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Abstract

For a given finitely generated shift invariant (FSI) subspace W C L?(R*) we obtain a simple
criterion for the existence of shift generated (SG) Bessel sequences E(F) induced by finite
sequences of vectors F € W that have a prescribed fine structure i.e., such that the norms of
the vectors in F and the spectra of Sg(r) is prescribed in each fiber of Spec(W) C Tk, We
complement this result by developing an analogue of the so-called sequences of eigensteps from
finite frame theory in the context of SG Bessel sequences, that allows for a detailed description
of all sequences with prescribed fine structure. Then, given 0 < a; < ... < «,, we characterize
the finite sequences F € W" such that || f;||* = s, for 1 <i < n, and such that the fine spectral
structure of the shift generated Bessel sequences E(F) have minimal spread (i.e. we show the
existence of optimal SG Bessel sequences with prescribed norms); in this context the spread of
the spectra is measured in terms of the convex potential PJ,/V induced by W and an arbitrary
convex function ¢ : Ry — Ry.
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1 Introduction

Let W be a closed subspace of a separable complex Hilbert space H and let I be a finite or countable
infinite set. A sequence F = { fi}ier in W is a frame for W if there exist positive constants 0 < a < b
such that
allf/IP <D I <bIfI® forevery feWw.

1€l
If we can choose a = b then we say that F is a tight frame for W. A frame F for W allows for linear
(typically redundant) and stable encoding-decoding schemes of vectors (signals) in W. Indeed, if
V is a closed subspace of H such that V@ W+ = H (e.g. V = W) then it is possible to find frames
G = {gi}ier for V such that

F=Y (fg) fi. forfew. (1)

i€l

The representation above lies within the theory of oblique duality (see [18, 19, 20, 21]). In applied
situations, it is usually desired to develop encoding-decoding schemes as above, with some additional
features related with stability of the scheme. In some cases, we search for schemes such that the
sequence of norms {||fi||?}icr as well as the spectral properties of the family F are given in advance,
leading to what is known in the literature as frame design problem (see [3, 7, 14, 16, 28, 34] and
the papers [22, 30, 32, 33] for the more general frame completions problem with prescribed norms).
It is well known that both the spread of the sequences of norms as well as the spread of the spectra
of the frame F are linked with numerical properties of . Once we have constructed a frame F
for W with the desired properties, we turn our attention to the construction of frames G for V

satisfying Eq.(1) and having some prescribed features related with their numerical stability (see
[5, 6, 19, 30, 33)).

It is well known that the frame design problem has an equivalent formulation in terms of the
relation between the main diagonal of a positive semi-definite operator and its spectra; in the
finite dimensional setting this relation is characterized in the Schur-Horn theorem from matrix
analysis. There has been recent important advances in both the frame design problems as well as
the Schur-Horn theorems in infinite dimensions, mainly due to the interactions of these problems
(see [3, 10, 11, 12, 26, 23]). There are also complete parametrizations of all finite frames with
prescribed norms and eigenvalues (of their frame operators) in terms of the so-called eigensteps
sequences [14]. On the other hand, the spectral structure of oblique duals (that include classical
duals) of a fixed frame can be described in terms of the relations between the spectra of a positive
semi-definite operator and the spectra of its compressions to subspaces. In the finite dimensional
context (see [5, 30]) these relations are known as the Fan-Pall inequalities (that include the so-called
interlacing inequalities as a particular case). Yet, in general, the corresponding results in frame
theory do not take into consideration any additional structure of the frame. For example, regarding
the frame design problem, it seems natural to wonder whether we can construct a structured frame
(e.g., wavelet, Gabor or a shift generated frame) with prescribed structure; similarly, in case we
fix a structured frame F for W it seems natural to wonder whether we can construct structured
oblique dual frames with further prescribed properties.

In [6], as a first step towards a detailed study of the spectral properties of structured oblique
duals of shift generated systems induced by finite families of vectors in L?(R¥), we extended the
Fan-Pall theory to the context of measurable fields of positive semi-definite matrices and their
compressions by measurable selections of subspaces; this allowed us to give an explicit description
of what we called fine spectral structure of the shift generated duals of a fixed shift generated (SG)
frame for a finitely generated shift invariant (FSI) subspace W of L?(R¥). Given a convex function
¢ : Ry — Ry we also introduced the convex potential associated to pair the (¢, W), that is a
functional on SG Bessel sequences that measures the spread of the fine spectral structure of the
sequence; there we showed that these convex potentials detect tight frames as their minimizers



(under some normalization conditions). Yet, our analysis was based on the fine spectral structure
of a given SG Bessel sequence in a FSI subspace W C L?(RF).

In this paper, building on an extension of the Schur-Horn theorem for measurable fields of positive
semi-definite matrices, we characterize the possible fine structures of SG Bessel sequences in FSI
subspaces (see Section 2.2 for preliminaries on SG Bessel sequences, Remark 3.3 and Theorem 3.4);
thus, we solve a frame design problem, where the prescribed features of the SG Bessel sequences are
described in terms of some internal (or fine) structure, relative to a finitely generated shift invariant
subspace W. We also show that the Fan-Pall theory for fields of positive semi-definite matrices
can be used to obtain a detailed description of SG Bessel sequences with prescribed fine structure,
similar to that obtained in terms of the eigensteps in [14]. In turn, we use these results to show that
given a FSI subspace W, a convex function ¢ : R4 — R, and a finite sequence of positive numbers
a; > ... > a, > 0, there exist vectors f; € W such that || fi|> = a;, for 1 < i < n, and such
that the SG Bessel sequence induced by these vectors minimizes the convex potential associated to
the pair (p, W), among all such SG Bessel sequences (for other optimal design problems in shift
invariant spaces see [1, 2]). The existence of these (¢, W)-optimal shift generated frame designs
with prescribed norms is not derived using a direct “continuity 4+ compactness” argument. Actually,
their existence follows from a discrete nature of their spectral structure; we make use of the this fact
to reduce the problem of describing the structure of optimal designs, to an optimization problem
in a finite dimensional setting. As a tool, we consider the waterfilling construction in terms of
majorization in general probability spaces. It is worth pointing out that there has been interest in
the structure of finite sequences of vectors that minimize convex potentials in the finite dimensional
context (see [15, 22, 28, 29]), originating from the seminal paper [7]; our present situation is more
involved and, although we reduce the problem to a finite dimensional setting, this reduction is not
related with the techniques nor the results of the previous works on finite families of vectors.

The paper is organized as follows. In Section 2, after fixing the general notations used in the paper,
we present some preliminary material on frames, shift invariant subspaces and shift generated Bessel
sequences; we end this section with the general notion of majorization in probability spaces. In
Section 3.1 we obtain an exact characterization of the existence of shift generated Bessel sequences
with prescribed fine structure in terms of majorization relations; this result is based on a version of
the Schur-Horn theorem for measurable fields of positive semi-definite matrices (defined on measure
spaces) that is developed in the appendix (see Section 5). In Section 3.2, building on the Fan-
Pall inequalities from [6], we obtain a detailed description of all shift generated Bessel sequences
with prescribed fine structure that generalizes the so-called eigensteps construction in the finite
dimensional setting. In Section 4 we show that for a fixed sequence of positive numbers oy > ... >

> 0, a convex function ¢ : Ry — R, and a FSI subspace W C L2(R¥) there exist vectors f; € W
such that || f;||*> = as, for 1 < i < n, and such that F minimizes the convex potential associated
to the pair (¢, W) among all such finite sequences; in order to do this, we first consider in Section
4.1 the uniform case in which the dimensions of the fibers of VW are constant on the spectrum of
W. The general case of the optimal design problem with prescribed norms in a FSI is studied in
Section 4.2; our approach is based on a reduction of the problem to an optimization procedure in the
finite dimensional setting. The paper ends with an Appendix, in which we consider a measurable
version of the Schur-Horn theorem needed in Section 3.1 as well as some technical aspects of an
optimization problem needed in Section 4.2.

2 Preliminaries

In this section we recall some basic facts related with frames for subspaces and shift generated frames
for shift invariant (SI) subspaces of L?(RF). At the end of this section we describe majorization
between functions in arbitrary probability spaces.



General Notations

Throughout this work we shall use the following notation: the space of complex d x d matrices is
denoted by M4(C), the real subspace of self-adjoint matrices is denoted H(d) and M4(C)* denotes
the set of positive semi-definite matrices; GI(d) is the group of invertible elements of M4(C), U(d)
is the subgroup of unitary matrices and Gl(d)™ = M4(C)t NGI(d). If T € My(C), we denote by
|T|| its spectral norm, by rk 7T = dim R(T’) the rank of T, and by tr 7" the trace of T

Given d € N we denote by Iy = {1,...,d} € N and we set Iy = (). For a vector + € R? we
denote by 2+ € R the rearrangement of = in non-increasing order. We denote by (RY)* = {z ¢
R? : & = 't} the set of downwards ordered vectors. Given S € H(d), we write A\(S) = AH(S) =
(AL(S), ..., Ma(S)) € (RY)* for the vector of eigenvalues of S - counting multiplicities - arranged
in decreasing order.

If W C C? is a subspace we denote by Py € My(C)*t the orthogonal projection onto W. Given
z,y € C? we denote by z ® y € My4(C) the rank one matrix given by

@y (z)=(z,y)x forevery zeC?. (2)

def

Note that, if z # 0, then the projection P, = Ppan(s} = lz|2z®x.

2.1 Frames for subspaces

In what follows H denotes a separable complex Hilbert space and I denotes a finite or countable
infinite set. Let W be a closed subspace of H: recall that a sequence F = {f;}icr in W is a frame
for W if there exist positive constants 0 < a < b such that

allfIP <D KL P <OIfIP forevery feWw. (3)
i€l
In general, if F satisfies the inequality to the right in Eq. (3) we say that F is a b-Bessel sequence
for W. Moreover, we shall say that a sequence G = {g;}icr in H is a Bessel sequence - without
explicit reference to a closed subspace - whenever G is a Bessel sequence for its closed linear span;
notice that this is equivalent to the fact that G is a Bessel sequence for H.

Given a Bessel sequence F = {f;}ier we consider its synthesis operator Tr € L(¢£2(I),H) given by
Tr((as)ier) = > ;er @i fi which, by hypothesis on F, is a bounded linear transformation. We also
consider T € L(H,¢*(I)) called the analysis operator of F, given by T5(f) = ({f. fi))ic1 and the
frame operator of F defined by Sy = Tx T7. It is straightforward to check that

(SEf ) =Y I, )PP forevery feH.
1€l
Hence, Sr is a positive semi-definite bounded operator; moreover, a Bessel sequence F in W is a
frame for VW if and only if Sr is an invertible operator when restricted to W or equivalently, if the
range of T'r coincides with W.

If V is a closed subspace of H such that V @ W+ = H (e.g. ¥V = W) then it is possible to find
frames G = {g; }se1 for V such that

f=>fq) fi, forfew.

1€l
The representation above lies within the theory of oblique duality (see [18, 19, 20, 21]). In this note
we shall not be concerned with oblique duals; nevertheless, notice that the numerical stability of
the encoding-decoding scheme above depends both on the numerical stability corresponding to F
and G as above. One way to measure stability of the encoding or decoding algorithms is to measure
the spread of the spectra of the frame operators corresponding to F and G. Therefore both the
task of constructing optimally stable F together with obtaining optimally stable duals G of F are
of fundamental interest in frame theory.



2.2 SI subspaces, frames of translates and their convex potentials

In what follows we consider L?(R¥) (with respect to Lebesgue measure) as a separable and complex
Hilbert space. Recall that a closed subspace V C L2(R¥) is shift-invariant (SI) if f € V implies
Tyf €V for any ¢ € ZF, where T, f(x) = f(x — y) is the translation by y € R¥. For example, take
a subset A C L2(R¥) and set

S(A) =span{T;f: fe A, LeZ}.

Then, S(A) is a shift-invariant subspace called the SI subspace generated by A; indeed, S(A) is the
smallest ST subspace that contains A. We say that a SI subspace V is finitely generated (FSI) if
there exists a finite set A C L?(R¥) such that V = S(A). We further say that W is a principal SI
subspace if there exists f € L?(RF) such that W = S(f).

In order to describe the fine structure of a SI subspace we consider the following representation of
L%(R¥) (see [8, 9, 35] and [13] for extensions of these notions to the more general context of actions
of locally compact abelian groups). Let T = [-1/2,1/2) endowed with the Lebesgue measure and
let L2(T*, £2(ZF)) be the Hilbert space of square integrable £2(Z*)-valued functions that consists of
all vector valued measurable functions ¢ : T* — ¢2(Z*) with the norm

6 = [ 6@ do < oo

Then, T : L?(RF) — L?(T*, ¢3(Z*)) defined for f € L'(R*) N L?(R*) by

Lf:T8 = (2%, Tf(x) = (fz+0)ezn, (4)

extends uniquely to an isometric isomorphism between L%(RF) and L?(T¥, £2(ZF)); here

f(x) :/ fly) e 2mi(y ) dy for =xz¢€ Rk,
Rk

denotes the Fourier transform of f € L'(R¥) N L2(R¥).

Let V C L?(R¥) be a SI subspace. Then, there exists a function Jy, : T¥ — { closed subspaces of
(2(Z*)} such that: if Py, (z) denotes the orthogonal projection onto Jy(x) for x € T*, then for every

€, n € L2(ZF) the function x (Pr, () &> m) is measurable and
V={feL*RF:Tf(z) € Jy(x) for ae. z € T"}. (5)

The function Jy is the so-called measurable range function associated with V. By [9, Prop.1.5], Eq.
(5) establishes a bijection between SI subspaces of L?(R¥) and measurable range functions. In case
V = S(A) C L?(R*) is the SI subspace generated by A = {h; : i € I} C L?(R¥), where I is a finite

or countable infinite set, then for a.e. € T* we have that

Jy(z) =span {T'h;(x) : i €1}. (6)

Recall that a bounded linear operator S € L(L?(R¥)) is shift preserving (SP) if T, S = ST for
every £ € Z*. In this case (see [9, Thm 4.5]) there exists a (weakly) measurable field of operators
[S]y - TF — ¢2(ZF) (i.e. such that for every &, n € ¢2(ZF) the function T* > x — ([S]. &, 1) is
measurable) and essentially bounded (i.e. the function TF 5 2 — || [S]. || is essentially bounded)
such that

[Slo(Tf(x)) =T(Sf)(x) forae xzeTF, feL*R"). (7)

Moreover, ||S|| = esssup,erk|| [S]z || Conversely, if s : T8 — L(¢2(Z*)) is a weakly measurable and
essentially bounded field of operators then, there exists a unique bounded operator S € L(L?(R*))



that is SP and such that [S] = s. For example, let V be a SI subspace and consider P, € L(L?(RF)),
the orthogonal projection onto V; then, Py is SP so that [P)] : TF — L(£*(Z*)) is given by
[Pv]e = Py, (z) i.e., the orthogonal projection onto Jy(z), for a.e. x € T*.

The previous notions associated with SI subspaces and SP operators allow to develop a detailed

study of frames of translates. Indeed, let F = {f;}ic1 be a (possibly finite) sequence in L?(R¥). In
what follows we consider the sequence of integer translates of F, denoted E(F) and given by

E(F) =A{Ts fi} e, iyczrx1-

For = € TF, let T F(x) = {Tfi(x)}:cr which is a (possibly finite) sequence in £2(Z¥). Then E(F)
is a b-Bessel sequence if and only if I'F(z) is a b-Bessel sequence for a.e. z € T* (see [9, 35]). In
this case, we consider the synthesis operator Tz, : £2(I) — ¢%(Z¥) and frame operator SrF@)
2(ZF) — (2(ZF) of TF(x), for x € T*. Tt is straightforward to check that Sg(F) is a SP operator.

If F = {fi}ie1 and G = {g; }ic1 are such that E(F) and E(G) are Bessel sequences then (see [24, 35])
the following fundamental relation holds:

These equalities have several consequences. For example, if W is a SI subspace of L? (Rk) and we
assume further that 7, G € W" then, for every f, g € L?(RF),

<SE(-7:) s g> = /]I‘k <SF.7:(:C) Ff(l'), Fg($)>g2(zk) dr .

This last fact implies that [Sg(r)le = Srr() for a.e. x € T*. Moreover, E(F) is a frame for W with
frame bounds 0 < a < b if and only if ' F(z) is a frame for Jyy(z) with frame bounds 0 < a < b for
a.e. x € T* (see [9]).

We end this section with the notion of convex potentials in FSI introduced in [6]; in order to
describe these potentials we consider the sets

Conv(Ry) ={¢:Ry = Ry, ¢ is a convex function } 9)

and Convg(R;) = {¢ € Conv(Ry) , ¢ is strictly convex }.

Definition 2.1. Let W be a FSI subspace in L?(R¥), let F = {f;}ic1, € W" be such that E(F)
is a Bessel sequence and consider ¢ € Conv(R;). The convex potential associated to (¢, W) on
E(F), denoted PJD/V(E(]:)), is given by

PUBE) = [ r(o(Str) Ple) da (10)

where (Srr(;)) denotes the functional calculus of the positive and finite rank operator Str(,) €
L(£2(ZF))* and tr(-) denotes the usual semi-finite trace in L(¢2(Z*)). A

Example 2.2. Let W be a FSI subspace of L2(R*) and let F = {f; }ic1, € W™ If we set p(z) = 22
for x € Ry then, the corresponding potential on E(F), that we shall denote FP (E(F)), is given by

PP (E(F) = [

Tk

(S r) do = [ 30 (CAa). T ) da,

1, j€ln

where we have used the fact that ¢(0) = 0 in this case. Hence, FP (E(F)) is a natural extension of
the Benedetto-Fickus frame potential (see [7]). A



With the notation of Definition 2.1, it is shown in [6] that P)Y(E(F)) is a well defined functional
on the class of Bessel sequences E(F) induced by a finite sequence F = {fi}ic1, € W" as above.
The main motivation for considering convex potentials is that, under some natural normalization
hypothesis, they detect tight frames as their minimizers (see [6, Theorem 3.9.] or Corollary 3.7
below); that is, convex potentials provide simple scalar measures of stability that can be used to
compare shift generated frames. Therefore, the convex potentials for FSI are natural extensions
of the convex potentials in finite dimensions introduced in [29]. In what follows, we shall consider
the existence of tight frames E(F) for the FSI W with prescribed norms. It turns out that there
are natural restrictions for the existence of such frames (see Theorem 3.4 below). In case these
restrictions are not fulfilled then, the previous remarks show that minimizers of convex potentials
associated to a pair (¢, W) within the class of frames with prescribed norms are natural substitutes
of tight frames.

2.3 Majorization in probability spaces

Majorization between vectors (see [4, 27]) has played a key role in frame theory. On the one
hand, majorization allows to characterize the existence of frames with prescribed properties (see
[3, 14, 16]). On the other hand, majorization is a preorder relation that implies a family of tracial
inequalities; this last fact can be used to explain the structure of minimizers of general convex
potentials, that include the Benedetto-Fickus’ frame potential (see [7, 15, 28, 29, 30, 32, 33]). We
will be dealing with convex potentials in the context of Bessel families of integer translates of finite
sequences; accordingly, we will need the following general notion of majorization between functions
in probability spaces.

Throughout this section the triple (X, X, u) denotes a probability space i.e. X is a o-algebra of
sets in X and p is a probability measure defined on X. We shall denote by L>(X,u)™ = {f €
L>®(X,p) : f > 0} For f € L(X,u)", the decreasing rearrangement of f (see [27]), denoted
f*:[0,1) — R4, is given by

f(s) € sup{teRy: pleeX: f(z) >t} >s} forevery sel0,1). (11)

Remark 2.3. We mention some elementary facts related with the decreasing rearrangement of
functions that we shall need in the sequel. Let f € L>°(X, u)*, then:

1. f* is a right-continuous and non-increasing function.

2. f and f* are equimeasurable i.e. for every Borel set A C R then p(f~1(A)) = |(f*)~1(A)],
where |B| denotes the Lebesgue measure of the Borel set B C R. In turn, this implies that

for every continuous ¢ : Ry — Ry then: po f € L®(X,pn) iff oo f* € L*°([0,1]) and in this
case

/X@ofd,u,:/olgoof*dx. (12)

3. If g € L*™°(X, p) is such that f < g then 0 < f* < ¢g*; moreover, in case f* = g* then f = g.
A

Definition 2.4. Let f,g € L>(X, )" and let f*, g* denote their decreasing rearrangements. We
say that f submajorizes g (in (X, X, u)), denoted g <, f, if

/g*(t) dt < /f*(t) dt forevery 0<s<1.
0 0

If in addition fol g (t) dt = fol [*(t) dt we say that f majorizes g and write g < f. A



In order to check that majorization holds between functions in probability spaces, we can consider
the so-called doubly stochastic maps. Recall that a linear operator D acting on L*°(X,pu) is a
doubly-stochastic map if D is unital, positive and trace preserving i.e.

Dx) =1y, D(L¥(X.0)") CL¥X.0)" and [ D@ du(o) = [ f(e) du(o)

for every f € L*°(X, ). It is worth pointing out that D is necessarily a contractive map.

Our interest in majorization relies in its relation with integral inequalities in terms of convex
functions. The following result summarizes this relation as well as the role of the doubly stochastic
maps (see for example [17, 36]). Recall that Conv(R;) and Convs(Ry) (see Eq. (9)) denote the
sets of convex and strictly convex functions ¢ : Ry — R, respectively.

Theorem 2.5. Let f, g € L>°(X,u)*. Then the following conditions are equivalent:

Log=<f;
2. There is a doubly stochastic map D acting on L>°(X, ) such that D(f) = g;

3. For every ¢ € Conv(R,) we have that
[ elo@) duto) < [ o(7(a) dute) (1)
b's X

Similarly, g <., f <= Eq. (13) holds for every non-decreasing convex function ¢. O

The following result plays a key role in the study of the structure of minimizers of <, within
(appropriate) sets of functions.

Proposition 2.6 ([17]). Let f, g € L*°(X, )" such that g <., f. If there exists ¢ € Convg(R)
such that

/@mmmwszmwMthlfzﬂ. .
X X

3 Existence of shift generated frames with prescribed fine struture

In this section we characterize the fine structure of a Bessel sequence E(F), where F = {f; }ic1, €
W™, By the fine (or relative) structure of E(F) we mean the sequence of norms of the vectors
LF(z) = (I'fi(x))ic1, and the sequence of eigenvalues of [Sp(x)]e for # € T* (see Remark 3.3 for a
precise description). As we shall see, the possible fine structure of E(F) can be described in terms
of majorization relations.

3.1 A complete characterization in terms of majorization relations

We begin by showing the existence of measurable spectral representations of self-adjoint SP op-
erators with range lying in a FSI subspace (see Lemma 3.2), which follow from results from [35]
regarding the existence of measurable fields of eigenvectors and eigenvalues (counting multiplicities
and arranged in non-increasing order) of measurable fields M : TF — H(d) of selfadjoint matrices.
In order to do that, we first recall some notions and results from [9].

Given W C L%(R¥) a FSI subspace, we say that f € W is a quasi-orthogonal generator of W if

lgl> = > UTef,g))>,  forevery geW. (14)
LETF



The next theorem, which is a consequence of results from [9], provides a decomposition of any FSI
subspace of L?(R") into a finite orthogonal sum of principal SI subspaces with quasi-orthogonal
generators.

Theorem 3.1 ([9]). Let W be a FSI subspace of L2(R¥), with d = esssup, ¢« d(x), where d(x) =
dim Jyy(z) for x € T*. Then there exist hy,...,hg € W such that W can be decomposed as an
orthogonal sum

W =P Shy), (15)

J€ly
where h; is a quasi orthogonal generator of S(h;) for j € I, and Spec(S(hj+1)) C Spec(S(h;)) for
Jj € Ig—1. Moreover, in this case {I'h;(z)}jer,,, is a ONB of Jyy(z) for ae. z € T*. O

Lemma 3.2. Let W be a FSI subspace in L*(R¥) with d = esssup ek d(x), where d(z) =
dim Jyy(z) for x € TF. Let S € L(L*(R¥)) be a SP self-adjoint operator such that R(S) C W.
Then, there exist:

1. measurable vector fields v; : T8 — ¢2(ZF) for j € 1y such that vj(z) = 0 if j > d(x) and
{vj(z)}jery,, is an ONB for Jy(z) for a.e. x € T;

2. bounded, measurable functions A; : Tk — Ry for j € Iy, such that Ay > ... > A, Aj(z) =0
if j > d(z) and

Z Aji( ) @uj(zr), forae  xcTF. (16)
J€La(x)

Proof. By considering a convenient finite partition of T* into measurable sets we can assume,
without loss of generality, that d(z) = d for a.e. x € T*. In this case, by Theorem 3.1 we have that

W =P S(hy)
J€lq
where h; € W, for j € 14, are such that {I'hj(z)};cr, is a ONB of Jyy(x) for a.e. # € T*. Consider
the measurable field of self-adjoint matrices M(-) : T — H(d) given by

M(z) = (([S]x Lhj(z), Fhi(x»)i,jeﬂd .

By [35], we can consider measurable functions A; : TF — Ry for j € I, such that Ay > ... > )y
and measurable vector fields w; : T¥ — C? for j € I, such that {w;(z)};e1, is a ONB of C? and

Z Aji( )@w;(x) forae —x€T", (17)
jely

If wj(x) = (w;ij(z))ier, for j € Iy, consider the measurable vector fields v; : TF — ¢2(ZF) for j € 1y,
given by
vi() =Y wij(x) Thi(z) for = € TF.

Then, it is easy to see that {v;(z)};e1, is ONB of Jy(z) for a.e. x € TX; moreover, Eq. (17) implies
that Eq. (16) holds in this case. O

Remark 3.3. Let W be a FSI subspace with d(z) = dim Jyy(z) for z € T, and let F = {f;}ic1, €
W™ be a finite sequence in L?(R¥) such that E(F) is a Bessel sequence. In what follows we consider:



1. the fine spectral structure of E(F), that is the weakly measurable function
T" 5 2 = (\([Sp@)e) )jen € £4(ZF)

with A;([Sg(r)lz) = Aj(7) as in Lemma 3.2 for j € Iy, , and A\;([Sg(r)lz) = 0 for j > d(z)+1
and 2 € T*. Thus, the fine spectral structure of F describes the eigenvalues of the positive
finite rank operator [Sg ()] = Srr@) € L(#3(Z*)), counting multiplicities and arranged in
non-increasing order.

2. The fine structure of E(F) given by the fine spectral structure together with the measurable
vector valued function T% > x +— (|Tf;(2)||*)er, € R% . A

In order to state our main result of this section we shall need the notion of vector majorization
from matrix analysis. Recall that given a = (a;)ie1, € R and b = (b;)ie1,, € R™ we say that a is
majorized by b, denoted a < b, if

Zaigz:bi, 1 <k <min{n,m} and Zai:Zbi. (18)
1€l 1€l 1€l 1€y,

Theorem 3.4 (Existence of shift generated sequences with prescribed fine structure). Let W be
a FSI subspace in L?(R*) and let d(z) = dim Jy(z) for x € T*. Given measurable functions
aj T¢ — Ry for j €1, and Aj e Tk — R, for j € N, the following conditions are equivalent:

1. There exists F = {f;}jer, € W" such that E(F) is a Bessel sequence and:
(a) |Tfj(z)|?> = aj(z) for j € 1, and a.e. z € TF;
(b) Xi([Sem)la) = Aj(x) for j €N and a.e. x € T
2. The following admissibility conditions hold:
(a) \j(x) =0 for a.e. x € T* such that j > min{d(z),n} + 1.
(b) (aj(@))jer, < (Aj(2))jely,, for ae x € T*.
Our proof of Theorem 3.4 is based on the following extension of a basic result in matrix analysis

related with the Schur-Horn theorem (for its proof, see section 5 - Appendix). In what follows we
let Dy € My(C) be the diagonal matrix with main diagonal b € C.

Theorem 3.5. Let b: T — (R, )% and c¢: T — (R, )™ be measurable vector fields. The following
statements are equivalent:

1. For a.e. x € T¥ we have that c(x) < b(z).

2. There exist measurable vector fields u; : T* — C¢ for j € I,, such that ||u;(z)| = 1 for a.e.
z € TF and j € I,, and such that

Dy(yy = Z ¢j(x) uj(z) ®uj(z), forae  xcTF. O
€L,

Proof of Theorem 3.4. Assume that there exists F = {f;}jer, € W" such that | f;(z)|*> = a;(z),
for j € L,, and \;([Sgr)le) = Aj(z) for j € N and ae. z € T*. Consider the measurable field of
positive semi-definite matrices G : TF — M,,(C)* given by the Gramian

G(z) = <<Ffz(x), Ffj(w)>) , for zeTk.

1,7€ln

10



Notice that G(z) is the matrix representation of 77 ]_—(x)TF F(z) € L(C") with respect to the canonical
basis of C" for # € T*; using the fact that the finite rank operators TI‘]-‘(x)TF]:(.t) and TF}‘(x)Tfk]:(x) =
[SE(F)]z have the same positive eigenvalues (counting multiplicities) we see that

Aj(x) for 1< j <min{d(x),n}

] , for a.e. x €TV,
0 for min{d(z),n} +1<j<n

On the other hand, the main diagonal of G(z) is (||T'f;(2)|?)jer, = (a;j(x))jer, ; hence, by the
classical Schur-Horn theorem (see [25]) we see that

(Oéj(.%'))je]ln =< )\(G(x)) € Ri — (aj(a:))jeﬂn =< ()‘j(x))j@ld(z) for a.e. T € Tk .

Conversely, assume that (a;(2))jer, < (Ai(z))iel,,, for ae. z € T*. By considering a convenient

finite partition of T* into measurable subsets we can assume, without loss of generality, that d(z) =d
for € T*. Therefore, by Theorem 3.5, there exist measurable vector fields uj TF — C9 for j € I,
such that ||u;(x)| =1 for a.e. z € T* and j € L,, and such that

Dy(@) = Z aj(z) uj(z) @u;(x), forae  xeTh, (19)
J€ln

where A(z) = ()\;(2));e1, for z € T*. Now, by Theorem 3.1 there exist measurable vector fields
v; + T8 — (2(Z*) for j € I, such that {v;(z)}jer, is a ONB of Jy(z) for a.e. = € TF. Let
uj(z) = (uij(z))ie1, for j € I, and z € T¥; then we consider the finite sequence F = {f;};c1, € W"

determined by I'f;(x) = ajl-/Q(:z) > ier, wij(z) vi(z) for j €I, and z € T*. Tt is clear that
2 .
IPG @) = oy (@) w@)P = 0j@)  forae.  zeT, jel,
Moreover, using Eq. (19) it is easy to see that
Z Tfj(x) @ Tf;i(z) | vi(z) = Ni(z)vi(x) for i€l and ae z€TF.
J€ln
Hence, \;([Sg(r)lz) = Aj(x) for j € N and a.e. z € T* O

Remark 3.6. Let W be a FSI subspace in L?(R¥) and let d(z) = dim Jyy(z) for z € T*. Let
a; : TF — R4, j € I,, be measurable functions and let S € L(L?(R¥))T be a positive SP operator
such that R(S) C W. Let T* 3 2+ (\;([S]2))jen be the fine spectral structure of S (which is well
defined by Lemma 3.2). Assume that for a.e. z € T¥ we have that

(a5(@))jen, < (181t -
Then, there exists F = {f;};er, € W" such that E(F) is a Bessel sequence,
Spr) =95 and ITfi(@)|]> = aj(x) forae ze€TF jel,
Indeed, if in the proof of Theorem 3.4 above we take the measurable vector fields v; : T* — ¢2(Z*)

such that {v;(z)};e1, is a ONB of Jy(z) and such that [S],v;(z) = A\;j([S]z) vj for a.e. x € TF
(notice that this can always be done by Lemma 3.2) then we conclude, as before, that

[SeF)lz vi(®) = Xj([Slz)vi(z) for jely = [Sgr)le=[S]. forae z¢ ™. A
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As a first application of Theorem 3.4 we show the existence of shift generated uniform tight frames
for an arbitrary FSI. In turn, this allows us to strengthen some results from [6] (see also Corollary
4.10).

Corollary 3.7. Let {0} # W C L?(RF) be a FSI subspace and let d(z) = dim Jyy(z) for x € T*.
Assume that n > esssup,cpx d(z), let Z; = d™1(i) fori € I, and set Cyy = >, i-]Z;| > 0. Then:

1. There exists a sequence F = {fj}jer, € W" such that ||f;||* = n~! for j € I, and such that
E(F) is a uniform tight frame for W.

2. For any sequence G = {g;}jer, € W" such that E(G) is a Bessel sequence and such that
> jel, lgil|? = 1, and for every ¢ € Conv(Ry) we get that:

PY(E(G)) > Cy ¢(Cy)) = PY(E(F)). (20)

Moreover, if we assume that ¢ € Convs(Ry) then P;/V(E(g)) = Cw cp(C;Vl) if and only if
E(G) is a tight frame for W.

Proof. Let p; = |Z;| (where |A| denotes the Lebesgue measure of A C T and Z; = d~'(i)) for
1 <i < n; then Cyy = Zz‘eﬂni - p;. Notice that by hypothesis Spec W = Uy, Z; . For 2 € T* set
a(z) =0 if z € T* \ Spec(W) and:

o
a(az):z{ Zwif xeZ; and pj >0; (21)

0 if ze€Z; and p; =0.

Then, it is easy to see that (a(x))ier, < (Cljvl)ieﬂd(x) for every x € T*; hence, by Theorem 3.4 we
see that there exists 7 = {fj};er, € W" such that ||I'f;j(z)||*> = a(z) for j € I, and such that
Srr(z) = C’;\} Pj(x) for ae. @ € T*. Therefore, SeF) = C’;\} Py and

Cot (ot 1
? = =W dp = W o —
152 = [ oty ar =25 [ e =S Y=

i€l 1€llp

If G is as in item 2. then, by [6], we get the inequality (20). Notice that the lower bound is attained
at F (since it is tight); the last part of the statement was already shown in [6]. O

3.2 Generalized (measurable) eigensteps

In this section we derive a natural extension of the notion of eigensteps introduced in [14], that
allows us to describe a procedure to inductively construct finite sequences F = { f; }ic1, € W™ such
that the fine structure of E(F) (that is, the fine spectral structure of E(F) and the finite sequence
of measurable functions ||I'f;(-)||? : T¥ — R, i € I,) are prescribed. Hence, we obtain an in-depth
description of a step-by-step construction of Bessel sequences F(F) with prescribed fine structure.
We point out that our techniques are not based on those from [14]; indeed, our approach is based
on an additive model developed in [6].

Remark 3.8. Let W be a FSI subspace and let d(z) = dim Jyy(z) for z € T¥; let F = {f;}ier, € W"
be such that E(F) is a Bessel sequence and set:

1. a;(z) = |[Tfi(x)||?, for z € TF and i € I,, .

2. Xi(x) = Mi([SpF)le) » for 2 € TF and i € I, , where T" 5 @ — (Ai([Sg(#)]e) )ien denotes the
fine spectral structure of E(F).

By Theorem 3.4 these functions satisfy the following admissibility conditions:

12



Ad.1 \(z) =0 for a.e. z € T¥ such that i > min{n, d(z)} + 1.
Ad.2 (ai())ier, < (Xi(@))ieny,, for ae. z € T*.
For j € I,, consider the sequence F; = {fi}ic;, € W7. In this case E(F;) = {Tofi}(ei)ezrxy, s

Bessel sequence and S; = Sg 7 is a SP operator such that

[Sile = Srry@) = D _Tfi(z) ®Tfi(x) € LP(ZM)T forae. 2T, jel,
i€l

For j € I, and i € I;, consider the measurable function \; ; : T — R, given by
Aij(@) = Ai([Sjlz)  for  z € T |

where T% > 2 — (X\;([S)]2))ien denotes the fine spectral structure of E(F;) (notice that by con-
struction \;([Sj]z) = 0 for 7 > j +1). Then, it is well known (see [14]) that (); j(x));ec1, interlaces
()‘i,(j+1)(x)>ieﬂj+l Le.

)\i7(j+1)(x) > )\w‘(w) > /\(i+1),(j+1)(x) for 1 E ]Ij s ] S ]In—l R and a.e. z € Tk .

Notice that for a.e. x € T*,

Z )\i,j( = tr(] Z ITfi(x ||2 Zaz for jel,.

i€l i€l i€l

Finally notice that by construction Sy, = Sg(7) and hence, Xin(x) = Ni(z) for i € I, and = € Tk,
These facts motivate the following extension of the notion of eigensteps introduced in [14]. VAN

Definition 3.9. Let W be a FSI subspace and let \;, a; : TF — R, for i € I, be measurable
functions satisfying the admissibility assumptions Ad.1 and Ad.2 in Remark 3.8. A sequence of
eigensteps for (A, «) is a doubly-indexed sequence of measurable functions A; ; : T — Ry for i € I
and j € I, such that:

1. )\i7(j+1)(x) > )\m(aj) > A(i+1)’(j+1)(x) for i € ]Ij ,j€l,—1, and a.e. x € Tk;
2. Zieﬂj Xij(z) = Zieﬂj a;(z) for j €I, and a.e. = € T¥;
3. Xin(z) = Ni(z) for i € I, and a.e. x € T A

Remark 3.10. Consider the notations and terminology from Remark 3.8. Then ((A;;(-))ie1;)jel,
is a sequence of eigensteps for (A, a). We say that ((A;;(-))ie1,)jen, is the sequence of eigensteps
for (A, «) associated to F. A

In what follows we show that every sequence of eigensteps is associated to some F = { fi}iec1, € W"
such that F(F) is a Bessel sequence (see Theorem 3.14 below). In order to show this, we recall an
additive (operator) model from [6].

Definition 3.11. Let W be a FSI subspace and let d : T* — N> be the measurable function given
by d(x) = dim Jyy(z) for x € TF. Let S € L(L*(R¥))* be SP and such that R(S) C W. Given a
measurable function m : TF — Z such that m(x) < d(z) for a.e. x € T* we consider

UY(S) = {S + B: B e LIL*R")* is SP, R(B) ¢ W, tk([B].) < d(z) — m(z) for a.e. z € Tk} .

A
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Theorem 3.12 (Appendix of [6]). Consider the notations from Definition 3.11. Given a measurable
function p : T — ¢*(N)* the following are equivalent:

1. There exists C € UYY(S) such that A\(C,) = u(x), for a.e. z € TF;

2. For a.e. o € TF\ Spec(W) then u(z) = 0; for a.e. x € Spec(W) we have that p;(z) = 0 for
i>d(r)+1and

(a) in case m(z) <0, pi(x) > \i([S]z) for i € Ty ;
(b) in case m(x) € Ly, pi(x) = Ai([S]) for i € Iy, and

Ai([S]2) > H(d(e)-m(z))+i(x)  for i€ Iy - O

Remark 3.13. We point out that Theorem 3.12 is obtained in terms of a natural extension of
the Fan-Pall interlacing theory from matrix theory, to the context of measurable fields of positive
matrices (see [6, Appendix]); we also notice that the result is still valid for fields (of vectors and
operators) defined in measurable subsets of T*. The original motivation for considering the additive
model above was the fact that it describes the set of frame operators of oblique duals of a fixed frame.
In the present setting, this additive model will also allow us to link the sequences of eigensteps with
the construction of SG Bessel sequences with prescribed fine structure. A

Theorem 3.14. Let W be a FSI subspace and let \;, o; : TF — R4 for i € I, be measurable
functions satisfying the admissibility conditions Ad.1 and Ad.2 in Remark 3.8. Consider a sequence
of eigensteps ((Nij(*))ier;)jer, for (A, a). Then, there evists F = {fi}ier, € W" such that E(F) is
a Bessel sequence and ((Nij())iel,)jeL, 15 the sequence of eigensteps associated to F.

Proof. First notice that both the assumptions as well as the properties of the objects that we
want to construct are checked point-wise; hence, by considering a convenient partition of T* into
measurable sets we can assume (without loss of generality) that d(z) = d > 1, for z € T*. Now,
we argue by induction on j. Notice that by hypothesis for i = j = 1, we see that A\ 1(z) = oy (z)
for a.e. x € TF. Let fi € W be such that ||T'fi(z)||?> = a1(z) for a.e. z € T*; indeed, we can
take fi € W determined by the condition T'fi(z) = a!/?(x) Thy(x), where {h;};c1, are the quasi
orthogonal generators for the orthogonal sum decomposition of W as in Theorem 3.1. Then, by
construction || f1(z)[|? = a1(z) and Ap1(z) = [[Df1(2)]? = M([SE()]e) for ae. x € T

Assume that for j € I,,_1 we have constructed F; = {f;}ie1, € W7 such that
/\1'7@(1‘) = AZ([SE(]-—Z)]I) for i€l , {e ]Ij and a.e. = € Tk . (22)

We now construct fj11 as follows: set p; = X\ j41 for @ € Ij4q and p; = 0 for ¢ > j + 1; set
= (pi)ien : TF — (1(N)* which is a measurable function. Further, set S = Sg(r) € L(L*(RF))*
which is a SP operator with R(S) C W and set m(x) = m = d — 1. Moreover, by taking ¢ = j
in Eq. (22) above we see that \;([S]z) = Aij(z) for i € I; and A\;([S];) = 0 for ¢ > j + 1, for a.e.
z Tk,

By hypothesis, we see that A\; j11 < Ajji2 < ... < Ay = Ag; since the admissibility conditions
in Remark 3.8 hold, we conclude that p; = A; j;1 = 0 whenever ¢ > d + 1. On the other hand,
since d — m = 1 we see that the conditions in item 2. in Theorem 3.12 can be put together as the
interlacing relations

wi(x) > Ni([S]z) > pira1(z)  for i€l; and ae. x€TF,

which hold by hypothesis (see condition 1. in Definition 3.9); therefore, by Definition 3.11 and
Theorem 3.12, there exists a SP operator B € L(L?(R¥))* such that R(B) ¢ W, rk([B],) < 1 for
a.e. © € TF and such that \([S + Bl.) = pi(z) = \ij+1(x) for i € I, for a.e. @ € TF. The
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previous conditions on B imply that there exists fj1 € W such that B = Sg(y,, ,); indeed, fj41 is
such that it satisfies: I'fj11(2)®T fj11(x) = [B], forae. x € T*. Finally, if we set Fij1 = {fi}ie]lj+1
then Sp(z,,,) = SeF,) + Se(s;,.,) = S + B and hence A; j11(z) = Ni([SpF,,)]z) for i € L1 and
a.e. © € T*. This completes the inductive step. ]

We end this section with the following remark. With the notations and terminology in Theorem
3.14, notice that the constructed sequence F = { f;}ier, is such that its fine structure is prescribed
by (A, @): indeed, Xi([Spr)]z) = Xi,n(®) = Ai(z) and [T fi(2)||* = a;(z) for i € I, and a.e. x € Tk
(this last fact can be checked using induction and item 2. in Definition 3.9). That is, the measurable
eigensteps provide a detailed description of Bessel sequences E(F) with prescribed fine structure.

4 An application: optimal frames with prescribed norms for FSI
subspaces

In order to describe the main problem of this section we consider the following:

Definition 4.1. Let W be a FSI subspace of L?(R¥) and let a = (a;)ier, € (R2)¥. We let
Bo(W) = {F = {fi}ict, € W": E(F) is a Bessel sequence , | fil]|> = oy, i €I,,} , (23)

the set of SG Bessel sequences in W with norms prescribed by «. A

Notice that the restrictions on the families F = {fi}ic1, € Ba (W) (namely | f;]|> = oy for i € I,)
are of a global nature. Our problem is to describe those F € B, (W) such that the encoding schemes
associated to their corresponding Bessel sequences E(F) are as stable as possible. Ideally, we would
search for sequences F such that E(F) are tight frames for W; yet, Theorem 3.4 shows that there
are obstructions for the existence of such sequences (see Corollary 4.10 below).

By a simple re-scaling argument, we can assume that ) ,.; «; = 1; then Corollary 3.7 (see also [6,
Theorem 3.9.]) shows that if there exists Fy € B,(WV) such that E(Fy) is a tight frame for W then
E(Fp) is a minimizer in B, (W) of every frame potential PZV for any convex function ¢ € Conv(R,)
and P;,/V (B(Fy)) = Ow ¢(Cyy)); moreover, in case ¢ € Convg(Ry) is a strictly convex function, then
every such F € B, (W) for which ng (E(F))=Cw @(C;Vl) is a tight frame. This suggests that in
the general case, in order to search for F € B, (W) such that the encoding schemes associated to
their corresponding Bessel sequences E(F) are as stable as possible, we could study the minimizers
in B, (W) of the convex potential P;,/V associated to a strictly convex function ¢ € Convg(R}).

Therefore, given ¢ € Conv(Ry), in what follows we show the existence of finite sequences F°P €
B, (W) such that

P;/V(E(]:Op)) = min{PJD/V(E(]:)) : FeB.W)}.
Moreover, in case ¢ € Convg(R;) then we describe the fine spectral structure of the frame operator

of E(F°P). In case ¢(z) = 2, our results extend some results from [7, 15, 29] for the frame potential
to the context of SG Bessel sequences lying in a FSI subspace W.

Let us fix some general notions and notation for future reference:
Notations 4.2. In what follows we consider:

1. A FSI subspace W C L?(RF);
2. d(z) = dim Jy(z) <L €N, for a.e. x € TF
3. The Lebesgue measure on R¥, denoted |- | ; Z; = d~'(i) C TF and p; = |Z;|, i € I,.

4. The spectrum of W is the measurable set Spec(W) = ;¢ Zi = {z € TF : d(x) # 0}.
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4.1 The uniform dimension case

Consider the Notations 4.2. In this section we obtain the fine spectral structure of minimizers of
convex potentials in B, (W) under the assumption that d(x) = d for a.e. x € Spec(W). In order
to deal with this particular case, we recall some notions and constructions from [6].

Remark 4.3 (Waterfilling in measure spaces). Let (X, X, u) denote a probability space and let
L®(X, )t = {g € L>®(X,pn) : g > 0}. Recall that for f € L°(X,u)" and ¢ > essinf f > 0
we consider the waterfilling of f at level ¢, denoted f. € L>®(X,u)", given by f. = max{f, c} =
f+ (c— f)T, where g denotes the positive part of a real function g. Recall the decreasing
rearrangement of non-negative functions defined in Eq. (11). It is straightforward to check that if

[ (s) if 0<s<sp;

so=p{reX: f(x)>c} then fc*(s):{ ¢ if sp<s<1. (24)

We further consider ¢y : [essinf f,00) — R4 given by

670 = [ fodu= [ 1)+ (= 1@)" duta).
X X
Then, it is easy to see that:

1. ¢g(essinf f) = [ f dp and lime, 1o ¢f(c) = +00;

2. ¢y is continuous and strictly increasing.

Hence, for every v > [y f du there exists a unique ¢ = ¢(v) > essinf f such that ¢¢(c) = v. With
the previous notations then, by [6, Theorem 5.5.] we get that if h € L>°(X, u)* is such that

f<h and ov< / hdp  then  foup) <wh . (25)
X

A

Lemma 4.4. Let (X, X, ) denote a probability space and let f, g € L>°(X, u)™ be such that f <4 g.
Let ¢, d > 0 be such that fX fe dp = fX gq dup, where f. and gq denote the waterfillings of f and g
at levels ¢ and d respectively. Then f. < gq in (X, p).

Proof. Set so = p{z € X : f(x) > ¢} € [0, 1]; notice that by construction g < g4 in X so that, by
Remark 2.3, ¢* < (gq)* in [0, 1]. Hence, for every s € [0, sp] we have

[ra= [ ras [gas[ra (26)
0 0 0 0
On the other hand,

S0 Eh) S0 S0 S0
[ az [Teaz [T — o [Caya- [T razo
0 0 0 0 0

Using Remark 4.3 and the hypothesis we get that

0 RPN CT) (12) [, b
/ f dt—l—(l—so)c:/ frdt z/fchZ/gddu =/ (9a) dt+/(gd) dt
0 0 X X 0 S0

= (150)02/1[(%)*+

S0

- } dt |

16



Thus, by [6, Lemma 5.3.] we get that for s € [so, 1]:

w
1—80

s-se< [ [+

S0

] dtﬁ/s(gd)* dt +w .

S0

This last identity and Remark 4.3 show that for s € [sg, 1],

/Os(fc)* it = /Oso(gd)* dt —w+ (s so)c < /Oso(gd)* dt + /Sj(gd)* it (27)

The lemma is a consequence of Eqgs. (26) and (27). O
Remark 4.5. Let (Z, Z,| - |) be a (non-zero) measure subspace of (T*, B, | - |) and consider
(L, P(L), #(-)) i.-e, I, endowed with the counting measure. In what follows we consider the product
space X = Z x I endowed with the product measure = |- | x #(-). A

Lemma 4.6. Consider the notations in Remark 4.5 and let o : Z — R" be a measurable function.
Let & : X — R be given by

a(z,i) =a;(x) for xe€Z and i€l .
Then & is a measurable function and we have that:

1. If p € Conv(Ry) then [y pod du= 3 [,¢(ai(z)) do .

i€l
2. Let B:Z — R" be a measurable function and let B : X = R be constructed analogously. If
a(z) < B(z) forae zeZ = a<p
in the probability space (X, X, ji), where i = (r-|Z|)~! .
3. Similarly, a(x) <y B(x) for a.e. x € Z implies that & <y, B in (X, X, [1).

Proof. The proof of the first part of the statement is straightforward. In order to see item 2.,
notice that if ¢ € Conv(Ry) then a(z) < B(z) implies that Y, p(ai(z)) < > iy @(Bi(z)) for
a.e. x € Z. Then, using item 1. we get that

v g~ . -1 i (x T r. -1 (x €Tr = Ov [ .
/Xgooadu—w 1)) /z%:f"( (@) dx < (r-12)) /Zl_%;sowz( ) d /X“” 3 dj

Since ¢ € Conv(Ry) is arbitrary, Theorem 2.5 shows that & < B. Ttem 3. follows using simi-
lar arguments, based on the characterization of submajorization in terms of integral inequalities
involving non-decreasing convex functions given in Theorem 2.5 (see also [17]). O

The following is the first main result of this section.

Theorem 4.7 (Existence of optimal sequences in B,(W)). Consider the Notations 4.2. Let a =
(qi)ien, € (R%)Y and assume that W is such that d(z) = d for a.e. € Spec(W); setr = min{n,d}.
Let p = pq = |Spec(W)|. Then there exist ¢ = c(a, d, p) > 0 and F°P € B,(W) such that:

1. For a.e. x € Spec(WV) we have that

max{%,c} if jel;

28
0 if r+1<j<d. (28)

M) = {
In particular, if d <n (i.e. r =d) then E(F°P) is a frame for W.

17



2. For every ¢ € Conv(Ry) and every F € B,(W) then

Py <P(max{% s c}) +p(d—1)p(0) = PY(E(F?)) < PY(E(F)). (29)
=

Proof. Consider Spec(WV) as a (non-zero, otherwise the result is trivial) measure subspace of the
k-torus endowed with Lebesgue measure. Then, we consider X = Spec(W) x I, endowed with the
product measure p = | - | X #(-), where #(-) denotes the counting measure on I, (as in Remark
4.5). We also consider the normalized measure fi = ﬁ pon X. Let F = {fj}jer, € Ba(W) and

set B3;(z) = ||Lfj(x)||? for x € Spec(W) and j € I,,. Notice that
[ @ o=l =y, for jelL,. (30)
Spec(W)

Let 7, B:X — R, be the measurable functions determined by
Y(x,7) = % and  B(z,j) = Bj(x) for x€Spec(W) and jel, .
Consider the map D : L*°(X, 1) — L*°(X, 1) given by
D(h)(x,j) =r / hdp= - / h(z,j) dv  for x € Spec(W) and jel,.
Spec(W) x {5} P JSpec(w)

Then, it is easy to see that D is positive, unital and trace preserving i.e. D is a doubly stochastic
map; moreover, by Eq. (30), D(5) =% and by Theorem 2.5 we conclude that ¥ < 3.

Now, consider the measurable vector-valued function 8+(x) = (B]i (x))jer, obtained by re-arrangement
of the entries of the vector 3(x) = (8j(x))jer,, for € Z independently. By construction we get the

submajorization relations (5;(x)) er, <w (Bj(x)) jer, for every x € Z (notice that we are considering
just the first r entries of these n-tuples).

Thus, if we consider the measurable function 6v¢ : X — R, determined by ﬁvi(:n, j) = Bf(x) if

x € Spec(W) and j € I, then Lemma 4.6 shows that B <w Bvi in (X,n). By transitivity, we

conclude that ¥ <, B¢. By Remark 4.3 there exists a unique b > ess- in)f( B+(x) such that the
Te

waterfilling of ﬁn at level b, denoted ﬂuib, satisfies
[ ddi=nt Saiz [ .
X : X
i€y,
Similarly, let ¢ > ess- in}f( 5(z) be such that the waterfilling of ¥ at level ¢, denoted 4. , satisfies
re
[Acdi=tn Y ez [ .
X 4 X
i€l,
Therefore, by Lemma 4.4, we see that
Ve =By in (X, [) . (31)

By Lemma 3.2 there exist measurable functions A; : Tk — R, for j € I; such that we have a
representation of [Sg(r)l: = Srr) as in Eq. (16), in terms of some measurable vector fields

v : TR — (2(ZF) for j € 14, such that {v;(x)};er, is a ONB of Jyy(x) for a.e. € Spec(W); indeed,
in this case A\j(z) =0 for j > r 4+ 1 and a.e. € Spec(W).
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If we let e(x) > 0 be determined by the condition

Zmax{ﬁj(z:), e(z)} = Z Ai(z) ( = Z Al($)> , forae. x € Spec(W)

i€l i€l i€ly
then by [29] (also see [30, 31, 32]) we have that
(Gi(@))ier, & (max{B/(2), e(z)}ier, < (Ni(@))ier, , forae. @€ Spec(W).  (32)

Notice that the vector (0;(z))icr, can be considered as the (discrete) waterfilling of the vector
(Bj(w))je]lr at level e(x), for x € Spec(W). If 0, A : X — R, are the measurable functions given by

5(x,j) =06;(z) and A(z,j) = \j(x) for xeSpec(W) and jel,
then, by Lemma 4.6, we get that 6 < \ in (X, ). Notice that by construction, o> éi and
/ Sdi=(r-p)! Zai.
X i€l,
Hence, by Remark 4.3, we get that ﬁv¢b <34. Putting all the pieces together, we now see that
Je < Bhy <0 <X, i (X,7). (33)
Recall that by construction, we have that
Fe(x) = max{%, ¢}, for xeSpecW)x{j}tCcX, jel, . (34)
Then, it is straightforward to check that
-1 < g~ -1 @ @y @
rop 7 Y= [ Aedi=r Y max( o = (e, < (max(, cyer, . 39
i€l X jel, p p p

Thus, by Theorem 3.4, there exists a Bessel sequence FP = {fP};c;, € W™ such that the fine
spectral structure (A;([Sp(ror))e) )jen satisfies Eq. (28) and such that | f;(z)||* = U foriel,,
and x € Spec(W). In particular, ||f?|> = o; for i € I,, so F°P € B,(W). If ¢ € Conv(Ry) then,
by the majorization relations in Eq. (33) and Lemma 4.6,

PY(B(F?)) = /Spec(m[g@(ma"{?70}““‘”@(0” dz = /X 0% dp+ p(d— 1) o(0)
< /X@oxdwp(d—r)w(m=PJV<E<f>>.

Hence, F°P satisfies items 1. and 2. in the statement. ]

The previous result shows that there are indeed structural optimal frames with prescribed norms
in the sense that these frames minimize any frame potential within B,(W); along its proof we
showed several majorization relations that allow us to prove that the spectral structure of any such
structural optimal frame is described by Eq. (28).

Theorem 4.8 (Fine spectral structure of optimal sequences in B,(W)). With the hypothesis and
notations from Theorem 4.7, assume that F € B, (W) is such that there exists ¢ € Convg(R4) with
PW(E(F)) = PYY(E(F°)). Then, for a.e. x € Spec(W) we have that

" o . | N
Aj([sE(f)]x):{ max{% , c} Omax{ﬁg (@), c} 2; r+j1iﬂféd, (36)
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where ,B%(:r) > Bﬁ(:ﬁ) > 0 are obtained by re-arranging the sequence

Blx) = (Bi(x), ..., Bulx)) = (ITA@), ..., ITfa(2)]?) € R
in non-increasing order, independently for each x € Spec(W).

Proof. We continue to use the notations and terminology from the proof of Theorem 4.7. Assume
further that F € B,(W) is such that there exists ¢ € Convs(R;) with

P> ol maX{ ;) +p(d—r)p(0) = PYY(E(F)) .
Jel,

Then, using this last fact and Lemma 4.6 we see that
(r-p) / ¢ oe dji = (r-p) / poXdi.
X X

Hence, by Eq. (33) we have that

/soo*ycdnz/woéibdﬂz/woédﬂz/woidﬂ.
X X X X

Thus, by Proposition 2.6 the functions 7., éib, 5, \ are equimeasurable. On the one hand, Eq.
(32), together with the equality above imply that max{ﬂi( ), e(z)} = Aj(x), for j € I, and a.e.

T € Spec(W) and hence, by construction, 6 = A. On the other hand, by [6, Corollary 5.6] we also

get that 5% = . Therefore, Bib — 0 = X; in particular, we get that max{Bi( ), b} = Aj(x), for
j €1, and a.e. x € Spec(W).

Notice that, since 5. and A are equi-measurable, then |5\_1(max{%, )| = |’Vyc_1(max{%, c})| for

j € I.; thus, X takes the values max{%, ¢} for j € I, (off a zero-measure set). As A and ¥, are
both induced by the vector-valued functions

Spec(W) 3 x — (max{%, Hjer € (RL)Y  and  Spec(W) 3z — (\j(2))jer, € (R}
respectively, we conclude that
s
(max{;j7 cjer, = (Aj(@)jer, = (max{B;(z), b})jer, , for € Spec(W) .

From this last fact, we see that we can set b = ¢ and the result follows. ]

Remark 4.9. Consider the notations and terminology from Theorem 4.7. We point that there is
a simple formula for the constant c. Indeed, notice that if F°P € B, (W) is the structural solution
of the optimization problem considered in Theorem 4.7 then

> XN([SpFen)e) = tr([Spemlz) = Y ITF (@) forae. xeTh
jeHr ]E]In
Therefore,
Zmax{— c} = Z aj , (37)
i€l ]E]In
which shows that c¢ is obtained by the previous discrete waterfilling condition. A
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Tight frames play a central role in applications. On the one hand, they give raise to simple
reconstruction formulas; on the other hand, they have several robustness properties related with
numerical stability of the encoding-decoding scheme that they induce. It is therefore important
to have conditions that assure the existence of tight frames with prescribed norms: in the finite
dimensional context (i.e. finite frame theory) this problem is solved in [15] in terms of the so-called
fundamental inequality. As a consequence of Remark 4.9, we obtain conditions for the existence
of tight SG frames with norms given by a finite sequence of positive numbers, in the uniform
dimensional case.

Corollary 4.10. Consider the notations and hypothesis of Theorem 4.7. In the uniform dimen-
sional case (so in particular, d(x) = d for a.e. x € Spec(W) ). We have that

there exist tight frames in B,(W) <= d=r<n and d-oy < Z aj .
Jj€ln

Proof. Tt is a direct consequence of Egs. (28) and (37). O

4.2 Existence and structure of P;/V -minimizers in B,(W): the general case

It turns out that Theorem 4.7 allows to reduce the study of the spectral structure of minimizers of
convex potentials in FSI subspaces with norm restrictions to a finite dimensional model. Indeed,
consider the Notations 4.2 and, for the sake of simplicity, assume that p; > 0 for every ¢ € I,.
Consider a € (R%,)* and let F € B,(W). For each i € I, let W; C L?(RF) be the closed FSI
subspace whose fibers coincide with those of W in Z; = d~1(7) and are the zero subspace elsewhere,
and let F; = {fi;}jer, € W} be determined by

Ifij(x) =xz/(x) Tfj(z) forae xe€ TF  and jel,,

where yz denotes the characteristic function of a measurable set Z C T*. Fix a convex function
¢ € Conv(Ry). Since each Wj; is also a uniform FSI, it satisfies the hypothesis of Theorem 4.7.
Then we conclude that for each i € I, there exists F s = {f dls}Je]In € W] such that

AP = 1figl? for Gely and  BMEEFE™) < PY(EF) for i€l

We can recover the initial family F = {fi}ic1, by gluing together the families F; for i € I,.
Similarly, if we glue the families F3* we get a family 74 (in such a way that (F4); = Fdis € Wn
as before, for i € I;). Notice that F4 € 9B,(W) since

117 =D IR = 1 £l =i for i€,
j€l,
using the fact that the subspaces {W,}ic1, are mutually orthogonal. Also
BE(F%) =" PY(E(FY) <> PY(EF)) = PY(EF)) .
’LE]L@ ZE]L@

Now, the fine spectral structure of }"l-dis is of a discrete nature (as described in Theorem 4.7).
Moreover, this fine structure is explicitly determined in terms of the matrix

B = (p; | fij|1P)ier,, jer, € RY™  fulfilling the identity p’ B =a, (38)

where p = (p;)ic1, and o = (;)ier, . Notice that the set of all such matrices form a convex compact
subset of RTX”. The advantage of this approach is that we can use simple tools such as convexity,
compactness and continuity in a finite dimensional context, to show existence of optimal spectral
structure within our reduced model. Nevertheless, the reduced model has a rather combinatorial
nature (see the definition of Ao’, () below), so we build it in steps.

21



Notations 4.11. In order to simplify the exposition of the next result, we introduce the following
notations that are motivated by the remarks above. Let m, n € N:

1. Inspired in Eq. (38), for finite sequences a € (R%)¥ and p = (p;)ic1,, € R, we consider the
set of weighted partitions

Wa,p ={BeR"™ : pPPB=a}.
It is straightforward to check that W, , is a convex compact set.

2. Given d € N we define the map Lg : R} — (Riﬂ given by
_ 4 , if d<
L def (max{7;", ca(7)})ie1, 1 xn f R™ 39
d(’)/) { (’)/\L’ Od_n) lf d >n or every ’y € + ( )
where the constant c4(y) € Ry is uniquely determined by tr Lg(vy) = tr 7, in case d < n. By
[29, Prop. 2.3] we know that v < Lg(v), and Lg(vy) < 8 for every 8 € R? such that vy < 3.

3. Let 6 = (d;)ier,, € N be such that 1 < dy < ... <d,y,. For each B € W, , consider
Bs = [La,(Ri(B))],op. € [T RY)*, (40)
i€l

where R;(B) € R’ denotes the i-th row of B. Moreover, using the previous notations we
introduce the reduced model (for optimal spectra)

def di
AP, (0) = {Bs: BeWa,}C [ (RY).
i€l
In general, AgYp(d) is not a convex set and indeed, the structure of this set seems rather

involved; notice that item 2 above shows that the elements of Aa’p(d) are <-minimizers
within appropriate sets. A

The following result describes the existence and uniqueness of the solution to an optimization prob-
lem in the reduced model for a fixed ¢ € Conv(R;.), which corresponds to the of the minimization
of the convex potential P;/V in B, (W) for a FSI subspace W and a sequence of weights o € (R%)*.
The proof of this result is presented in section 5.2 (Appendix).

Theorem 4.12. Let m,n € N, a € (R2)*, p = (pi)ier,, € RYy and § = (d;)ier,, € N™ be such
that 1 < dy < ...<dp. If ¢ € Conv(Ry) then there exists VP = [¢P];c1, € Aot p(0) such that

7

> o trlp®) < 3 pita(p(8n))  for every U = [$ilier,, € AP,().

i€lm i€l
Moreover:

1. If p € Convg(Ry) then such WP is unique;
2. If n > dy, and ¢ € Convs(Ry) is differentiable in Ry then WP € [[; (Riio)i. O

We now turn to the statement and proof of our main result in this section (Theorem 4.13 below).
Hence, we let W be an arbitrary FSI subspace of L?(R¥) and let a = (;);er, € (R%()%. Recall that

Ba(W) = {F = {fi}icr, € W": E(F) is a Bessel sequence , || fil|? = ai, i € I,,}.

Given ¢ € Conv(Ry), in what follows we show the existence of finite sequences F°P € B,(WV) such
that
14% — 4% .
PV (E(FP)) = min{P;" (E(F)) : F € Ba(W)}.

Moreover, in case ¢ € Convg(R;) then we describe the fine spectral structure of the frame operator
of E(F°P) of any such F°P.
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Theorem 4.13. Let o = ()ier, € (R2)¥, consider the Notations 4.2 and fix p € Conv(Ry).
Then, there exists F°P € B,(W) such that:

1. Xj([SpFer]z) =475 € Ry is a.e. constant for x € Z;, j € 1; and i € Iy;

2. For every F € B,(W) we have that

Sow | S | = PYEFR) < PY(EF)) .

i€l J€l;

If we assume that ¢ € Convg(R,) then:
a) If F € B (W) is such that PJD/V(E(}")) = P;/V(E(}"Op)) then Sg(r) has the same fine spectral

structure as SE(]_‘op).

b) If we assume further that ¢ is differentiable in Ry and that n > i for every i € I; such that
pi = |Z;i| >0, then E(F) is a frame for W.

Proof. Without loss of generality, we can assume that there exists an m < ¢ such that p; = |Z;| > 0
for i € I;, and p; = |Z;| = 0 for m + 1 < i < /¢ (indeed, the general case follows by restricting the
argument given below to the set of indexes i € I, for which p; = |Z;| > 0). We set p = (p;)ic1,, € RZ,
and consider F = { fi}ier, € Ba(W). Fori € I,,, and j € I, set

1 / If@)12 do = S piBiy = / ITf5 ()2 dr = |2 =

icl,, Spec(W)

for every j € I, , since Spec(W) = Ujer,, Zi- Then p? B = « so using Notations 4.11, B € W,

Now, fix i € I,, and consider the weights 5° = p; R;(B)* € R’ . For the sake of simplicity we
assume, without loss of generality, that 3° = p; R;(B). For i € I,,,, let W; be the FSI subspace
whose fibers coincide with those of W inside Z; and that are the zero subspace elsewhere; hence,
Spec(W;) = Z; and dim Jy,(x) = ¢ for x € Spec(W;). For i € L, set F; = {fi;}jer, where
Ifij(z) =T fj(x) for x € Z; and I'f; j(x) = 0 elsewhere; then F; € B (WV;) and

[SE( )]x = Sp}- (z) = [SE(]:)] for x € Z;=Spec(W;), i€l,.

If we consider the minimization of P;/Vi in B3 (W;) then, Theorem 4.7 and Remark 4.9 imply that
there exists ¢; > 0 such that

Pi Z(p(max{Bi,j y Cz}) S PJO/V'(E(.FZ)) and Z max{Bi,j s Ci} = Z Bi,j . (41)

jel; Jjel; i€l,
Using Notations 4.11 and Eq. (35), we get that for i € I,
Li(R;(B)) = (max{Bi;, ¢i})jer, = Bs = [(max{B, ¢i})jerlier, € Aot,(),

where 6 = (i);e1,,. Notice that W = @;¢p, Wi (orthogonal sum) and hence

> pi Y pmax{B;;, ci}) < Y PV(E = P)V(E(F)).

i€lyn  jel 1€lm

Let [¢;"]ier,, = ¥°P € AP,(8) be as in Theorem 4.12. Then

S p @) = S [ Sew®) | < 3 p Y elmax(Byy, ob) < PYEF) . (42)

1€lm 1€lm Jel; i€l JEl;
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Recall that by construction, there exists B = (Vi) j)er,x1, € Wa,p such that ByP = WP (see
item 3 in Notations 4.11). In this case,

U" = Li( (vigjer,) = (igjer, < ¢;°  for i€l .

Let v : Spec(W) — R" be given by v(z) = R;(B°?) = (Vi) je1, if © € Z;, for i € L, ; similarly, let
Az Spec(W) = [Ticr, RY, A(x) = @7 if & € Z;, for i € I,,. Then, by the previous remarks we get
that y(z) < A(z) for € Spec(W).
Hence, by Theorem 3.4 there exists F°P = {f;"} 1, such that

HFf;p(x)H2 =%, and  N([Spronls) =Y for ze€Z, jel; and i€l .

Since B°? € W, ), then

1571 = [ W ITLT @I o= 3 pivig =05 for j €L, — F € Ba(W)
pec

1€lm

and

P}V (B(F°P)) 2/ tr(p(A(2))) dz =Y pi tr(p(¥)), (43)

Spec(W) icl,

then by Eq. (42) we see that PgV(E(}"Op)) < PgV(E(]—")). Since F € B,(W) was arbitrary, the
previous facts show that F°P satisfies items 1. and 2. in the statement.

Assume further that ¢ € Convg(Ry) and F € B,(W) is such that P‘ZV(E(}")) = P;,/V(E(}"Op)).
Then, by Eqgs. (41), (42) and (43) we see that

pi Y e(max{Bi;, ¢;}) = P(E(F)) for i€l .
Jel;
Therefore, by the case of equality in Theorem 4.8 and the uniqueness of W°P from Theorem 4.12
we conclude that

)\]([SE(]:)]QC) = )‘]([SE(_FZ)]:E) = @fo; for x€Z;,j€l;,iel,.

Finally, in case ¢ € Convg(Ry) is differentiable in Ry and n > m then, again by Theorem 4.12,
we see that Sg(r) is bounded from below in W (since the vectors in W°P have no zero entries) and
hence E(F) is a frame for W. O

We end this section with the following remarks. With the notations of Theorem 4.13, notice that
the optimal Bessel sequence F°P € B, (W) depends on the convex function ¢ € Conv(R ), which
was fixed in advance. That is, unlike the uniform case, we are not able to show that there exists
Fuiv e B,(W) such that F'V is a P)V-minimizer in B, (W) for every ¢ € Conv(Ry). It is
natural to wonder whether there exists such a universal solution F'"V € 9B,(W); we conjecture
that this is always the case.

5 Appendix

5.1 The Schur-Horn theorem for measurable fields of self-adjoint matrices and
applications

The simple notion of majorization between real vectors has played an important role in finite frame
theory in finite dimensions. In particular, it is well known that the existence of finite sequences
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with prescribed norms and frame operator can be characterized in terms of majorization, applying
the Schur-Horn theorem.

Next we develop a Schur-Horn type theorem for measurable fields of self-adjoint matrices and
use this result to prove Theorem 3.5. Our proof is an adaptation of that given in [25] for the
classical Schur-Horn theorem. We will use the existence of measurable eigenvalues and eigenvectors
(i.e. diagonalization by measurable fields of unitary matrices) of measurable fields of self-adjoint
matrices from [35]. In what follows we consider a measure subspace (X, &, | - |) of the measure
space (T*, B(T*), | -|) of the k-torus with Lebesgue measure on Borel sets.

Theorem 5.1. Let A(:) : X — H(n) be a measurable field of self-adjoint matrices with associated
measurable eigenvalues b; : X — R for j € I, such that by > --- > b,. Letc; : X — R be
measurable functions for j € 1, . The following statements are equivalent:

1 o(2) = (@(@), -, cal@)) <b(@) = (@), -+ , bala), for a.e. @ € X.
2. There ezists a measurable field of unitary matrices U(-) : X — U(n), such that

d(U(z)* A(z) U(z)) = c(x), forae ze€X, (44)
where d(B) € C" denotes the main diagonal of the matriz B € M,,(C).

Proof. First notice that the implication 2. = 1. follows from the classical Schur theorem.

1. = 2.: By considering a convenient measurable field of permutation matrices, we can (and
will) assume that the entries of the vector c¢(z) is also arranged in non-increasing order: cj(x) >
ca(z) > ...cp(x). By the results from [35] showing the existence of a measurable field of unitary
matrices diagonalizing the field A, we can assume without loss of generality that A(z) = Dy,
where Dy, is the diagonal matrix with main diagonal (b1(x), ..., by(x)) for a.e. v € X.

We will argue by induction on n. For n = 1 the result is trivial. Hence, we may assume that n > 2.
Since ¢(x) < b(z), we have bi(x) > c1(x) > ep(z) > by(x), so if by(x) = by(z) it follows that all
the entries of ¢(z) and b(z) coincide, A(z) = ¢1(z)1,, and we can take U(z) = I,, for every such
x € X. By considering a convenient partition of X we may therefore assume that by (x) > b, (z)
in X. Similarly, in case ci(x) = ¢,(x) then the unitary matrix U(z) = n~'/2 (w/*), sy, , where
w = eiém, satisfies that U(z)" Dy,) U(x) = (c1(x), ..., ca(z)). Therefore, by considering a
convenient partition of X we may therefore assume that c¢i(z) > ¢, (z) in X

For n = 2, we have by(x) > ba(x) and bi(x) > c1(x) > ca(x) = (b1(z) — c1(x)) + ba(z) > bo(x).
Consider the matrix

1 — _
U(x) = (\/bl 1) — @) —yolr) - b) > forae. zx€X.

Vbi(x) — bo(z Vbe(x) —ca(x)  /bi(2) —Cg(l’)

Notice that U(z) : X — M(C)* is a measurable function and an easy computation reveals that
U(z)*U(x) = Iz, so U(x) is unitary for a.e. z € X. A further computation shows that

U(x)" A(z) U(x) = ( Clix) c;(kx) ) forae. xz€X.

That is, d(U*(z) A(z) U(z)) = (c1(z), ca2(x)) and U(-) has the desired properties.

Suppose that n > 3 and asssume that the theorem is true if the vectors ¢(x) and b(x) have size at
most n — 1. For each z € X let k(z) be the largest integer k € I,, such that by(z) > c1(x). Since
bi(z) > ci(x) > ep(x) > by(z), we see that 1 < k < n — 1. Then, by considering a convenient
partition of X into measurable sets we can assume that k(x) = k for x € X. Therefore, by definition
of k we get that by(x) > c1(x) > bry1(x) for x € X. Let n(z) = bp(z) + brt1(x) — c1(z) and observe
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that n(z) = (bg(z) — c1(x)) + bg1(x) > bryi(x). Then, the measurable vector (bg(x),bgt1(z))
majorizes the measurable vector (c1(z),n(z)) and b (x) > bgy1(x) for a.e. x € X. Let

_( (@) 0
Dy(z) = ( ko by () > forae. z€X.

By the case n = 2 we obtain a measurable field of unitary matrices U;(-) : X — U(2) such that
d(Ui(z)* Di(z) Ui (z)) = (c1(x),n(z)) forae xze€X.

Since by (x) = n(z) + (c1(x) — bpr1(x)) > n(x), we have:
>

If £ = 1 then bi(z) > n(x) > ba(z) > -+ > by(x); if we let Dy(x) € M,,_2(C) be the diagonal
matrix with main diagonal (b3(z), ..., by(x)) then Dyy = D1(x) © D2(z) and

(Ul(x) 0 ) (Dl(x) 0 > <U1(x) 0 > _ <cl(m) Z@)*)
0 In_g 0 DQ(HE) 0 In_g Z(x) V1 .iL')

where Z(z)* = (2(z),0,...,0) € My (n—1)(C), 2(-) : X — C is a measurable function and
Vi(z) € M,,—1(C) is the diagonal matrix with main diagonal (n(z), b3(z), ..., bn(x)). Moreover,
in this case it turns out that (n(z), bs(z), -, by(x)) majorizes (ca(z), -+, cu(x)) for ae. z € X
(see [25]). By the inductive hypothesis there exists a measurable field Us(-) : X — U(n — 1) such
that d(Us(z)*Vi(2)Us(x)) = (c2(x), -+, en(x)). Hence, if we set U(x) = (Uy(z) B I—2) - (10U (x))
for z € X then U(-) : X — U(n) has the desired properties.

If £ > 1then by(z) > ... > br—1(x) > bi(x) > n(z) > bgy1(z) > ... > by(z). Let Da(x) € M,,_2(C)
be the diagonal matrix with main diagonal

Bxz) & (bi(x), ..., be1(x), bpsa(x), ..., bu(z)) € R" 2.

Notice that in this case

U(z) 0\ [(Di(x) 0 Ui(x) 0 _ ca(z) W(x)*
0 Ino 0 Dy(z) 0 I Wi(z) Va(x)
where W(z)* = (w(z),0,...,0) € M ,_1)(C), w(:) : X — C is a measurable function and
Va(x) € My, —1(C) is the diagonal matrix with main diagonal

def

v(x) = (n(x), bi(x), ..., bg_1(x), bgya(x), ..., by(x)) forae zeX.
It turns out that (ca(x), ..., cp(x)) < v(x) for a.e. x € X; by the inductive hypothesis there exists
a measurable field Us(-) : X — U(n—1) such that d(Uz(z)*Va(z)Usz(z)) = (c2(z), ..., cp(x)) for a.e.

r € X. Notice that there exists a permutation matrix P € U(n) such that P*(z) Dy, P = D1® D>
Hence, if we set U(x) = P - (Ui(x) @ In—2) - (1 ® Us(x)) for a.e. x € X then, U(-) : X — U(n) has
the desired properties. O

Next we prove Theorem 3.5, based on the Schur-Horn theorem for measurable field i.e. Theorem
5.1 above. Our approach is an adaptation of some known results in finite frame theory (see [3]).

Theorem 3.5 Let b: T — (Ry)? and ¢ : TF — (R)™ be measurable vector fields. The following
statements are equivalent:

1. For a.e. x € TF we have that c(x) < b(x).
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2. There exist measurable vector fields u; : TF — C¢ for j € I, such that |luj(z)|| = 1 for a.e.
x €Tk and j €1,,, and such that

Dy(yy = Z ¢j(x) uj(z) @uj(x) , forae xeTk.
J€ln

Proof. First notice that the implication 2. = 1. follows from well known results in finite frame
theory (see [3]) in each point x € T*. Hence, we show 1. = 2. We assume, without loss of
generality, that the entries of the vectors b(z) and ¢(x) are arranged in non-increasing order. We
now consider the following two cases:

Case 1: assume that n < d. We let ¢ : T¥ — C? be given by é(z) = (c(x), 0g—p) for = € T*.
Then, &) < b(z) for # € T* and therefore, by Theorem 5.1 there exists a measurable field
U(-) : T — U(d) such that

d(U(z)" Dy(z) U(x)) = (e1(x), ..., cu(z), 0g—p) forae. € T*. (45)

/2 U(z), for x € T*. Then, Eq. (45)

Let vi(2), ..., vg(x) € C? denote the columns of C(x) = D;(x)

implies that:
Jv;j(2)||? = ¢j(z) for je€l,, vj=0 for n+1<j<d
and Dy, = C(z)C(z)" = Z vi(z) ®vj(z) forae. x€TF.
J€ln
Thus, the vectors u;j(z) are obtained from v;(z) by normalization, for a.e. z € T* and j € I, .

Case 2: assume that n > d. We let b: TF — C" be given by b(z) = (b(z), 0,_g) for z € T
Then, c(z) < b(z) for x € T* and therefore, by Theorem 5.1 there exists a measurable field
U(-) : T* — U(n) such that

d(U(x)*DE(x) Ux)) = (c1(z), ..., co(x)) forae xeTh. (46)
Let 01(x), ..., Op(x) € C™ denote the columns of C(z) = DBI(/IQ)U(%‘), for z € T*. As before, Eq.
(46) implies that
|5 (@)[I* = ¢j(x) for jE€T, and Dy, =Y ¥x) @) forae xeTt.
J€ln

If we let 9j(z) = (v;,;(2))icr, then, the second identity above implies that 9; ;(x) = 0 for a.e. x € T*
and every d + 1 < i < n. If we let vj(z) = (v; j(2))ic1, for a.e. x € TF and j € I,,, we get that

[vj(@)|? = cj(z) for jel, and Dy(z) = Z vi(z) ®vj(z) forae. x€TF.
J€ln

Thus, the vectors u;j(z) are obtained from v;(z) by normalization, for a.e. z € T¥ and j € I,,. O

5.2 The reduced finite-dimensional model: proof of Theorem 4.12

In this section we present the proof of Theorem 4.12, divided into two parts (namely, Propositions
5.2 and 5.3 below).

Proposition 5.2. Let m, n € N, a € (R%))¥, p = (pi)ier,, € R7y and § = (d;)ier,, € N™ be such
that 1 < dy < ...<dpm. If ¢ € Conv(R;) then there exists WP = [4;P];c1,, € Aabp(S) such that

)

> o tr(p®) < 3 pita(p(8n)  for every U= [$ilier,, € AP,().

1€lm 1€lm

Moreover, if ¢ € Convs(Ry) then such WP is unique.
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Proof. Let us consider the set

Aap(®) = | MB)C [ R,
BeEWq, p i€l

where
def

M(B) = {[Alier, € [[®F)Y: Ri(B) < A\i, i €L} .

i€lm
Notice that by construction AZP,(8) C Ag, p(d).

We claim that A, ,(0) is a convex set. Indeed, let [Aier,, € M(B1), [filien, € M(Bsz) for By,
By € Wy, p and t € [0,1]. Take the matrix B =t By + (1 —t) By € Wy, (since W, , is a convex
set). Then

[ilien,, = [t X + (1 = t) pilier,, € M(B) C Aq,p(0) :

on the one hand, v; € (Rf{f)i, i € L;,; on the other hand, by Lidskii’s additive inequality (see [4])
we have that, for each 7 € I,

Ri(B) =t R;i(B1) + (1 — t) Ri(Bs) < t Ri(B1)* + (1 — t) Ri(B2)* € (Ry)" .
On the other hand, by the hypothesis (and the definition of majorization) one deduces that
Ri(Bl)”L <X and }21'(32)i < Wi = RZ(B) <tA + (1 — t) Wi = Vi

for every i € L,,. This proves the claim, so A, ,(d) is a convex set. Moreover, by the compactness
of Wy, » and by the conditions defining M (B) for B € W, ,, it follows that A, ,(d) is a compact
set. Let
. def
0p Do p(0) >Ry givenby @, () = Y pitro(ty) |
1€lm

for U = [¢j]icn,, € Ao, p(d). It is easy to see that ¢, is a convex function, which is strictly convex
whenever ¢ € Convg(Ry). Using this last fact it follows that there exists ¥y € Ay, p(9) that satisfies

op(Po) < @p(¥)  for every W e Ay p(6),

and such ¥y is unique whenever ¢ € Convg(Ry). Notice that by construction there exists some
B € W, such that ¥g = [¢/%);c1,, € M(B). Then, by item 2 of Notation 4.11,

Ri(B) <Y = Lg4(Ri(B)) <) = tr o(La,(Ri(B))) <tr p(x?) for i€l .

Hence, the sequence Bs defined in Eq. (40) using this matrix B satisfies that ¢,(Bs) < ¢p(¥o). So

def

we define P = Bjs € AdP,(8) C Ay p(d), that has the desired properties. Finally, the previous
remarks show that ¥g = W°P € AgP, () whenever ¢ € Convg(R). O

Proposition 5.3. With the notations and terminology of Proposition 5.2, assume further that
n > dp, and that ¢ € Convg(Ry) is differentiable in Ry . Then

vor e [T ®E)*.
€L
Proof. Let WP = [47P];c1,, where each vector ;" € (R‘f)% and assume that there exists iy € I,
such that ;) = (Y5 ;) jel 4 satisfies that 1/}1(.’0‘?,9 =0 for some 1 < k < d;; let 1 < kg < d;, be the
smallest such index. Let B € W, , be such that Bs = ¥°P. Recall from Eq. (39) that, if we denote
¢i = ¢q,(Ri(B)) for every i € L,,, then

Y. = Lq, (Riy(B)); = max{Ri,(B)}, ¢i,} for jely, ,
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since n > d;, by hypothesis. Hence, in this case ¢;, = 0 and RZ-O(B)t0 = 0. Let jo € I, such that

0= Rio(B)tO = Big,jo -

such that B;, j, > 0. Let {e;}icr, denote the canonical basis of R". For every t € I = [0, 611;701%1]
io

By construction Zieﬂm pi Bi j, = aj, > 0 so that there exists i1 € L,

consider the matrix B(t) defined by its rows as follows:
e R;(B(t)) = Ri,(B) + tejo
in T
o Ry(B(t) = Ry(B)— 220 e

o Ri(B(t)) = Ri(B) for i € Ly, \ {io, i1}.

It is straightforward to check that B(t) € W, , for t € I and that B(0) = B. Set ¥(t) =
(Vi (t)]ic1,, = B(t)s € Aavp(d) for t € I and notice that ¥(0) = ¥°P. We now consider two cases:

Case 1: Bj, j, > ¢, (vecall that ¢;Y ; = Lg, (R, (B)); = maX{Ril(B)j, ¢, }). Therefore B;, j, =
Ril(B)t for some 1 < k < d;, and we let 1 < k; < d;; be the largest such k. It is straightforward
to check that in this case there exists € > 0 such that

Gig(t) = U2 +teg, and by, (1) = 9P — ;’40 ten, for tel0,¢.

11
71

Therefore, for ¢ € [0, €] we have that

f@) = op((t) — op(¥P) = piy (p(t) — 0(0)) + piy (P(Biy,jo — %t) —¢(Biy, jo)) -

Hence f(0) = 0 and by hypothesis f(¢) > 0 for ¢ € [0, €]. On the other hand,
£10) = pig (¢'(0) = ¢'(Biy5p)) <0

since by the hypothesis ¢ is strictly increasing and B, j, > 0. This condition contradicts the
previous facts about f. From this we see that the vectors in W°P have no zero entries.

Case 2: B;, j, < c¢;,. Hence, in this case 0 < ¢;; and there exists 0 <7 < d;; — 1 such that

PP = (Riy(B)Y, ..., Ry (B)¥, ciy s ... s i)

i1

so that there exists € > 0 such that for ¢ € [0,¢] we have that

) — (R (B) BV e ey Pint ..
1/}7/1 (t) (Rll (B)l ry Rzl (B)'f' » KLy Zl) (d _ 7‘) pll ;1 J
Therefore, for ¢ € [0, €] we have that
F(t) = @op(¥(t) = 0p(¥) = pig (p(t) — (0)) +piy (d—r) (lciy — (dfi(;;pi) —p(cir)) -

As before, f(0) =0 and f(t) > 0 for t € [0, €]; a simple computation shows that in this case we also
have that f’(0) < 0, which contradicts the previous facts; thus, the vectors in W°P have no zero
entries. O
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