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Abstract

Let H be a separable infinite-dimensional complex Hilbert space and let J be a two-sided
ideal of the algebra of bounded operators B(#H). The groups G¢7 and U consist of all the
invertible operators and unitary operators of the form I + 7, respectively. We study the actions
of these groups on the set of closed range operators. First, we find equivalent characterizations of
the G 7-orbits involving the essential codimension. These characterizations can be made more
explicit in the case of arithmetic mean closed ideals. Second, we give characterizations of the
U 7-orbits by using recent results on restricted diagonalization. Finally we introduce the notion
of J-equivalence and [J-unitary equivalence between frames for subspaces of a Hilbert space,
and we apply our abstract results to obtain several results regarding duality and symmetric
approximation of J-equivalent frames.
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1 Introduction

Let H be a separable infinite-dimensional complex Hilbert space and let S C H be a closed subspace.
Briefly, a sequence F = {fy}n>1 in S is called a frame for S if every vector v € S can be written
as an infinite linear combination (series) of the elements of F with coefficients in f2(N), in such a
way that this representation is stable (see Section 5.1 for details). In general, a frame F allows for
redundant representations, a fact that plays an important role in the applications of frame theory.
For every frame F for S as above, there are two associated bounded linear operators, denoted
Tr, Sy € B(H) that are determined by Tr(e,) = f, and Sr(v) = >, <1 (v, fn) fn, where {e,}n>1
denotes a fixed orthonormal basis of H and v € H. T and Sz are called the synthesis and frame
operator of F, respectively. It turns out that these operators have closed range and are related by
the identity Sr =TF T}k_-.

Many of the fundamental properties of a frame F for a closed subspace S can be described in
terms of properties of its synthesis operator 7. This in turn has motivated the use of operator
theory in Hilbert spaces to tackle some central problems in frame theory (see [4, 14, 21, 24] related
to the present work). On the other hand, several problems that originated within frame theory
have motivated important progresses in operator theory as well (see [25, 26, 27]).

In his seminal work on comparisons of frames, Balan [6] introduced the notion of equivalent
frames for H. This notion can be described in terms of a natural left action of G¢(H), the group of
invertible operators acting on H, on the set of frame operators. Explicitly, two frames F = { fy, }n>1
and G = {gn}n>1 for H are equivalent if there exists G € G¢(H) such that G(fn) = gn, n > 1
or equivalently GTr = Tg. A similar type of equivalence was considered by Corach, Pacheco and
Stojanoff in [21], but with respect to the right action of G/(#H) on the set of frames operators.
Moreover, the authors in the latter work endowed the orbits of frames F for H (i.e. such that
T'r is an epimorphism) under this right action with a homogeneous space structure. This last fact
motivated the study of several geometrical and metric problems corresponding to this right action.
It turns out that this perspective corresponds to the study of homogeneous space structures induced
by actions of Banach-Lie groups on manifolds defined in operator theory (see [8, 32]). In [24] Frank,
Paulsen and Tiballi considered the symmetric approximation of frames for closed subspaces. In this
context, given a frame F = {fy,},>1 for the subspace S C H the problem is to find the Parseval
frames X = {xy, }n>1 for a closed subspace T of H that are weakly similar to F, i.e. for which there
exists a bounded invertible transformation L : S — 7 such that L(f,) = z,, n > 1, that minimize
the expression

Z 1 — znl? € [0, 00] .
n>1
Notice that the statement of the problem includes an equivalence-type condition between F and X.

Let B(H) be the algebra of bounded linear operators on H. A two-sided ideal J of B(H) is
called an operator ideal. The ideal is said to be proper when J # 0, B(H). Motivated by the
aforementioned works [6, 21, 24|, in the present work we give a localized version of the equivalence
between frames for closed subspaces, where the localization is with respect to proper operator
ideals. Indeed, given a proper operator ideal [J, we take the restricted invertible group given by
Gly :=Gl(H)N (I + J). We then say that two frames F = {fp}n>1 and G = {gn}n>1 for closed
subspaces S and T, respectively, are J-equivalent if there exists G € G¢7 such that G(f,) = gn,
n > 1. This setting makes possible to develop analogs of the symmetric approximation problem for
frames for closed subspaces with respect to the operators ideals usually known as symmetrically-
normed ideals.

The analysis of J-equivalent frames can be carried out in terms of the synthesis operators of
the corresponding frames. This suggests the study of actions of restricted groups on the set of all
closed range operators CR, which would then apply to frames for closed subspaces. We take this
last point of view and consider an equivalence relation on CR in terms of the restricted invertible
groups G¢ 7 induced by proper operator ideals J. In this setting, the equivalence relation is defined



by the orbits of the action G - A = GA, where G € G¢7 and A € CR. Also we consider a weaker
localized notion of equivalence given by an action of the product group G¢; x Gls as follows
(G,K)-A=GAK™!, where G,K € G/.; and A € CR. We further study the more rigid restricted
unitary equivalences induced by the subgroup Uy :=U(H)N (I +.T), where U(H) is the full unitary
group. These equivalences are defined by taking the restriction of the previous actions to these
unitary groups. This type of study has already been considered for different operator ideals and
closed range operators satisfying some further properties (see [3, 9, 11, 13, 19]).

We first obtain general characterizations of the different orbits induced by the actions of the
groups Gl7, Gl 7 x Gl 7, U7 and U7 x U7 on closed range operators, where J is a proper operator
ideal. We model some natural problems of frame theory in this abstract framework. Then, we
apply our abstract approach in the context of frame theory and obtain several results including
the structure of optimal oblique duals and symmetric approximation for J-equivalent frames for
general proper operator ideals 7. Since the role of the closed range operators T’r and T’ of a frame
F for a closed subspace S are symmetric, our abstract results can also be interpreted for the right
actions of the restricted groups G/ and U7 on the set of frames for subspaces, corresponding to the
point of view considered in [21]. We point out that the abstract operator theory approach unveils a
rich algebraic and analytic structure of the orbits under consideration. Our tools include the index
of Fredholm pairs of projections known as essential codimension (see [1, 5, 10, 11, 26]), and the
notion of restricted diagonalization ([9, 27, 15]). We also make use of the theory of operator ideals,
arithmetic mean closed operator ideals and their relation with the notion of submajorization (see
[22, 28]). In particular, we consider the symmetrically-normed ideals (see [29, 30]).

The paper is organized as follows. In Section 2 we recall some elementary properties of the
set of closed range operators, operator ideals, restricted invertible and unitary operators, essential
codimension and restricted unitary orbits of partial isometries. In Section 3 we introduce the orbits
of closed range operators under the action of G¢7 and study some spatial characterizations of the
elements of these orbits. Next we characterize when the orbit of a closed range operator under the
action of G¢7 contains some special operators, and obtain a result on optimal approximation of
operators within this orbit. In Section 4 introduce and study the orbits of closed range operators
under the actions of the group U of restricted unitary operators. We include a detailed analysis
of closed range operators that admit a block singular value decomposition, which include operators
having a finite number of singular values (e.g. partial isometries, normal operators with finite
spectrum). In Section 5 we introduce the different notions of restricted equivalence between frames
for closed subspaces of a Hilbert space and apply the results of the previous sections in this setting.
In particular, we obtain results related to optimal oblique duals and symmetric approximation of
frames with respect to symmetrically-normed ideals.

2 Preliminaries

Let B(H) be the algebra of bounded linear operators acting on H, and let B(H)" be the cone
of positive semidefinite operators. Given A € B(H), we write R(A) and N(A) for the range and
nullspace of A, respectively, and let o(A) be the spectrum of A. The orthogonal projection onto a
closed subspace § C H is denoted by Ps.

Closed range operators. The set of all closed range operators on H is given by
CR={Ae€B(H): R(A) is a closed subspace}.

For A € B(H), A # 0, the reduced minimum modulus is y(A) = inf{||Af| : f € N(A)*, |f|| = 1}.
It is well known that A € CR if and only if 7(A) > 0. It can be shown that v(A) = minye¢, () {0} s

where |A| = (A*A)'/? is the operator modulus. From the latter characterization, it follows that

Y(|A]? = y(A)? = y(AA*) = y(A*A) = v(A4%)? = y(|4A*])%. In particular, CR C B(H) is closed



under taking operator adjoint and modulus. The positive part of CR is denoted by CR" :=
B(H)T NCR.

For an operator A € CR, its Moore-Penrose inverse A' is the bounded linear operator uniquely
determined by the four conditions AATA = A, ATAAT = AT AAT = Pra) and ATA = Pyayr-
For A € CR, v(A) = ||AT||~!, where || - || is the operator norm. The following useful identity was
proved in [33, 31] for matrices. It can be generalized to closed range operators following the same
proof: for A, B € CR,

Al — Bt = —AT(A — B)BY + AT(A")T(A* — B*)(I — BBY) + (I — ATA)(A* — B )(B*)'B. (1)

Recall that an operator V' € B(H) is a partial isometry if VV*V = V| or equivalently, VV* is an
orthogonal projection. This is also equivalent to say that |V f|| = |||, for all f € N(V)+. We use
the notation:

PZ ={V € B(H) : V is a partial isometry }.

It follows easily that PZ C CR, VV* = Pgy) (final projection), and V*V is also a projection
satisfying V*V = Py . (initial projection).

We use the notation A = V4|A| for the polar decomposition of an operator A € B(H), where
|A| € B(H)" and V4 is the partial isometry uniquely determined by the condition N(V4) = N(A).
We recall here the following characterization: if A = V' C for a positive operator C' and a partial
isometry V such that R(V*) = R(C), then it must be V = V4 and C = |A|.

Operator ideals and restricted groups. An operator ideal is a two-sided ideal J of B(#H). The ideal
is proper when {0} # J # B(H). Operator ideals are closed under the operator adjoint (A* € J
whenever A € J). Another useful property is the following: F C J C K, for any proper operator
ideal J, where F = F(H) and K = K(H) denote the ideals of finite-rank operators and compact
operators on H, respectively.

Apart from the finite-rank and compact operators, the p-Schatten ideals &, = &,(H), for
0 < p < o0, are operator ideals. Recall that for p > 0 these operator ideals are defined as

S,:={AcK: |Al,:=Te(|AP)"? < 0 }.

For p = o0, set 6o = K and || - || = || - || is the usual operator norm. Other examples of
operator ideals can be constructed as follows. Let cog = coo(N) be the real vector space consisting
of all sequences with a finite number of nonzero terms. A symmetric norming function is a norm
® : cpp — R>p satisfying the following properties: ®(1,0,0,...) =1 and ®(ay,a2,...,ay,,0,0,...) =
P(lagl;s lag@)l, - - - l@om)]; 0,0,...), where o is any permutation of the integers 1,2,...,n and
n > 1. Recall that the singular values of an operator A € K are the eigenvalues of |A|. We
denote by {sn(A)}n>1 the sequence of the singular values of A arranged in non-increasing order
and counting multiplicities. Then, using the singular values of A € I one can define:

Al := itill)q)(sl(A),sQ(A), ..., 8K(A),0,0,...) € [0,00].

It turns out that G = Se(H) := {A € K : ||Alls < oo} are operator ideals, which are usually
known as symmetrically-normed ideals. Notice that this type of operator ideals are proper. The
p-Schatten ideals for 1 < p < oo are particular cases of the symmetrically-normed ideals associated
with the symmetric norming functions ®, = || - ||s. For every symmetric norming function ®, we
have the following estimates involving the operator norm and the ideal norm:

|A]l < [|Alls, A € G, (2)
|ABC|le < Al BllelICll, B € 6o, A,C € B(H). (3)
In particular, the norm || - ||¢ is sub-multiplicative, i.e. ||B1Bzlle < ||Bi|ls||B2||e, Bi,B2 € Gg.

The proofs of these facts and other examples of symmetrically-normed ideals for specific symmetric



norming functions ® can be found in [29]. For further examples of operator ideals such as Lorentz
ideals, Marcinkiewicz ideals and Orlicz ideals we refer to [22].

Given two compact operators A, B € K we say that s(A) = {s,(A)}n>1 submajorizes s(B) =
{8n(B)}n>1, denoted s(B) <, s(A), if for every n > 1 we have that

s1(B)+ ...+ 5,(B) <s1(A) + ...+ s,(A).

An operator ideal J is called arithmetic mean closed if the following property holds: if B € B(H)
and A € J are such that s(B) <, s(A) then B € J. The symmetrically-normed ideals G are
arithmetic mean closed (see [29, p.82]). Moreover, in this case the norm || - ||¢ is Schur-convex in
the sense that if A, B € J are such that s(B) <, s(A) then ||Blle¢ < ||Alle. We further say || - ||o
is strictly Schur-conver (equivalently, the symmetric norming function @ is strictly Schur-convex)
if whenever A, B € J are such that s(B) <, s(A) and ||B||ls = ||A]|s, then we have s(A) = s(B).
Notice that for 1 < p < oo, &, is arithmetic mean closed; while || - ||, is strictly Schur-convex for
1 < p < . Elementary examples of non arithmetic mean closed operator ideals are given by F
and G, for 0 <p < 1.

Denote by G¢(H) and U(H) the invertible group and the unitary group of the Hilbert space H,
respectively. Given an operator ideal 7, we consider the restricted invertible group, i.e.

Gly ={GeGl(H):G—-T€ T},
and the restricted unitary group, i.e.
Uy ={UecUH):U—-T€J}.

These types of groups are nontrivial and strictly smaller subgroups of the invertible group and the
full unitary group whenever J is a proper operator ideal. They can be studied from a geometrical
viewpoint for many operator ideals. For instance, if the operator ideal 7 admits a complete norm
| - |7 stronger than the operator norm, then G¢7 and U7 turn out to be complex and real Banach-
Lie groups, respectively, in the topology defined by d7(G1,G2) = ||G1 — G| 7, for G1,G2 € Gl 7,
or G1,Gy € Uy (see [8, Prop. 9.28]). These conditions are satisfied by the p-Schatten ideals &,, for
1 < p < 00, and more generally, by the symmetrically-normed ideals Gg.

FEssential codimension. Let P,Q € B(H) be two (orthogonal) projections such that the operator
QP|rpy : R(P) — R(Q) is Fredholm. In this case, (P, Q) is known as a Fredholm pair and the
index of this Fredholm operator

P Q) := md(QP]pp : R(P) = R(Q)) (4)
— dim(N(Q) N R(P)) - dim(R(Q) N N(P))

is called the essential codimension. The notion of essential codimension was introduced in [10], and
studied in several works (see [1, 5]). Notice that when P — @Q € K, then (P, Q) is a Fredholm pair.

Remark 2.1. We list here some helpful properties of the essential codimension.
i) [P:Ql=—[Q: P

ii) Let (P;,Qi), i = 1,2, be two Fredholm pairs. If Py P, =0 and Q1Q2 = 0, then (P} + P2, Q1 +
Q2) is a Fredholm pair and [Py + P2 : Q1 + Q2] = [P1: Q1] + [Pz : Qo).

iii) If (P, Q) and (@, R) are Fredholm pairs, and either Q — R or P — @ are compact, then (P, R)
is a Fredholm pair and [P : R] = [P : Q|+ [Q : R].

Remark 2.2. We recall some previous results on the action of the J-restricted unitary groups using
the notion of essential codimension.



i) Let V1,V2 € PZ and let J be a proper operator ideal. Then there exists a unitary operator
U € Uz such that UV; = V3 if and only if N(V;) = N(V2) and Vi — Vi € J (see [13, 15]).

ii) Let V1, V2 € PZ and let J be a proper operator ideal. The following assertions are equivalent
(see [13]):

a) There exist U, W € Uz such that UV} IW* = Vy;
b) Vi = Va € J and [ViV)* : WLV = 0;
c) Vi = Vo € J and [V}'V) : VS Vs = 0.

iii) Let P, @Q be orthogonal projections and let J be a proper operator ideal. Then there is a
unitary operator U € Uy such that Q = UPU* if and only if P—Q € J and [P : Q] = 0 (see
[26]).

3 Orbits of the restricted general linear group

In this section we study orbits of closed range operators under two actions defined by the group
G¢ 7. The first action consists of left multiplication G/ x CR — CR, G- A = GA. For an operator
A € CR, we consider the corresponding orbit, i.e.

LO7(A) = {GA G e Qﬁj}.

The other action is given by the group G/ 7 xG¢ 7, and it consists of both left and right multiplication.
More precisely, it is defined by the map (Gfs x Gf7) x CR — CR, (G,K)- A = GAK™', where
Ae€eCR and G,K € Gly. For any A € CR, the orbit given by this action is

O7(A) ={GAK™': G, K € Gl;}.

3.1 Spatial characterizations
In what follows we will present several characterizations of the two orbits defined above.

Lemma 3.1. Let J be an operator ideal. Let A, B € CR be such that A—B € J. Then Af—Bt e J,
PR(A)_PR(B) € J and PN(A)_PN(B) eJ. ]

Proof. Note that AT — BT € J follows immediately from Eq. (1), because we know that A —B € J
and A*—B* € J. For the other statement, observe that one can write Pr(4)—Pr(p) = AAt—BBt =
A(AT — BT) — (B — A)B' € J. Similarly, we have Pyay — Pnp) € J, since I — Pyq) = ATA and
I — Py(p) = B'B. O

Corach, Maestripieri and Mbekhta established a relation between orbits of closed range operators
and unitary orbits of the (reverse) partial isometries of the polar decompositions of closed range
operators (see [19, Prop. 5.3]). This motivates our following results on the relation of orbits of
closed range operators and unitary orbits of their partial isometries in the polar decomposition, in
our setting of restricted orbits. Next, we recall a result by van Hemmen and Ando, and we then
apply it to give characterizations of the orbits of a closed range operator.

Proposition 3.2 ([2]). If A,B > 0 and AY? + BY/2 > uI > 0, then for any symmetric norming
function ®
|A = Blle > u| AV — B?|ls.

Lemma 3.3. Let J be an arithmetic mean closed operator ideal and let D, E € CR be positive
operators such that N(D) = N(E) (or equivalently R(D) = R(E)) and D* — E?> € J. Then
D-FEeJ.



Proof. Notice that R(D?) = N(D?)* = N(D)* and that D? € CR. Similarly, R(E?) = N(E?)* =
N(E)* and that E?> € CR. In particular, R(D) = R(E). We are going to apply Proposition
3.2 in the Hilbert space Ho := R(D) = R(E) with the operators A := E?|y, € B(Ho) and
B = EZ’HO € B(Ho), which by the remarks in the previous paragraph are invertible on #Hy. We
thus get AY2 + B1/2 > plyy, for some p > 0. Consider the operator ideal on Hg defined by Jy :=
{Py,T|n, : T € J}, which is also arithmetic mean closed. Notice that by construction A— B € Jp.
Taking the symmetric norming functions ®,(x1,...,Tn, Tni1,.-.) = |T1|+...+|zn|, n > 1, then by
Proposition 3.2 we find that s;(A—B)+...+s,(A—B) > u (s1(AY2—BY2) 4. +s, (A2 - BY/?)),
for all n > 1; that is, s(u(AY? — BY?)) <, s(A — B). This implies that A'/2 — B1/2 € 7y because
Jo is arithmetic mean closed. Using again that Hy = R(D) = R(E), we obtain D — E € J. O

Proposition 3.4. Let A, B € CR satisfying [Pna) : Px(p)] = 0 and let J be an arithmetic mean
closed operator ideal. The following conditions are equivalent:

i) A-—BeJ;
ii) |A|—|Bl e J and V4 — Vg € J. O

Proof. i) —ii). If A— B € J, then A* — B* € J, so Lemma 3.1 shows that Pr(4-) — Pr(p+) € J.
Thus, Pna) — Pn(B) = Pr(+) — Priax) € J. Since [Py(a) : Py(p)] = 0 then, by item iii) in
Remark 2.2, we see that there exists U € U7 such that N(B) = U N(A), and in this case, we get
that N(AU*) = N(B). Notice that AU*—B = A(U—1)*4+ A—B € J. The previous remarks show
that if we let C = AU*, then C € CR, N(|C|) = N(C) = N(B) = N(|B|) and C — B € J so that
|C|>~|B|? = C*(C—-B)+(C*—B*)B € J. By Lemma 3.3 we conclude that |C|—|B| € J. Now we
can use Lemma 3.1 to deduce that Vo — Vg = (|C|T—|B|")C+|B|T(C—B) € J. Since |A| = U*|C|U,
then |A|—|C| € J. On the other hand, the identity C' = AU* = (VAU*U|A|)U* = V,U*|C| together
with R(|C|) = UR(JA|) = N(VaU*)* imply that Vo = V4U* by the characterization of the partial
isometry and positive operator in the polar decomposition. Hence V4 —V € J. These last identities
show that |A| — |B| = (4| —|C)+ (|IC] = |B)) e Jand V4 — Vg = (Va— Vo) + (Vo —Vg) € J.

i) — 4). This follows from the fact that A — B = (V4 — Vg)|A| + VB(|A| — | B|)- O

We first consider the orbit of a closed range operator A given by the left by multiplication of
operators in Gl 7.

Theorem 3.5. Let A,B € CR and J be a proper operator ideal. Then the following conditions
are equivalent:

i) There exists G € Gly such that GA = B;
it) A—B € J and N(A) = N(B).

If any of the conditions above hold, then [PR(A) : PR(B)] =0.
Moreover, if we assume further that J is arithmetic mean closed, then the conditions above are
also equivalent to

iii) |[A| —|Bl € J, Va—Vp € J and ViVy = V;Vp, where A = V4|A| and B = Vp|B| are the
polar decompositions of A and B, respectively.

Proof. i) — ii). Assume that B = GA, where G € G/7. Then it is clear that N(A) = N(B). On
the other hand,
A-B=A-GA=(I-G)Ae J,

since I — G € J by assumption.



i) — i). Assume that A, B € CR are such that N(4) = N(B) and A — B € J. Notice that
Pp(a+y and Pp(p+ coincide with the orthogonal projection onto N(A)* = N(B)*. Hence, if we let
D = BAT, then DA = BATA = BPy(4y. = B. In this case,

D — Ppyy=BAT — AAT = (B-A)AT e 7.
If we let K € J be such that D:PR(A)+K, then
D*D = (PR(A) +K)*(PR(A)+K) :PR(A) +K*PR(A) —|—PR(A)K+K*K,

which shows that |D|? — Pr(4y € J. Since A, B € CR and N(A) = N(B), the operator D|ga) :
R(A) — R(B) is invertible, and consequently, the operator |D||g(4) : R(A) — R(A) is also invert-
ible. Furthermore, R(D) = R(B) and R(A) = R(D*). In particular, we see that

ID| — Pr(ay = (|D| + Prea)) (ID]> — Prea)) € J,

which implies |D|" — Pray € J by Lemma 3.1. Consider the polar decomposition D = U |D|,
where U is a partial isometry with initial projection Pg4) and final projection Pp(py. In this case,

U — Priay = (D — Preay)|D|" + (ID|" — Pgeay) € J .

Since N(U) = N(D) = N(Pr(a)), then by Remark 2.2 i) we conclude that there exists Z € Uz such
that Z P4y = U. In particular, we get ZPp4)Z* = UU* = Pg(p), so that [ Pr4y : Pg)] =0
by Remark item 2.2 4i7).

We now set Y = |D|+ (I — Pr(4)) and notice that Y € G/ 7. Indeed, Y is invertible (recall that
N(|D]) = R(A)* and | D||g(a) : R(A) — R(A) is an invertible operator) and I —Y = |D| — P4 €
J. Finally, notice that ZY A = Z|D|A = ZPp(4)|D|A = U|D|A = DA= B and ZY € Gl;.

Assume now that J is an arithmetic mean closed ideal. Notice that the equivalence between

items i) and #ii) follows from Proposition 3.4 and the fact that V;V4 = I — Py(4) and similarly
for B. O

The following is a direct consequence of Theorem 3.5.
Corollary 3.6. Let A € CR and J be a proper operator ideal. Then,
LOs(A)={BeCR : A—-Be€ J and N(A) = N(B)}.
Moreover, if we assume further that J is arithmetic mean closed, then
LOs(A)={BeCR : |A|—|B|eJ,Va—VpeJ and V;Va=V5Vp}.
Now we can derive a characterization of the orbit defined by multiplication on both sides.

Theorem 3.7. Let A,B € CR and J be a proper operator ideal. The following conditions are
equivalent:

i) B=GAK™", for some G,K € Gl7;
ii) A—BeJ and [PN(A) :PN(B)] =0
iti) A— B € J and Py(p) = UPna)U*, for some U € Uyg.

Moreover, if we assume further that J is arithmetic mean closed, then the conditions above are also
equivalent to

w) |A|—|B| €T, Va— Vg €J and [ViVa : ViVp] = 0.



Proof. i) — ii). The fact that A— B € J is a direct computation. By Theorem 3.5 and the identity
R(A*G*) = R(A*) we get that [PN(A) : PN(B)] e _[PR(A*) : PR(B*)] =0.

i1) — 11). This is a consequence of Remark 2.2 i4i) and Lemma 3.1.

i11) — 1). Let A’ = AU* and notice that A’ = B=A"—- A+ A-B=AU*-1)+A-B e J.
Moreover, N(A") = U(N(A)) = N(B). By Theorem 3.5 we conclude that there exists G € Gl 7
such that GA’ = B. 1In this case B = GA’ = GAU*, and item i) holds with G € G¢; and
K=UcUyCGly.

Assume now that J is an arithmetic mean closed ideal. Notice that the equivalence between
items i7) and 4v) follows from Proposition 3.4, the fact that ViV4 = I — Py(4) and similarly for B,
and item 7i) in Remark 2.2. O

Corollary 3.8. Let A € CR and J be a proper operator ideal. Then,
Og(A)={Be€CR : A-B€J and [Pya : Py =0}.
Moreover, if we assume further that J is arithmetic mean closed, then

O7(A)={BeCR : |A|—|Ble T, Va—VeT and [ViV4 : V5V =0}.

3.2 Special representatives and optimal approximations

Let J be a proper operator ideal and let A € CR. Observe that two orbits must be disjoint
or equal. That is, B € LO7(A) (resp. B € O7(A)) if and only if LO7(A) = LO7(B) (resp.
O7(A) = Oz(B)). Our next result characterizes when there are partial isometries V' or orthogonal
projections P that are representatives of LO7(A) and O7(A).

Theorem 3.9. Let J be a proper operator ideal and let A € CR with polar decomposition A =
ValA|. Then the following conditions are equivalent:

i) AA* — Priay € J (equivalently (AA*)T — Pray € J);
i) (A*)T € LO7(A);
iii) There exists B € LO7(A) such that AB*|pa) = Iga), BA*|rB) = Ir(B);
w) |A*] = Preay € J;
v) Va € LOg(A);
vi) There is a partial isometry V. € LO7(A);
vii) There is a partial isometry V- € O7(A);
viit) There is a partial isometry V € O 7(A*);
iz) There is an orthogonal projection P € LOgz(A); in this case P = Pg(a-.

Proof. i) — ii). If AA* — Pp4) € J, then by Lemma 3.1 (AAT — Ppray € J; hence (A9 =
(AA*)TA = ((AA")T + Prayr)A, where (AA*)T + Preayr € Gl is such that (AA*)T + Prayr — I =
(AA*)T — PR(A) e J.

i1) <» ti1). The forward implication is clear; conversely, assume that B = GA for G € G{7 and
such that AB*|ga) = Ir(a), BA*|gs) = Ir(p). Then, AB*A = A and hence A*(GA)A* = A%
thus, PR(A)GPR(A) = (AA*)T If we let H = PR(A)GPR(A) + PR(A)L, then H € GV(H), H -1 =
PR(A)GPR(A) — PR(A) = PR(A)(G — I)PR(A) € J and is such that HA = (AA*)TA = (A*)T



ii) — iv). If (A*)t € LO7(A), then in partlcular (At — A € J. Thus, Ppay — |A*]? = Pgay —
AA* = ((A")T — A)A* € J; hence, Pray — |A*| = (Pray + |A* ) (Prea) — |A*\ )eJ.

iv) — v). Lemma 3.1 shows that Pr(4) — [A* |T € J. Now, using the identity A* = V;|A*| we see
that A = |A*|V4 and hence V4 = |A*]TA (JA*|T + Prayr)A, where [A* T+ Pprayr € Gl is such
that |14*|Jr + PR(A)J- —I= |14*|Jr - PR(A) eJ.

v) — vi) and vi) — vii) are straightforward.

vi) — i). Suppose that V' = G A is a partial isometry for some G € G¢ 7. Then, note that A*G*GA =
VYV = PN(A)l? or equivalently, PR(A)G*GPR(A) = (A*)TAT = (AA*)T Since PR(A)G*GPR(A) -
Pp(ay € J, it follows that (AA*)T—PR(A) € J. Hence, by Lemma 3.1 we have that AA*—Ppg4) € J.

vii) — 4). Assume that GAK~! = V is a partial isometry, for G, K € Gf7. Then, in this case,
V € LO7(AK™1). Using the implication vi) — i) that we have already proved, we now see
that AK " Y(AK~1)* — Priak-1y = AK Y AK™Y)* — Ppay € J. Since K~ € Gl we get that
[(K~YH*12 — I € J and then AA* — AK 1 (AK—1)* = A(I — |(K~1)*|?)A* € J. The previous facts
show that

AA* — Preay = AA* — AKHAK ™) + AKH(AK ™) — Ppay € J -

Notice that we have that i) — vii) are all equivalent.
vii) > viit). Since Gl is closed under the adjoint operation, we see that the partial isometry
V € O7(A) if and only if the V* € O7(A*).

viii) — ix). Notice that the equivalence of item i) — viii) allow us to replace the role of A by A* in
items i) — vii) above. In particular, replacing A by A* in iv), we get that |A| — Pr(4+) € J. Since
P € LO7(A), then A — P € J and N(P) = N(A), and thus, P = Pp(4+). Hence, VA — Priasy =
VA—A—FA—PR(A*) VA(PR A*) |A’) (A PR A*) ) € J and N(VA) (PR(A*)) By Theorem
3.5 we see that Pra+) € LO j(VA) LOg(A), Where the last equality follows from the fact that
viii) = v).

ix) — wvi) is clear, since P is a partial isometry. O

Corollary 3.10. Let J be a proper operator ideal and let A € CR with polar decomposition A =
Val|A|. Then the following conditions are equivalent:

i) AA* € Gly;
i) (A*)T € LO7(A) and (A*)T A* = I;
i4i) There exists B € LOg(A) such that AB* = I, BA*|gp) = Ir(B);
iv) |A*| € Glg;
v) Vae LOg(A) and VAV =1;
vi) There is a co-isometry V € LO7(A);
vii) There is a co-isometry V € O7(A);
viii) There is an isometry V € O 7(A*).
Proof. The result is a straightforward consequence of Theorem 3.9. O

In the next result, we make use of strictly Schur-convex functions. We point out that its proof
is based on several ideas from [14].
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Theorem 3.11. Let J = Gg be a symmetrically-normed ideal and let A € CR with polar decom-
position A = V4|A|.

1. If Ve Og(A) and V € PZ, then ||A—Vallo < ||A—V]e.

2. [fB S [:OJ(A) s such that AB*’R(A) = IR(A): BA*‘R(B) = IR(B): then HA - (A*)THq) <
14~ Blla.

If we assume further that ® is a strictly Schur-convex symmetric norming function and ||A—Va||le =
|A = Ve, then V = Vy. Similarly, if ||[A — (A*)'||e = ||A — B|lo, then B = (A*)T.

Proof. 1. We first assume that V € LO7(A). By Theorem 3.9 and the hypothesis we get that
Va4 € LO7(A), and hence the norms ||A — V4|l and ||A — V||¢ are well defined. Since J = &g
is an arithmetic mean closed ideal then, by Corollary 3.6 we get V4 —V € J and V;Vy = V*V.
Then, by item ¢) in Remark 2.2 we see that there exists U € Uy such that V' = UVj4. In this case
A—V =Vyu|A| —UVy =U(U*V4|A| — V4) and hence

S(A=V) =s(UV4|A| = Va) = s(UV4|A|VY — VaVY).

If we let C' = V4|A|V} € CR™T, then VAV} = Pg(c), s(A—V) = s(U*C — Pg(c)) and C — Py =
(A—=Va)Vi € J. Since U* € Uy then U*C — Prcy = (U* = I)C + C — Ppcy € J C K. Using
the fact that C' — Pr(c) € K is a self-adjoint compact operator, we conclude that there exists an
orthonormal basis {u; }ier for R(C) (here I = N or a finite set [ = {1,...,d}) such that

C = Prioy = > _ MilC — Pr(cy) ui @ us,
i€l

where the convergence is in the operator norm and {)\;(C — Pg())}ier is an enumeration of the
eigenvalues of (C'—Pr(cy)|r(c) € K(R(C)), counting multiplicities and such that (|X;(C'—Pr(c))|)ier
are arranged in non-increasing order. Also note that u; ® u; stands for the rank-one orthogonal
projection associated with the vector u;. In this case, lim; o \;(C' — PR(C)) =0if I = N. If we let
Ai(C) = Xi(C — Priey) + 1 for i € I, then A\(C) = {A\i(C)}ies is an enumeration of the eigenvalues
of the self-adjoint diagonalizable operator C|pc) € B(R(C)) such that C' = >, ; \i(C) u; ® ug,
where the convergence is in the strong operator topology. Furthermore, we also get that Pr(c) =
Y icr Wi ® u; where the convergence is also in the strong operator topology. We can now express

U*C — PR(C’) = Z)\,(C)U*u, & u; — Zuz X u; = Z()\Z(C) Uru; — ’U,Z> & U .
il i€l iel
k .
For k > 1, we let P, =) | u; ® u;. In this case,

k
Z()\z(c)U*uz - uz) X U; = (U*C — PR(C))Pk m U*O - PR(C) ) (5)
=1

where the convergence is in the operator norm ([29, Chap. III, Thm. 6.3]). By construction
|(U*C' — Prcy)Px| is a finite rank positive operator and we can apply Lidskii’s inequality for
singular values of matrices (see, e.g. [7]) and conclude that

{5:(C = Prioy)Yizs = {IN(C = Priey) Moy = {IX(C) = 1M
= {(Isi(U*CPy) = si(Pr) Y1) <w {si((U"C = P) P}y,

where we have used that {s;(U*CP;)}r_, is a re-arrangement of {\;(C)}¥_, for & > 1. By the
norm convergence in Eq. (5), the continuity of the singular values, and the previous submajorization
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relation we conclude that s(C — Pg(c)) <w $(U*C — Pg(c)). By the Schur-convexity of ® and the
unitary invariance of || - [[¢ we conclude that

A = Valle = [[ValA[V4 = VaVille = [C = Prcylle < [IUC = Preylle = [A = Ve
Assume further that ® is a strictly Schur-convex norming function and ||A—Valle = ||A—V||e. Since
s(C'—Pr(cy) <w 8(U*C'— Pg(cy) we conclude that s(U*C— Pp(c)) = s(C—Pr(c)) = {|M(C)—1]}ier
(together with an infinite tail of zeros in case I is a finite set). Hence,

s*(U*C = Prycy) = s((U*C = Pr(c))(U*C = Prycy)®) = s(O_(Ni(C) Ut —us) @ (Ai(C) U —uy))
iel

In this case it is well known (see [4, Thm. 5.1]) that the sequence of norms of a sequence of vectors

is submajorized by the singular values (eigenvalues) of their frame operator, i.e.

{IX(C) Uty — P ier <w (D (X(C) Ut — 1) @ (Ai(C) Urg — u)) = {|As(C) — 1 }ies -
icl

In particular, for k € I, . .
Do INCO) Ut —wilP < Y IN(C) — 1. (6)
i=1 =1
On the other hand, for ¢ € I,
X (C) = 117 = [IIN(C) U] = [fual||* < [IX(C) Ui = w2,

with equality if and only if U*u; = u;. The previous facts together with Eq. (6) imply that
U*u; = u; for ¢ € I, and hence Uu = u for every u € R(C) = R(A); in particular, V =UVy = V4.

We now consider the general case V € O7(A). Since J = Sg is an arithmetic mean closed
ideal, then by Corollary 3.8 we get V4 —V € J and [VV4 : V*V] = 0. Thus, by item i¢) in Remark
2.2 we see that there exist U,W € Uy such that V = UV,4W. Hence, A -V = A - UV,W =
(AW* —=UV4)W so s(A—V) = s(AW* —UV4). Notice that AW* = VaW*(W|A|W*) is the polar
decomposition of AW™ so by the first part of the proof we conclude that

A = Valle = [[AW? = VaW [l < [AW" = UValle = [A = Vs

If we assume further that ® is a strictly Schur-convex norming function and ||A—Vylle = ||A—V e,
then the previous inequalities show that ||[AW* — ViW*||e = ||[AW* — UV4||e. By the first part of
the proof we get that VAW* = UV4 so then V4 =UV,W =V,

2. Let B € LO7(A) be such that AB*|gay = Ira), BA*|rB) = Ir(p)- In this case Theorem 3.9

implies that (A*)T € £O(A), so the norms |A — Bl|¢ and ||A — (A*)t||s are well defined. The
identity AB*|gr(4) = Ip(4) implies

Py(ayr B*Priay = ATAB* Py = AT
In particular,
$(A— (A")1) = s(A = PpiayBPy(ayr) = s(Pray(A — B)PyayL) <w $(A = B),

where the last submajorization relation follows from the fact that s;(Pga)(A — B)Pyayr) <
s;(A — B), for i > 1. Hence, |A — (A")|lo < ||A — B|¢.

Assume further that @ is a strictly Schur-convex symmetric norming function and || A—(A*)t||e =
|A — Blle. Hence, in this case we get that s(Pgra)(A — B)Py(ayL) = s(A — (A1) = s(A - B).
Since A — B € K(H), then the last identity between singular values implies that R(A — B) C R(A)
and R(A* — B*) = N(A — B)* ¢ N(A)* = R(A*) (see the comments in Remark 3.12 below).
This last inclusions show that R(B) C R(A) and N(B)* = R(B*) C R(A*) = N(A)‘ Hence
B = PrayBPyayr = (A%)1. O
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Remark 3.12. Let T € K and let P, (Q be orthogonal projections such that s(PTQ) = s(T'). Then,
we have s;(TT*) = s;(PTQT*P) < s;(PTT*P) < s5;(TT*) for i > 1, so that s(TT*) = s(PTT*P).
According to [29, Chap. II, Thm. 5.1], we get that PTT*P = TT*. Therefore, PTT*P(T*)! = T,
which gives R(T) C R(P). Similarly, one can show that N(T)* = R(T) C R(Q).

4 Orbits of the restricted unitary group

In this section, we investigate the corresponding two types of orbits defined by the action of re-
stricted unitary groups. More precisely, let J be an operator ideal, and take A € CR. We then
consider the corresponding restricted unitary orbits given by

LU7(A) = {UA:U €Uy} and Us(A)={UAW*:U,W €Uz}

4.1 Spatial characterizations
We begin with the analog spatial characterizations for these unitary orbits.

Proposition 4.1. Let A, B € CR with polar decompositions A = V4|A|, B = Vg|B|, and let J be
a proper operator ideal. Then, the following are equivalent:

i) There exists U € Uy such that UA = B;
ii) A— B e J and |A| = |BJ;
iii) Vo — Vg € J and |A| = |B|. In this case, Vg € U7(V4).
If any of the conditions above holds then Vg € U7(Va) so [Pr(a) : Pr(py] = 0.

Proof. i) — ii). If there exists U € Uy such that UA = B then we have that A — B € J and
B*B = (UA)*(UA) = A*A. This implies that |A| = |B].

i1) — 4i1). Assume that |A| = |B| and A — B € J. Then,
Va—Ve=A|A"=B|B|T = A|A' - B|A|"=(A-B)|Al' € J.

iii) — i). Notice that N(V4) = N(A) = R(JA|)* = R(|B|)* = N(B) = N(Vp). From item i)
in Remark 2.2 we see that there exists U € Uy such that UV4 = Vp. Hence, we conclude that
UA = (UVy)|A|l =Vp|B| = B. O

We can now state our first main result about the orbit of operators given by multiplication on
both sides by the group U 7.

Theorem 4.2. Let J be a proper operator ideal. Let A, B € CR with polar decompositions A =
ValA| and B = Vg |B|. Then, the following are equivalent:

i) There exist U, W € Uy such that UAW™ = B;
ii) There exist U, W, Z € Uy such that W|A|W* = |B| and UVAZ* = Vp;
iii) There exists W € Uz such that W|AIW* = |B| and Vo — Vg € J, [ Pg(a) : Prp)] = 0.
Proof. i) — ii). If there exist U, W € Uy such that UAW* = B, then
Vi |B| = UAW* = (UVAW*)(W|A|W*) = VC

where V' = UV4W™ is a partial isometry and C' = W|A|W* is a positive operator. Since R(V*) =
R(WV}) = R(W|A|W*) = R(C) then, by the uniqueness in the polar decomposition, we get that
UVaW* =V = Vg and W|A|W* = C = |B|. That is, we see that item 4¢) holds with Z = W.

13



1) — ). Assume that there exist U, W, Z € Uy such that W|A|W* = |B| and UV4Z* = Vg. In
particular,

B =Vp|B| = (UVAZ*)(W|AW?™) = UVAZ"WV)VA|AIW* = U(VAZ* WV ) AW .
On the one hand, the identity W|A|W* = |B| implies that
R(WVi) = WR(V3) = WR(|A]) = ROW|A]) = R(|B|) = R(V) -

On the other hand, the identity UVaZ* = Vp implies that VaZ*|rvs) = U"Va|ryy) + R(VE) —
R(U*VB) = R(VaZ*) = R(Va) is a well defined isometric isomorphism between R(V}) and R(Vy).
These last facts show that the restriction VaZ*WVi|gw,) : R(Va) — R(Va) is an isometric iso-
morphism. Hence, if we let Y = VaZ*WV} + Py(4+) € B(H), then by construction Y € U(H)
and

Y — I = VaZ*WV} + Py(as) — (VaVii + Py(as)) = Va(ZW = )V; € J .

Finally, notice that YA = (V4Z*WV}) A and hence, B = UY AW*, with UY, W € U.

i1) < 413). This is a consequence of item 7i) in Remark 2.2. O

4.2 Restricted diagonalization and block singular value decomposition

As we have observed in Remark 2.2 there has been interest in restricted unitary orbits of partial
isometries. These operators can be identified with operators with two singular values. Hence, it
is natural to consider the context of restricted unitary orbits of operators with a finite number
of singular values. More generally, we can consider the class of operators whose modulus are
diagonalizable operators.

Remark 4.3 (Block singular value decomposition for operators with diagonalizable modulus). Recall
that an operator T' € B(H) is diagonalizable if there exists an orthonormal basis {e;, },,>1 of H such
that (T'en, €n) = OnmAmn for some bounded sequence of complex numbers {\,},>1. For instance,
T is diagonalizable whenever 1" has finite spectrum.

Let A € CR be such that |A| is diagonalizable. In this case, if we let 0,,(]A|) denote the point
spectrum of |A| and Py denote the spectral projection of |A| associated to A € a,(|A4]),

|A| = Z )\P)\ = Z )\PA s I= Z P)\ and PR(|A|) = Z P)\,

A€ap(|Al) Aeap(|AD\{0} Acap(|A]) Aeap(lAD\{0}

where the series converges in the SOT. Let A = V4 |A| be the polar decomposition of A (so that
R(Vz) = R(‘AD) If we let V)\ = VA P)\ for A € Jp(|AD \ {0}, then {V/\})\GUP(A)\{O} is a family of
partial isometries satisfying the following conditions:

1. A= ZAeap(lA\)\{O} A V), where the series converges in the SOT;

2. {Vi Vi haeop(an\foy (respectively {ViVi}aeo,(jap\foy) is a family of non-zero, mutually or-
thogonal projections;
3. 2oneop(apnioy VAVA = Preay and 35 c, apjoy VX VA = Preas)-

Moreover, the previous properties completely determine the family {V)}xeq,(ap)\f0}- Notice that
this last representation of A can be considered as a block singular value decomposition.

The following result is based on ideas from [15] and it will be needed in the proof of Theorems
4.5 and 4.7 below.
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Proposition 4.4. Let {V]}é\f:l, {V[/j}j-\[:1 (with N € N or N = o0) be families of partial isometries
in B(H) such that each

Vivinl - {VVi=Wiwit,  and  {W;W)}L
is a family of mutually orthogonal projections. Then the following conditions are equivalent:
i) There exists Z € Uy such that ZV; = W, for j € N;

it) The series
N N

YW= V)Vied and Y (V;-W)Wied, (7)
j=1 j=1
where the convergence is in the operator norm when N = co.

Proof. i) — ii). Assume that there exists Z € Uy such that ZV; = W;, for j > 1. Put P =
S, V;Vi¥. Then,

D Wy =Vi)Vi = (2V; =Vy)Vj =} (Z-D)V;Vj = (Z-1)Pe T,

N N N
J=1 J=1 J=1

where the series converge in operator norm, since Z — I € J C K and {VJV]"‘};V:1 is a family of

mutually orthogonal projections. Similarly, one shows that Zj\le(vj — Wj)Wf € J. Hence, the
conditions in Eq. (7) are satisfied.

i) — i). We denote V;V;* = P;, W;W» = @Qj, j > 1. We also take P = Z;VZI Pjand Q = Zé\;l Qj.
Next, we consider the case N = oo; the case N < oo follows similarly. If we let f € H and n € N,
then

I WV IR = Wi £l < D v I —= 0.
j>n jzn jzn

Hence, we set
(o]
§i= WiVj,
j=1

where the series converges in the SOT. By hypothesis, we get that SV; = W, y S*W; =V},
j > 1. On the other hand, using that S and S* are SOT-limits of the uniformly bounded sequences
Sp = Z?Zl W; V]* and S} respectively, and the fact that the product is SOT continuous on bounded
sets, we get that

§°S =Y ViWjWVi =) ViV =P
j=1 j=1

where we used that V;W/W; =Vj, j > 1. Similarly, we can show that SS* = ). Hence, S is a

partial isometry with initial space R(P) and final space R(Q). By Eq. (7) we have that

S—P=) WiVi=) ViVi=) (W;-V))Vj €T,
j=1 j=1 Jj=1

Since the partial isometries S and P have the same null space and are such that S — P € J
then, by item i) in Remark 2.2, we get that there exists Z € Uy such that ZP = S. Therefore,
ZV; = ZPV; = SV; = Wj, for all j > 1. O

Theorem 4.5. Let A,B € CR and J be a proper operator ideal. Assume that |A| is a diago-
nalizable operator and let {V,\}Aegp(‘AD\{o} denote the partial isometries of the block singular value
decomposition of A. Then, the following are equivalent:
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i) There exists U € Uy such that UA = B;

i) |B| is diagonalizable, op(|B|) = o,(|Al), and if we let {Wx}xeo,(1a)\f0) denote the partial
isometries of the block singular value decomposition of B, then ViVy = WIW,, for A €

ap(|A)\ {0},

Yo M-V eJ  and Y. h-WyWieJ, (8)
Aeap(|A\{0} A€op(lAD\{0}

where the convergence is in the operator norm.

Proof. i) — ii). Assume that there exists U € Uy such that UA = B. By Proposition 4.1 and the
hypothesis above we see that |A| = |B| is a diagonalizable operator. Moreover, arguing as in the
proof of Proposition 4.1 we also see that UV4 = Vp, where A = V4|A| and B = Vp|B| are the
polar decompositions of A and B, respectively. Hence, if we let { Py} Aeo,(|4]) denote the spectral
projections of |A|, then by Remark 4.3 we get that

Wy =VeP\=UVAP\,=UV, for Xe¢& Up(’AD \ {0}
Hence, VyVy = WiW,, for A € 0,(|A|) \ {0} and the conditions in Eq. (8) are a consequence of
Proposition 4.4.

1) — 7). In this case we can apply Proposition 4.4 and conclude that there exists U € U7 such that
UVy\ =Wy, for XA € g,(]A]) \ {0} = op(|B|) \ {0}. Using the block singular value representation for
A and B we see that

UA= ) AUW= >  AW,=B. O

A€op(|AD\{0} Aeap(|AD\{0}
As opposed to the J-congruence class of a positive closed range operator, the [J-restricted
unitary orbit of a positive closed range operator contains operators that have mutually strong

structural relations. To take advantage of these structural relations we consider the following
result, which is a consequence of [15] and it will be needed in the proof of Theorem 4.7.

Proposition 4.6. Let J be a proper arithmetic mean closed operator ideal. Let A, B € B(H) be
normal operators, and assume that A is diagonalizable. Then, the following are equivalent:

i) There exists U € Uy such that U*AU = B;

ii) B is diagonalizable, op(A) = 0,(B), and if we let Py and Q) denote the spectral projections
of A and B associated with \ € o,(A), then

Y BI-QNed and Y. (I-P)QreJ, (9)
AE€aop(A) AEop(A)
where the series converge weakly. Furthermore, [Py : Q)] =0, for A € o,(A).

Proof. i) — ii). In this case, B is also diagonalizable, since A is diagonalizable by assumption. Also,
in this case, we get that 0,(A) = 0,(B). Moreover, we have that U*P\U = Q) for every \ € 0,(A).
Hence, by [15, Corollary 3.15], we conclude that the condition in Eq. (9) holds; moreover, we also
get that [Py : Q)] =0, for X € 0,(A).

i) — 1i). Using Corollary [15, Corollary 3.15] we conclude that there exists U € Uy such that
U*P\U = Q) for every X € 0,(A). From this last fact, we see that

UAU=U*[ > AP\ |U= Y AU'RU= > AQ\=B. O
Xeop(A) Aop(A) Aeop(B)
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Theorem 4.7. Let J be a proper arithmetic mean closed operator ideal. Let A, B € CR be
operators with polar decompositions A = V4 |A| and B = Vi |B|. Assume that |A| is diagonalizable.
Then, the following are equivalent:

i) There exist U, W € Uy such that UAW™* = B;
it) The following two conditions hold:

a) |B| is diagonalizable, o,(|B|) = o,(|A|), and if we let Py and Q) denote the spectral
projections of |A| and |B| associated with X € o,(|Al), then

Y. RUI-Q)ed ad ) (I-P)QeJ, (10)

Aeoyp(|A]) Aeop(|Al)

where the series converge weakly and [Py : Q)] =0 for A € o,(|A4]).
b) Va—Vp e J.

i41) The condition in item ii) a) holds, and if we let {Vx}xeq,(ap\foy and {W}reo,(j4))\{0} denote
the partial isometries of the block singular decomposition of A and B, then

Y M-y eJ  and Y M- WWed, (11)
Aeop(JAD\{0} A€op(lAD\{0}

where the series converge in the operator norm.

Proof. i) — ii). Assume first that there exist U, W € Uy such that UAW* = B. Then from
Theorem 4.2 we get that W|A|W* = |B| and UV4Z* = Vp. In particular, | B| is also diagonalizable
and o,(|B|) = 0p(]A|). Taking into account that J is an arithmetic mean closed proper ideal, we
see that the conditions in item i) a) follow from Proposition 4.6. On the other hand, the conditions
in item i) b) follow from Remark 2.2 7).

1) — ). In this case we can apply Proposition 4.6 and conclude that there exists W € U7 such
that W’A’W* = ‘B’ In particular, PR(B*) = PR(\B\) = WPR(|A\)W* = WPR(A*)W*. Hence,
[ViVa : V3VB] = [Prea~) : Pr(p+)] = 0. Since V4 — Vg € J then item 7i) in Remark 2.2 shows that
there exist U, Z € Uy such that UV4Z* = V. Then, item i) follows from Theorem 4.2.

i) — d7i). As in the first part of the proof, the conditions in item 4) imply the conditions in item
ii) a). On the other hand, by hypothesis, we get that

B=UAW*=U Z AV | W= Z A UVW™.
A€oy (|A])\{0} Aeap(|AI\{0}

By uniqueness of the block singular value decomposition (see Remark 4.3), we see that if we let
Vi = VAW*, then W) = UV), for A € 0,(|A|) \ {0}. By Proposition 4.4 we conclude that

Y M-y eJ and Yo M-WaWied,
Aeap(lAN\{0} Aeap(AN\{0}

where the series converge in operator norm.
We claim that the conditions in Eq. (11) hold in this case. Indeed, since W € Uy, there exists
K € J such that W =1 + K. In this case,

Yo Mm-V= Y MK+ Y (W)W
A€oy (JAD\{0} A€oy (JAD\{0} A€oy (|AD\{0}
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where the first series to the right converge in the operator norm. Indeed, first notice that

0< > WKV Yo METVy| < Y WEEK'VyeJ?
ey (lAD\{0} Aeap(lAN\{0} Aeap(lAN\{0}

since K*K € J2 and J? is (also) arithmetic mean closed, so that the pinching operator of elements
in J2 lie in J? (see, e.g. [29]). Moreover, the convergence of the series is in the operator norm
since K K* is a compact operator and each of the sequences {VAV} }req,(a) and {VVa}reo, (4) have
mutually orthogonal elements. As a consequence, we see that Ao, (IS)) Wy KVy € J, where the
series converges in the operator norm. This proves that the first condition in Eq. (11) holds; the
second condition follows by a similar argument.

ii1) — 1). Assume that the conditions in item ii) a) and Eq. (11) hold. Arguing as in the proof of
Proposition 4.6 we see that there exists W € Uz such that WP\W* = Q so R(W*Q\) = R(Py),
for A € o,(]A]). Hence, if we let Vy = VAW* then V) is a partial isometry with f/;f/,\ =WPW* =
Q) = WiW)y, for X € 0,(|A]) \ {0}. Arguing as in the proof of i) — 4ii) above, the previous facts
imply that

Y, Mm-WeJ and Y. (-wawied,
Xeop(|AD\{0} A€op(|AD\{0}

where the series converge in the operator norm. Therefore, we can apply Proposition 4.4 and
conclude that there exists U € Uy such that UV = W), for A € 0,(|A]) \ {0}. Then, we get that

UAW* = U Z AV | = Z AUV, = Z AW, =B. O
A€oy (|A])\{0} A€oy (|A])\{0} A€oy (|A])\{0}

5 Restricted equivalences of frames

We now introduce the notion of J-equivalent and [J-unitarily equivalent frames for subspaces, and
derive several characterizations. The notion of [J-unitarily equivalence between frames naturally
extends the J-equivalent orthonormal bases described in [9]. We first consider the following el-
ementary facts about frame theory (for a detailed account see [12, 16]). As before, H denotes a
separable infinite-dimensional complex Hilbert space.

5.1 Frames for subspaces: elementary theory

Definition 5.1. Let S C H be a closed subspace of H and let F = {f,}n>1 be a sequence in S.

1. We say that F is a frame for S if there exist constants 0 < o < 3 such that

allfIP <3 U f)P <BIFIP forevery feS.

n>1
If the upper bound to the right holds for some 8 > 0 then we say that F is a Bessel sequence.

2. If F is a Bessel sequence, then the synthesis operator of F, denoted by T € B(¢*(N),H), is
uniquely determined by

T]—'(en) :fnv n>1,

where {e, }n>1 is the canonical orthonormal basis of £2(N). In this case Tx € B(H,(?(N)) is
the analysis operator of F.
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3. If F is a Bessel sequence then we define its frame operator, denoted by Sz € B(H)", and
given by Sr :=TxT7.
In the sequel, we will identify #2(N) with H through some fixed orthonormal basis of H, that
we also denote {e,},>1, by abuse of notation. Thus, we consider T'r € B(H).

Remark 5.2. Let S C H be a closed subspace of H and let F = {f,},>1 be a sequence in S. Then
F is a frame for S if and only if F is a Bessel sequence such that R(Tr) = S. Similarly, F is a
frame for S if and only if F is a Bessel sequence such that R(Sr) = S. In this case, Tr and Sr are
closed range operators and the restriction Sr|s is a positive invertible operator acting on S.

One of the fundamental properties of a frame F for a subspace S is that it allows to represent
vectors f € S as linear combinations of elements in F in a stable way. To formalize these facts we
recall the notion of oblique duality (for more details see [16, 17, 23]).

Definition 5.3. Let S, 7 C H be closed subspaces such that S +7+ = H and SN T+ = {0}. Let
F = {fnutn>1 and G = {gn}n>1 be frames for S and T, respectively. We say that G is an oblique
dual of F if

F=> (fr9)fn and g=> (g, fn)gn forevery fe€S,geT.

n >1 n>1

Equivalently, G is an oblique dual of F if
T]:T§|3 =1Is and TgT;_—‘T =1Ir.

Remark 5.4. Let S be a closed subspace of H and let F = {f,}>1 be a frame for S. Then F always
admits oblique dual frames. Indeed, take 7 = S and define F# = { f# }n>1 given by f# = STF frs
for n > 1. Notice that Trx = S;_-T]: = (TFT%)Tr = (T = (T]T_-)* and hence R(T'r#) = S. Thus,
F7# is a frame for S such that, for f € S we have

S IV o =Tr(Try f) = TFTEf = Psf = f

n>1

and

S AF I = Tre(T3f) = (T5)' T3 f = Psf = f -

n>1
Notice that we have used the definitions of the synthesis and analysis operators of F and F# above.
We call F# the canonical dual of F; F# has several structural properties related to F.

Remark 5.5. Consider the notation in Remark 5.3. Notice that to construct an oblique dual for F,
we have to compute an inverse of the action of the synthesis/analysis operator of F. For example,
to compute the canonical dual F we have to compute the Moore-Penrose inverse of T'r.

The comments in the previous remark motivate the introduction of a class of frames that are
self-duals as follows.

Definition 5.6. Let S C H be a closed subspace of H and let F = {f,}n>1 be a frame for S. We
say that F is a Parseval frame for S if F is a (oblique) dual frame for F, i.e.

= {ffn) fu  forevery feS.

n>1
Equivalently, F is a Parseval frame for S if for every f € S we have that ||f]|? = Y ons1 1 )2

Remark 5.7. Let S C H be a closed subspace of H and let F = {f,}n>1 be a frame for S. Then
F is a Parseval frame for S if TrTx|s = Is = I R(Ty)- That is, if T is a partial isometry. Given
an arbitrary frame G = {gp}n>1 for S, then we define its associated Parseval frame, denoted by
G = {Gn}n>1, given by g, = ]Tgﬂgn, for n > 1. Notice that Tz = |T§\TTg = Vg, where Tg = Vg|Tg|
is the polar decomposition of Tg.
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5.2 Restricted equivalence between frames for subspaces

Next, we introduce the main concept of this section and develop some of its properties.

Definition 5.8. Let F = {f,}n>1 and G = {gn }n>1 be frames for closed subspaces S and T of H,
respectively. If 7 C B(H) is an operator ideal, then we introduce the following notions:

1. F and G are J -equivalent if there exists G € G¢ s such that Gg,, = f,, for all n > 1.
2. F and G are J-unitarily equivalent if there exists U € U7 such that Ug,, = f,, for all n > 1.

Remark 5.9. Notice J-equivalence and J-unitary equivalence are equivalence relations on the set
of frames for closed subspaces of H, and J-unitary equivalence refines J-equivalence. Moreover,
given a frame F = {f,, }»>1 for the closed subspace S, then observe that the equivalence class of F
with respect to J-equivalence can be described as

{G : G is a frame for a closed subspace of H and Tg € LO7(TF)} .
Similarly, we can describe the equivalence class of F with respect to J-unitary equivalence as
{G : G is a frame for a closed subspace of H and Ty € LU7(TF)} .

Hence, we can apply our results of Sections 3 and 4 for the description of these equivalence relations
among frames for closed subspaces of H.

Remark 5.10. At this point it is instructive to compare the restricted equivalence relations defined
above with previous notions in the literature.

1. In [6] R. Balan considered J-equivalence and J-unitary equivalence between frames for #, in
the particular case when J = B(H). For a proper ideal J, the equivalence relations considered
in Definition 5.8 are strict refinements of those considered in [6]. Notice that our approach not
only considers general operator ideals 7, but it also applies in the context of frames for (possibly
proper) subspaces of the Hilbert space H.

2. Let &€ denote the set of epimorphisms (bounded surjective operators) of a Hilbert space H. In
[21] Corach, Pacheco and Stojanoff considered the right action of invertible operators on &, given
by

(G,T)— TG ' for (G, T)ecGlH)xE.

Since F +— Tr is a bijective correspondence between the set of frames F = {f,}n>1 for H and
elements in &, then the action considered in [21] induces an action of G/(H) of the set of frames,
given by

(G.F = (fubs1) = (TG e}z for G € GURH).

Here {ep}n>1 is our fixed orthonormal basis (see Definition 5.1). Notice that this action can be
considered as a re-parametrization of the space of coefficients of the frame; in this sense, it is quite
different from the action considered in [6]. Indeed, since T'r is an epimorphism, the roles of T'r
and T7 are not symmetric. Notice that our approach is more general in the sense that we deal
with closed range operators. Moreover, since the class of closed range operators and G¢ s are closed
under adjoints, then our approach developed in Sections 3 and 4 allows us to deal with an action
similar to that considered in [21] for general groups G¢7. Indeed, for A € CR if we let

RO7(A) = {AG™' : GeGly},

then
ROz (A) = (LO7(A))",

20



where N* = {A* : Ae N} C B(H) for any set N' C B(H). From the previous identities and the
results in Section 3 it is possible to derive several properties of the orbits RO 7(A), for an arbitrary
A € CR. Similar remarks apply to the right action of {7 on CR and on the set of frames for closed
subspaces of H.

3. In [24] Frank, Paulsen and Tiballi consider another local notion of equivalence between frames
for subspaces. Indeed, given two frames F = {f,}n>1 and G = {gn}n>1 for the closed subspaces
S, T C H respectively, F is weakly similar to G if there exists a bounded invertible transformation
L : 8 — T such that L(f,) = gn, for n > 1. In this case, given a sequence {a}n>1 € (*(N)
then Y - onfn = 0if and only if L(}, < anfn) = D_,>1 @ngn = 0 and hence N(Tr) = N(1g)
in this case. Moreover, as a consequence of [6] we see that F is weakly similar to G if and only if
N(Tr) = N(Tg). The authors considered this condition in their study of symmetric approximations
of frames (see item 1. in Examples 5.12 below).

The next result describes some characterizations of the J-equivalence between frames. We
abbreviate F — G = {fn, — gn}n>1-

Theorem 5.11. Let F = {fn}n>1 and G = {gn}n>1 be frames for closed subspaces S and T of H,
respectively. If J is a proper operator ideal, then the following statements are equivalent:

i) F and G are J -equivalent;

it) The synthesis operator Tr_g =Tr —Tg € J and N(Tr) = N(1g);
i) F and G are weakly similar and the synthesis operator Tr_g =Tr —Tg € J;
iv) The canonical duals F# and G# are J -equivalent.

In this case, Ps — Py € J and [Ps : Pr] = 0.
Moreover, if we assume further that J is arithmetic mean closed, then the conditions above are also
equivalent to the following:

v) The associated Parseval frames F and é are J -equivalent and Sy — Sg € J .
Proof. i) — ii). Notice that Tr_g = T'r —Tg. Assume that G € Gl 7 is such that Gf, = g, for n >
1; then, it is clear that GTr = Tg. Hence, N(Tx) = N(Tg) and Tr_g =Tr—Tg=(I—-G)Tr € J.
i) < 4i4). This follows from item 3. in Remark 5.10.

it) = ). f Tr g = Tr —Tg € J, then we get that TrTr — TgT; € J. By Lemma 3.1 we see
that (TrT5)" — (TgTy)T € J; then,

Try — Tgs = (TFTE)Tr — (TT5) Tg = (TxT7) (Tr — Tg) — (TT5)" — (TxTF))Tg € T -

Since N(Tr#) = N(T¥) = N(Ig) = N(Ig#), then by Theorem 3.5, we see that F# and G are
J-equivalent.

iv) — 7). Notice that Ty = (TFT%) Tr = (T3)F = (TL)*. Hence, Tyy — Ty = (T —T})* € J
and then Tr — Tg € J, by Lemma 3.1. Using the implication i) — i) (that we have already
proved) we get that N(Tr) = N(Tr#) = N(Tg#) = N(TIg). Then, by Theorem 3.5 we conclude
that there exists G € G¢(H ) such that GT'r = Tg. If we evaluate the previous (operator) identity
in the elements of the orthonormal basis {ey}n>1, then we get that g, = Tge, = GTre, = Gfp,
forn > 1.

Assume further that J is an arithmetic mean closed proper operator ideal. By Remark 5.7 we
get that Tz = Vr and T;; = Vg, where T = V¢ [T 7| and Tg = Vg |Tg| are the polar decompositions
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of Tr and Tg, respectively. Theorem 3.5 now shows that F and G are J-equivalent if and only if
N(Tr) = N(Vr)=N(Vg) = N(Ig) and Vr — Vg € J.

i) = v). If 7 and G are J-equivalent, then in particular T — Tg € J and N(T¥) = N(Tg). By
Proposition 3.4 we get that Vr — Vg € J; by the previous paragraph we see that F and G are
J-equivalent. Moreover, Sy — Sg = TFT5 — TgTg = Tr(Tx - Tg) + (Tr — Tg)1g € J.

v) — i). Conversely, if F and G are J-equivalent and Sr — Sg € J then, as mentioned before,
Ve —=Vg € J and ViVr = Py(ry) = Pyy) = VGVg. On the other hand, since R(|T%|) =
N(Tr)* = N(Ig)* = R(|Tg|) and |Tx]> — |T5|* = Sr — Sg € J then, by Lemma 3.3, we get that
T3 — T3] € J. Hence, Tr — Ty = T3V — T4V = [T5|(Vie — Vi) + (IT3| - [T)Vg € 7. The
previous facts together with Theorem 3.5 now show that F and G are J-equivalent. O

Ezamples 5.12. Let F = {fn}n>1 and G = {gn}n>1 be frames for the closed subspaces S and T of
H, respectively. Assume further that N(Tx) = N(1g) (or equivalently, that F and G are weakly
similar). Then,

1. F and G are Gy-equivalent if and only if

I1TF = Tgl3 = > I(Tr = To)en)ll” = Y 1 fa — gnll? < o0

n>1 n>1

This last conditions is also referred to as F and G being quadratically close (see [24] and the
references therein).

2. Recall that IC denotes the ideal of compact operators. We have that F and G are K-equivalent
if and only if for every € > 0 there exists mg > 1 such that if m > mg, then

1D en (farm = gnrm) | < € {endnzlleq) -

n>1

Remark 5.13. Let F = {fn}n>1 be a frame for the closed subspace S and let J be a proper
operator ideal. Notice that [J-equivalent frames with F preserve some structural properties of F
(as opposed to frames that are equivalent in the sense of [6, 24]): for example, if F is such that the
frame operator Sr is a J-perturbation of Ps (notice that in this case S = R(Sr)), then any frame
G for a closed subspace T that is J-equivalent with F also satisfies that Sg is a J-perturbation of
the corresponding projection Py. This is a consequence of a convenient interpretation of Theorem
3.9 and the fact that LO7(TF) = LO7(Tg).

Theorem 5.14. Let F = {fu}n>1 and G = {gn}n>1 be frames for the closed subspaces S and T of
H, respectively. If J is a proper operator ideal, then the following statements are equivalent:

i) F and G are J-unitarily equivalent;
i1) The associated Parseval frames F and G are J-unitarily equivalent and S = Sg;

iii) The canonical duals F7 and G are J-unitarily equivalent.
In this case, Ps — Pr € J and [Ps : Pr] = 0.

Proof. The proof follows from Definition 5.8 and a convenient re-interpretation of Theorem 4.1.
Indeed, if we let A = Tr € CR with polar decomposition A = Vy |A| then Tz = Vy, SF = |A*]?
and Trs = (A*), and similarly for B = Tg. Also, F and G are J-unitarily equivalent if and only
if there exists U € Uy such that B = UA. Thus, the equivalence of items i) and i) follows from
Theorem 4.1. The equivalence of items i) and #ii) follows from the previous remarks and the fact
that (UA)*)t = (A*U*)T = U(A*)! for any U € Uy. The rest of the claims follow from Theorem
4.1. O]
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Remark 5.15 (Distances between [J-equivalent frames). Let J = G4 be a symmetrically-normed
ideal. Let F = {fu}n>1 and G = {gn}n>1 be frames for the closed subspaces S and T of H,
respectively. Assume further that 7 and G are J-equivalent. Then we can consider the following
distances:

1. Since Tg = G T'r for some G € Gl 7, then Tg —Tr € J and hence we can set
dg(F,G) = [ITr — Tgle -

Notice d7 is a distance function on the orbit LO7(Tr) of all frames that are [J-equivalent
with F. In case J = G4 the ideal of Hilbert-Schmidt operators, then the distance

1/2

dey(F,G) = |Tr = Tglla = | D Ifu — gul®

n>1
has been used to compute the symmetric approximations of frames (see [14, 24]).

2. Motivated by [6] we consider
d5(F,G) = inf{log(1 + max{||G — I||7, |G™" = 1I||7}) : G€Gly,GTr=Tg}. (12

Below we show that dé is a distance function on the orbit LO7(Tx) of all frames that are
J-equivalent with F.

Proposition 5.16. Let J = G4 be a symmetrically-normed ideal. Let F = {fn}n>1 be a frame
for a closed subspace S. Then, the function dé defined in Eq. (12) is a distance function on the
orbit LO7(T'r).

Proof. Clearly d§ is non-degenerate and symmetric. Hence, we check the triangle inequality. With-
out loss of generality, we can consider F, G, H € LO7(Tx). In this case, there exist G, H € Gl 7
such that T = GTr and Ty = H1g; thus, HG € G is such that HGTr = Ty. We argue as in
the proof of [6, Thm. 2.7] and consider

IHG —Ille = |[(H-I)(G-I)+H+G-2]q
< H - 1lellG —Ille + [H —Ifle + |G — I]|e
= (H = TIe + D(IG = Tla +1) - 1.

We point out that in the previous inequalities, we have used that the norm || - ||¢ is sub-multiplicative.
Hence,
log([[HG = Iljo +1) <log(|H — ]l + 1) + log([|G = Il +1).

Similarly, log(||(HG)™! = I||l¢ + 1) < log(||[H™' — I||¢ + 1) + log(||G~" — I||¢ + 1). The previous
facts imply the triangle inequality for d§. O

There are several problems associated with the previous metrics. On the one hand, it would be
interesting to obtain a closed form, or at least o more explicit variational formula for dﬁ(]—' ,G). On
the other hand, it is natural to consider the problems of computing the distances between F and
some subsets of LO7(T'r) (e.g. the set of Parseval frames in £O7(T'r) or the class of oblique duals
of Fin LO7(Tr) ) with respect to the metrics ds and dé. The following results deal with some
approximation problems associated with the distance d s between frames for subspaces, induced by
a symmetric norming function ®. We will deal with the case of d§ elsewhere.

Theorem 5.17. Let let F = {fu}n>1 be a frame for a closed subspace S C H. Let J a proper
operator ideal and let Jy = PsJ|s C B(S) be the compression of J to S. Then the following
conditions are equivalent:
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i) Srls € Glg,;

i) F and F7* are J-equivalent;
i11) F is J-equivalent to some of its oblique duals;
i) F is J-equivalent to its associated Parseval frame F;

v) F is J-equivalent to some Parseval frame for a closed subspace of H.

Proof. The proof of the equivalences above follows from a convenient interpretation of the equiva-
lences in Theorem 3.9. Indeed, if we let A = T'r € CR with polar decomposition A = V4|A|, then
(A*)V = Try, Va4 = Tz. These remarks together with Theorem 3.9 show the equivalence of items
i), it), iv) and v). Clearly, i) implies 4i7). Finally, the fact that item 4i7) implies any of the other
items above follows from the second part of Definition 5.3 and Theorem 3.9. O

Theorem 5.18. Let J = G4 be a symmetrically-normed ideal and let F = { fn}n>1 be a frame for
a closed subspace S C H.

1. Assume that F if J -equivalent to Gy, w@ere G1 is a Parseval frame for a closed subspace of
H. Then dg(F,F) <dgz(F,G1), where F is the Parseval frame associated to F.

2. Assume that F is J-equivalent to Go, where Gy is an oblique dual of F. Then dz(F,F7) <
d7(F,Ga), where F# is the canonical dual of F.

Moreover, if @ is a strictly Schur-convex symmetric norming function and dg(F, F)=ds(F,G)
then Gy = F. Similarly, if d7(F,F?) = d7(F,Ga), then Go = F7.

Proof. The proof of the equivalences above is now an immediate consequence of Theorem 3.11. [

Remark 5.19. Let J = G4 be a symmetrically-normed ideal and let 7 = {f,},>1 be a frame for a
closed subspace S C H. Let G = {gn}n>1 be a Parseval frame for a closed subspace T C H such
that G is weakly similar to F and Tr — Tg € J. Then, N(Tg) = N(T'r), so by Theorem 5.11 we
get that G € LO7(F). In this case Theorem 5.18 applies. If we consider the particular case where
® = || - ||2 is the 2-norm, which is a strictly Schur-convex symmetric norming function, we get that

de,(F,G)* = |Tr = Tgl5 =D I fo = gl = D fn = Ful> = | TF = T3 = de, (F, F)*.

n>1 n>1

Moreover, equality holds if and only if G = F. Thus, Theorem 5.18 extends [24, Theorem 2.3] to
symmetrically-normed ideals corresponding to strictly Schur-convex norming functions. Similarly,

using a convenient re-interpretation of Theorem 3.11 in the context of frame theory our results
extend [14, Theorem 4.6].
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