolation in various bases
are known in the literature under the name “early termination”, see for example Kaltofen
and Lee [30]. In the language of the present work, the quest there is to find probabilistic
estimates of the Prony index indg f of a polynomial f where the Prony structure &
is given in similar ways as in Corollary 2.14 or Corollary 2.16. The general idea is to
perform the interpolation method repeatedly on increasingly large intervals and estimate
the probability of having computed the “true” interpolating polynomial in terms of the
number of successive intervals with the same result and a bound for the degree of f. For
more details and further refinements we refer to [30].

Early termination strategies can also be combined with sparse interpolation methods
for rational functions. For details we refer to, e.g., Kaltofen and Yang [31] and Cuyt
and Lee [13]. In a related direction, probabilistic methods tailored to sparse polynomial
interpolation over finite fields can be found, e. g., in Arnold, Giesbrecht, and Roche [2].

It would be interesting to look for generalizations of these results in the framework
of Prony structures. However, in full generality this is unlikely to be fruitful, since one
has to be able to make additional assumptions like degree bounds for which the Prony
structures are not well-adapted.

Another potential avenue for further research could be the investigation of the compu-
tational complexity of Prony structures w.r. t. an underlying model of computation, such
as arithmetic circuits in polynomial identity testing. See Shpilka and Yehudayoff [61]
and Saxena [59, 60] for recent surveys of this field.

Arnold and Kaltofen [3] propose an error-correcting interpolation method for Cheby-
shev-sparse polynomials with a bounded number of erroneous evaluations.

We leave the search for suitable settings for the future.

2.3. GauBian sums

In this section we recast the main result in Peter, Plonka, and Schaback [47] concerning
the reconstruction of multivariate Gauflian sums in the framework of Prony structures.
We will see that it can be derived as an application of the transfer principle.

To this end, let A € R™*™ be a fixed positive definite symmetric matrix. We call the
functions

gar: R"—R, T — e_(x_t)TA(x_t), t e R",

Gaujians. Let
B:={ga: |t€R"} and V :=(B)c.

The elements of V are called Gaufian sums.
For t € R™ set

bagi=c¢” = (*,...,e) € (R\{0})" with z=2t"AcRX"

and let
u: B —R", gar > bag
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Since A is positive definite, g 4 , obtains its unique maximum in ¢. This implies that u is
well-defined. Also since A is positive definite, by; = ba s for ¢,s € R"™ implies that
t = s, and thus v is injective. For the following theorem we set V := Expy; u[B}((C),

B :={expy | b€ u[B]}, and i: B — K™, expy > b.
THEOREM 2.20 (Prony structure for Gaufiian sums): For g € V' let

fq: Z" —C, a— g(a) - ' Ao

Then the following holds:

(a) For all g € V we have f, € V and p:V = V,g — fg, is a C-vector space
isomorphism with ¢(ga;) = Aay - expy,, , for some Mgy € R\ {0}. In particular,
B is a basis of V.

(b) For all g € V we have supp;(fy) = supp,, g

Hence, any Prony structure on V (in particular those in Corollary 2.9 (b) and (c))
induces a Prony structure on V' by the transfer principle (Lemma 1.36).

Proof:  (a) Note that for all t € R” and a € Z™ and with A g := et At ¢ R\ {0}
we have

CVT (6% —(a— T a—
ng,t(O‘):gAt(Oé)-e Aa _ —(a=t) A(a—t)

= At CXPpy , (a).

T 4T T
X Aa:e t At_e2t Aa

By definition we have ba; € u[B], and hence ¢(ga,) = fg,, € V. Since clearly
Irag+uh = Mg+ pfp for all A, p € C and g,h € V', we have that p[V] C V and ¢ is
C-linear. Since B is a C-basis of ‘7, there is a unique C-linear map : VSV
with (expy,,) = 1/Aa - ga, for all t € R™. Then 1 is the inverse of ¢ and this
concludes the proof of part (a).

(b) Let g = > ycp pr8as with finite ¥ C R™ and yy € C\ {0}. Using part (a) we

obtain

supp;(fy) = suppy (- mAacexpy, ) = {bay | t € F} = supp, g,
teF

i.e., the assertion. q.e.d.

An alternative approach to the reconstruction problem in Theorem 2.20 which is based
on Fourier transforms and takes inexact evaluations into account, is proposed in Peter,
Potts, and Tasche [48, Section 4].
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3. Relations with other frameworks

In this chapter we discuss and compare the framework of Prony structures with previous
ones from the literature, namely for character sums (Dress and Grabmeier [19]), for
eigenfunction sums (Grigoriev, Karpinski, and Singer [24]), and for eigenvector sums
(Peter and Plonka [46]).

3.1. Character sums

The following theorem recasts the Dress-Grabmeier framework [19] for sparse interpo-
lation of character sums in terms of Prony structures. As before, K is a field and
S =K[x1,...,Xp]

Recall that a monoid homomorphism y: (M, +) — (K, -) from a commutative monoid
(M, +) to the multiplicative monoid of K is called character of M in K. The Dedekind
independence lemma states that the set of characters of M in K is linearly independent
as subset of the K-vector space KM of functions from M to K.

THEOREM 3.1 (Prony structure for character sums): Let (M,+) be a finitely gener-
ated commutative monoid generated by the elements ay,...,a, € M. Consider a set B of
characters of M in K and let

V:i=(B)g

be the K -subvector space of KM generated by B. Let
u: B— K",  x+—(x(a1),...,x(an))-

Let T,J be sequences of finite subsets of N™ such that (S7,) ey and (Sz,)qen 0re ex-
haustive filtrations on S. For f € V and d € N set

Pd(f) = (f( (Oéj + ﬂj)aj))aezd c KIdXJd >~ HomK(de, (Sl—d)*).
1 BETa

n
Jj=

Then w is injective and Py(f) induces a Prony structure on (V, B,u).
Proof: If u(x1) = u(x2) for characters x; then xi(a;) = x2(a;) for all j =1,...,n.
Since M is generated by {ai,...,ay}, this implies x; = x2, and thus w is injective. For

feVwrite f =3 coupp, f foxe With fo € K\ {0} and x; € B with u(x,) = « for
x € supp,, f. Let scp: KSUPPu/ — (K®Pu f)* be the K-linear map with xp(ug) = frug™.
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Clearly, sy is an isomorphism. A computation on the corresponding matrices shows that
one has the following commutative diagram.

Kjd Pd(f) (K_’[d)*
J eySUPPu f -~ (eVSuPPu f)T Tg
Sy, Ta KSUpp,, f > = (Ksuppu f )* R BN (Sz,)"

Thus P is a Prony structure on (V, B,u) by Lemma 1.17 and Theorem 1.18. q.e.d.

REMARK 3.2: (a) Since for b € K" one has exp, € Hom((N",+), (K,-)), the Dress-
Grabmeier framework contains the Prony structures for exponential sums.

(b) Note that Dress and Grabmeier [19] allow arbitrary monoids whereas in Theo-
rem 3.1 we allow only finitely generated ones. Roughly speaking, in applications
to function spaces this corresponds to allowing only a fixed finite number n of
variables. This is no restriction in any case we have in mind.

(c) While Theorem 3.1 is formulated in the safe knowledge that according to the
Dedekind lemma B is linearly independent, a minor variation of the proof using
Corollary 1.19 also proves the Dedekind lemma.

REMARK 3.3: There is no operation & on N such that the Chebyshev exponen-
tials txpy, b € Q, are characters of (N,®) in Q. Indeed, otherwise one would have

T1e1(b) = txpy(1@ 1) = txpy(1) - txpy(1) = T1(b) - Ty (b) = b

for all b € Q. Hence, Tig1 = y2 € Z[y]. This is a contradiction, since the only Chebyshev
polynomial of degree 2 is Ty = 2y? — 1 # y?. The framework of Prony structures, being
able to handle the basis of Chebyshev exponentials (Corollary 2.9 (d)) thus is strictly
more general than the one for character sums.

3.2. Eigenvector and eigenfunction sums

Related decomposition frameworks have been proposed for related families of vector
spaces by Grigoriev, Karpinski, and Singer [24] and by Peter and Plonka [46]. In this
section, we discuss these frameworks from the point of view of Prony structures.

We start with a method that was given in the case of a single endomorphism ¢ €
Endg (W) in Peter and Plonka [46]. Roughly speaking, here the number of endomor-
phisms corresponds to the dimension of the affine space associated to a Prony structure.
See also Mourrain [45] for related discussions in the multivariate case with several endo-
morphisms and the book of Plonka, Potts, Steidl, and Tasche [49, Section 10.4.2].

The framework proposed by Grigoriev, Karpinski, and Singer [24] then follows by
specialization to the case of A being a point evaluation functional. We derive the Peter-
Plonka framework directly from Theorem 3.1.
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As usual, the point spectrum of an endomorphism ¢ € Endg (W) of a K-vector
space W is denoted by

ap(p) = {A € K| ker(p — Aidw) # {0}}

and for A € op(¢) let
WY = ker(p — Aidw)

be the eigenspace of ¢ w.r.t. A\. For pairwise commuting operators ¢i,...,p, €
Endg (W) and o € N we use the notation

§im oo gl € Budie(I).

COROLLARY 3.4 (Prony structure for eigenvector sums): Let @1, ..., @, € Endg (W)
be pairwise commuting operators and consider A C [[7_y o, (wj). Assume that for every

A € A we have (j_; W;:’ # {0} and choose

bye (YW \ {0}
j=1

Let
B:={by | AeA}, V:i=(B)g, and wu:B— K" by— A

Let A € W* = Homg (W, K) be such that
V Nker(A) = {0}.

Let T,J be sequences of finite subsets of N™ such that (S7,) ey and (Sz,)qen 0re ex-
haustive filtrations on S. For f € V and d € N set

Pd(f) = (A(“Pa+6(f)))g§§d € KraxJi HomK(SJw (SId)*)'

Then Py(f) induces a Prony structure on (V, B,u).

Proof: We apply Theorem 3.1 similarly as in Grigoriev, Karpinski, and Singer [24,
pp. 78f.]. Let M denote the submonoid of (Endgx(W),o0) generated by ¢1,...,p,. For

A€ Alet
Al (b))

M K *
XA — ) P A(b)\)

Clearly, x» is well-defined. Since xx(¢%) = A% for every a € N x) is a character
of M in K. Thus, by Theorem 3.1, Qq4(f) = (f(%ﬁa+6))aezd,ﬁejd induces a Prony
structure on the vector space X := (x\ | A € A) < KM with respect to the injection
v: X — K" x)+ A Since supp,(by) = A = supp,(x), the assertion follows. q.e.d.
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Observe that there are interesting situations where the condition that the by, A € A,
can be chosen in the desired way is fulfilled. For example this is the case if W is a
finite-dimensional C-vector space see, e. g., Horn and Johnson [26, Lemma 1.3.19].

With a little more effort in a direct proof, one can avoid the commutativity assumption
in Corollary 3.4 (but of course one still needs that (7_; ij 7 #£ {0} for every A € A).

The case n = 1 identifies the method in [46] as a Prony structure.

COROLLARY 3.5 (Peter and Plonka [46, Theorem 2.1]): Let ¢ € Endg (W) and con-
sider A C op(p). For A € A choose

by € W;\p \ {0}

Let
B:={by | A€ A}, V:=(B)g, and u:B— K, by A\

Let A € W* be such that
V Nker(A) = {0}.

For f eV and d € N set

Fa(f) = (A(QpaJrﬁ(f)))a;g,O_.,dgl e KD = Hom g (S<g, (S<a-1)*)-

Then Py(f) induces a Prony structure on (V, B,u).
Proof: Take n =1, Z; = Tq_1 and J3 = T4 in Corollary 3.4. q.e.d.

EXAMPLE 3.6: Several applications for various choices of the endomorphism ¢ and
the functional A can be found in [46], for example, with ¢ € End(W) chosen as a
Sturm-Liouville differential operator (W = C*(R)) or as a diagonal matrix with distinct
elements on the diagonal (W = K™).

REMARK 3.7: Besides Corollary 3.5, Peter and Plonka [46, Theorem 2.4] extended
their method, e. g., to include generalized eigenvectors and multiplicities; see also Mour-
rain [45] and Stampfer and Plonka [63]. At present Prony structures do not cover this
variation. Since none of the examples we have in mind use generalized eigenvectors and
multiplicities, we omit a detailed discussion here. See also Remark 1.13.

REMARK 3.8: Summarizing the preceding discussion on frameworks for character [19]
and eigenfunction/eigenvector sums [24, 46] and the algebraic and analytic sparse poly-
nomial interpolation techniques w.r.t. the Chebyshev basis [40, 31, 55], we obtain the
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following diagram of “inclusions”.

Prony structures

TheW W 2.16

character sums algebraic Chebyshev interpol.

TCoroHary 3.4

eigenvector sums

T(arbitrary functionals A)

Remark 2.17

analytic Chebyshev interpol.

eigenfunction sums

(over fields)

Lakshman and Saunders remark on the possibility to “reconcile” the frameworks for
character or eigenfunction sums with their algorithm for sparse polynomial interpola-
tion w.r.t. the Chebyshev basis [40, p. 388]. As the framework of Prony structures is of
a very general nature, we would not propose it as a final answer to this question. How-
ever, it can be hoped that it will be helpful in finding more particular reconciliations.
See also Remark 2.17.

REMARK 3.9: There is a close relationship between Prony’s method and Sylvester’s
method [64, 65] for computing Waring decompositions of homogeneous polynomials.
Although Sylvester’s method does not fit directly into our framework of Prony structures
(since it is not a method to reconstruct the support of a function), one may still view it
as an application of the classic Prony structure from Theorem 1.1: Given a homogeneous
polynomial

d
p=> px'y"" € Clx,y]
=0

of Waring rank at most r, the linear map associated to the matrix

C(p) := (Citj) i=0,.,, € CrHx(d=r+l)
j:0,...,d—r

with ¢; := p;/ (‘j) has a Prony kernel for an exponential sum f, € Exp'(C). Then this
exponential sum f, and its reconstruction as f, = >y px exp;, can be used to compute
a Waring decomposition of p. Sylvester’s method has recently been generalized to the
multivariate case, cf., in particular, Brachat, Comon, Mourrain, and Tsigaridas [6].
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4. Relative Prony structures

A Prony structure on a vector space (V, B,u) can be seen as a tool to solve the problem:
Compute a set P of polynomials that has the u-support supp,, f € K™ of a given f € V
as its zero locus.

Suppose that a priori one is given a set of polynomials I C S = K[xy,...,X;,] with
supp,, f C Z(I). For example, one could have K = R and know that supp,, f € S"~ . It
would be desirable to be able to exploit this additional information in order to simplify
the solution process.

In particular, instead of searching directly for a solution P as above, it would be
reasonable to search for a set @ of polynomials such that P = I U@ solves the problem.
Such a set @ could have fewer elements or indeed be a strict subset of any solution to
the original problem.

Prony structures as discussed so far have no way of taking this into account. In this
chapter we modify the concept of Prony structures in order to handle and take advantage
of the additional information in the relative situation.

In Section 4.1 we present the general setup for the relative setting.

There are two distinct scenarios:

e One already has a Prony structure @ on (V, B,u) and wants to construct from ¢
a “relative Prony structure” @/I that takes the equations in I into account.

e The possible construction of a “relative Prony structure w.r.t. I” without using
an ordinary Prony structure @ on (V, B, u).

In Section 4.2 we show one possible construction for the first case and in Section 4.3
we recast an earlier result from [37] concerning the decomposition of function on the
sphere w.r.t. a basis of spherical harmonics in this context.

4.1. Definition of relative Prony structures

We begin by giving appropriate variants of earlier definitions for this context. As before,
let K always be a field and S = K[x] = K[x1,...,Xp].

DEFINITION 4.1: For Y C K™ let
K[Y] = S/I(Y)
be the usual coordinate algebra of Y. For a K-subvector space U of S let
K[Y])y :={p+1(Y) | pe U} < K[Y].
We call K[Y];; the coordinate space of Y w.r.t. U.
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REMARK 4.2: Let Y C K™ and U < § a K-subvector space. Then we have

Indeed, the K-linear map ¢: U — K[Y];, p — p=p+1(Y), is an epimorphism with
ker ¢ = Iy (Y). In the following we identify these two K-vector spaces.

DEFINITION 4.3: Let U < S be a K-subvector space S. For X CY C K™ we call
X . X X(y
oy K]y — KX paIn(¥) — v () = (0le))ex
the relative evaluation map at X w.r.t. U modulo Y and
Iy /y (X) := ker eV)U(/Y
the relative vanishing space of X on U/Y .

REMARK 4.4: Let U < S be a K-subvector space and X C Y C K", with X finite.
Then there is a Uy C U such that B := {p+1y(Y) | p € Up} is a K-basis of K[Y].
Without loss of generality, choose Uy such that |B| = |Up|.

Observe that then the matrix of eV)U(/Y w.r.t. B and the canonical basis of KX is the

s€X pelo” Hence the matrices of the relative evaluation
X

map eV)U( n% and the “ordinary” evaluation map evy; are identical.

Vandermonde matrix V¥ = (p(z))

DEFINITION 4.5: For J C K[Y] we call
Zy(J) ={yeY | forall g €S with ¢+ 1I(Y) € J, q(y) =0}
the relative zero locus of J w.r.t. Y.

After these general preparations, we define relative Prony structures, which are the
topic of this chapter. Recall that Y C K™ is called algebraic set if Y is the zero locus of
a set of polynomials, i.e., if Y = Z(I) for some set of polynomials I C S. By Hilbert’s
basis theorem, I can always be chosen to be finite.

DEFINITION 4.6 (Relative Prony structure, abstract version): Let X C Y C K" be
algebraic sets.

(a) Let U be a K-subvector space of K[Y] and let W be an arbitrary K-vector space.
We say that a K-linear map ¢: U — W has a Prony kernel for X relative to Y if
the following conditions (R;) and (Rg) are satisfied:

Zy (ker @) = X (Ry)

and
Iy (X) € ker ¢. (R2)
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(b) Let (S4)4en be a sequence of K-subvector spaces of K[Y] and let (Wy),cn be a
sequence of arbitrary K-vector spaces. We call a sequence

¢ € | Homx (Sa, Wa)
deN

a Prony structure for X relative to Y if for all large d, ¢4 has a Prony kernel for X
relative to Y.

In this case, the least ¢ € N such that for all d > ¢, ¢4 has a Prony kernel for X
relative to Y is called yp-index of X relative to Y and denoted by ind, y (X) := c.

REMARK 4.7: Over an infinite field K, “ordinary” Prony structures are precisely the
Prony structures relative to Y = K™. This follows immediately from K[Y] = K|[x].

We obtain a characterization of relative Prony structures analogous to the one for
ordinary Prony structures in Theorem 1.18.

THEOREM 4.8: Let X CY C K" be algebraic sets, (Wy) o be a sequence of K -vector
spaces and let (Ug) 4oy be an exhaustive filtration on K[Y]. Let ¢ € []eny Homg (Ug, Wy).
Then the following are equivalent:

(i) ¢ is a Prony structure for X relative to Y;

(ii) For all large d there is an injective K-linear map ng: KX < Wy such that the

diagram
of 4 Wy
< Tﬂd
VUL Y J
KX

is commutative;

(iii) For all large d one has ker o4 = Iy, /v (X).

Proof: Using Remark 4.4 for the surjectivity evl)](d Y for all large d, the proof is anal-
ogous to the one of Theorem 1.18. We write it out for completeness.
(i) = (ii): By Definition 4.3 and since ¢ is a Prony structure for X relative to Y, for
all large d we have
ker eV)U(d/Y = Iy, /v (X) C ker pq.

Since (Ug) 4oy is an exhaustive filtration on K[Y], there is an exhaustive filtration (Sg) jen
on S = K[x1,...,%p| such that Uy = S4/Iy,(Y). Hence we have S¢|x| C Sy for all
large d and equ(d is surjective by Lemma 1.17. Therefore, also evf](d Y is surjective by
Remark 4.4. Together, these facts imply the existence of K-linear maps 74 such that the
required diagrams are commutative.

It remains to show that ny is injective for all large d. Let ¢ € N be such that for all
d > ¢ we have that

Zy (ker pg) = X, eV)U(d/Y is surjective, and 7y exists.
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Let v € kerny. By the surjectivity of evf](d/y we have ev)U(d/Y(p) = v for some p € Uy.
Then p4(p) = Wd(eV()](d/y(P)) = n4(v) = 0. Thus, and since X is Zariski closed, we have

p € ker g C IUd/y(Zy(ker ©q)) = IUd/y(X) = kerev()](d/y.
Hence, v = ev)U(d/Y(p) = 0. Thus, 74 is injective.
(ii) = (iii): Since ny exists and is injective (for all large d), we have
ker ¢4 = ker(ng o evf](d/y) = ker eV)U(d/Y = Iy, /v (X).
(iii) = (i): Since (Ug) ey is exhaustive, by Lemma 1.14 for all large d we have
Zy (ker pq) = ZY(IUd/Y(X)) = Zy(IS/y(X)) = X.
Condition (Rs) in Definition 4.6 (a) is obviously satisfied. q.e.d.

DEFINITION 4.9 (Relative Prony structure): Extending the setup of Definition 1.6 let
Y C K™ be an algebraic set.

(a) Let U be a K-subvector space of K[Y] and let W be an arbitrary K-vector space.
Let f € V with

supp, f C Y.

We say a K-linear map p: U — W has a Prony kernel for f relative to' Y w.r.t. u
if ¢ has a Prony kernel for supp,, f relative to Y.

(b) Let (S4)4en be a sequence of K-subvector spaces of K[Y] and let (Wy),cn be a
sequence of arbitrary K-vector spaces. Let f € V with

supp, f C Y.

We call a sequence ¢ € [];cny Homp (S, Wy) a Prony structure for f relative
toY w.r.t. uif ¢ is a Prony structure for supp,, f relative to Y.

In this case, the number

ind, )y (f) := indy y (supp, f)
is called p-index of f relative to Y.

(c) Let (S4)4en be a sequence of K-subvector spaces of K[Y] and let (Wy)cn be a
sequence of arbitrary K-vector spaces. We call a function

b V — H HomK(Sd, Wd)
deN

a Prony structure on (V, B,u) relative to Y if for every f € V the sequence &(f)
is a Prony structure for f relative to Y w.r.t. u.

For f € V we call the &(f)-index of f relative to Y simply @-index of f relative
to Y and denote it by indg y (f).
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4.2. Construction of relative Prony structures

The following proposition provides a method to obtain a relative Prony structure from
an “ordinary” one. The relative Prony structure then uses smaller matrices.

DEFINITION 4.10: Let X CY C K" be algebraic sets, U be a K-subvector space of
S =KIx1,...,Xy), and let ¢ € Homg (U, W) have a Prony kernel for X. Observe that

Iy (Y) € Iy (X) C ker .
Hence there is a unique K-linear map, which we denote by ¢/Y", such that the diagram

U —F"F"——7F72 W

is commutative.

The following simple lemma is a variant of [68, Lemma 2.38].

LEMMA 4.11: Let Y C K" be an algebraic set and let U be a K-subvector space of
S = K[x1,...,Xyn). Let W be an arbitrary K -vector space and ¢: U — W be K-linear.
Then one has

Y NZ(ker @) C Zy (ker(¢/Y)) C Z(ker ).

Proof: Lety € YNZ(ker ¢) and D € ker(p/Y). Then p = g+1I7(Y") for some ¢ € ker .
Hence p(y) = q(y) = 0. This proves the first inclusion.

To prove the second inclusion, let y € Zy (ker(¢/Y)) and p € ker . Then (¢/Y)(p +
Iy(Y)) = ¢(p) = 0 and thus p + Iy(Y) € ker(p/Y). It follows that p(y) = (p +
I7(Y))(y) = 0 and the proof is done. q.e.d.

COROLLARY 4.12: Let U be a K-subvector space of S = K[x1,...,%,], W be an
arbitrary K-vector space and ¢: U — W be K-linear. If X CY C K" are algebraic sets
and ¢ has a Prony kernel for X, then ¢/Y has a Prony kernel for X relative to Y.

Proof: We check that the conditions (R;) and (Rg) in Definition 4.6 (a) are satisfied.

(R1): We have to show that Zy (ker(¢/Y)) = X.

“C”: By Lemma 4.11 and the hypothesis we have Zy (ker(¢/Y)) C Z(ker ) = X.

“D”: By Lemma 4.11 and the hypothesis we have X C Y NZ(ker ) C Zy (ker(p/Y)).

(R2): We have to show that Ij;/y(X) C ker(¢/Y). Let p € U be such that p +
Iy(Y) € Iyyy(X) = kerevy 5. Then evi}(p) = evyy (0 + (X)) = 0, i.e., p € Iy(X).
Since ¢ has a Prony kernel for X, we have p € ker ¢, and thus (¢/Y)(p + Iy(X)) =
¢(p) = 0. q.e.d.
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REMARK 4.13: Given bases B of U and C of W, let A = (a(cp))eecpen € K€*P be
the matrix of ¢ w.r.t. B,C. Let A/Y be the matrix of /Y w.r.t. the basis B of K[Y],
consisting of the vectors b+ I7(X) with b € B\ Iy(X) and the basis C' of W. Then

AlY = (a(&b))ceabeﬁ e K9P,

Thus, with Corollary 4.12 one has a basic method to reduce the size of the involved
matrices when applying a Prony structure on a function supported on the algebraic
set Y.

Application of the previous discussion to spaces of t-exponential sums yields the fol-
lowing corollary.

COROLLARY 4.14 (Relative Prony structures for t-exponential sums): In the setup of
Definition 2.5 let Y C K™, in addition to being t-admissible, be an algebraic set. Let
[ = pem foexpl € Gxpy (F) with fized finite M CY and f, € F\ {0}. Then the
following holds:

(a) The matriz of &3 (f)/Y is

(Z fo gxpi(ﬂ) gxpgb(a)) wer € KIxJT'
beM BeJ’

where J' C J with |J'| = dimg K[Y]; is chosen such that {tz +1y(Y) | B € T’}
is a K-basis of K[Y].

(b) LetZ,J € ANN" be such that @g(f) has a Prony kernel for f. Let J' C J be as
in part (a) and I' C T be such that {t,* | o € I'} is a K-basis of W := (K[Y]g )"
Then @,(f)/Y : K[Y]; — W has a Prony kernel for f relative to Y and the matriz
of DL(f))Y w.r.t. these bases is

(X freph(8) expln(@) 4or € K.
beM peJ’

Proof:  (a) By elementary linear algebra the matrix of sﬁg (f)/Y is the submatrix of
the matrix of @g (f) obtained by deleting the columns indexed by J \ J’. Thus
the assertion follows from Proposition 2.6.

b) This follows in a similar way by linear algebra arguments. q.e.d.
( y by g g

While Corollary 4.14 (a) provides a general way to reduce the number of columns of
the involved matrices, in part (b) also the number of rows gets reduced.
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4.3. Applications of relative Prony structures

While Section 4.2 yields a general recipe to construct relative Prony structures from
“ordinary” ones, in concrete situations it can be possible to achieve better results. We
end the chapter with one such example, recasting the main result of [37] in the context
of relative Prony structures. See also [68, Section 3.1] for an alternative approach to the
reconstruction problem on the sphere. Let K =R, S = R[xy,...,x,], and

n
V=8 =7(1- Y x) = {z € R" | Jlafl, = 1} CR™.
j=1

Consider the R-vector space
SHeg = R[S" ']y = S<a/l<a(S" ") = {p 1 S""" | p € S<a}.

Let A: S — S, p— Z;-‘Zl 3]2(1)), denote the Laplace operator. A polynomial p € S is
called harmonic if p € ker A.

Let harmHj, be the R-vector space generated by the restrictions p | S*~! of harmonic
homogeneous polynomials p € Si of degree k to the sphere, usually called the space of
spherical harmonics. Using Gallier and Quaintance [22, Theorem 7.13, discussion after
Definition 7.15] it is easy to see that one has the decomposition (as vector spaces)

d
SHey = @ harmH;,.
k=0

Fork=0,...,d, let H, = (y,i, e ,ygk) be an R-basis of harmHy,. Hence H<g := ngo Hy,
is a basis of SH<,4. For x € S*1 let

he: {(k0) |keN, £=1,...,d;} — R,  (k0)— yi(z).
For finite X C S”! let ng be the matrix of ev)g(d/gn_1 w.r.t. H<g and the basis of RX.
COROLLARY 4.15 (Relative Prony structure for spherical harmonic sums): Let
B:={h, |z€S" 1}, V:i=(B)g, and wu:B—R" h, .
For f €V, f =3 cesupp, f feha with fr € R \ {0}, let Cp = (fous),ex and
Ho() = W2 o wzpred.
Then the function

H: V— [ RF=oHe f () geres
deN

induces a Prony structure on (V, B,u) relative to S*~1.
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Proof: This follows from Kunis, Méller, and von der Ohe [37, Theorem 3.14]. q.e.d.

REMARK 4.16: Observe that by [37, Theorem 3.14], the matrix Hy(f) can be com-
puted solely from ©(d"~!) evaluations of f. One may also use Corollary 4.14 (a) or even
Corollary 4.14 (b) to get a Prony structure on SH<g4 relative to S"=1. The matrices so
obtained have the same number of columns or the same size as the ones in Corollary 4.15,
respectively. But then the number of used evaluations is not in general in ©(d"~!).
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