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1. Introduction
1.1. Definitions and notations

Throughout the paper, X is a real Banach space with norm || - ||; several of our results are valid in the
larger setting of real normed spaces, while others need, on the contrary, an additional condition on X,
such as the existence of a Hermitian decomposition. We denote by .Z(X) the space of all bounded linear
operators on X, endowed with the operator norm || - || defined by

* Correspondence to: Université de Limoges, Laboratoire XLIM, UMR-CNRS 6172, France.
E-mail addresses: annamaria.barbagallo@unina.it (A. Barbagallo), emil.ernst@univ-amu.fr (O.-E. Ernst),
michel.thera@unilim.fr (M. Théra).
1 Research supported by PRIN 2017 Nonlinear Differential Problems via Variational, Topological and Set-valued Methods (Grant
2017TAYM8XW).
2 Research supported by the Australian Research Council (ARC) grant DP160100854 and benefited from the support of the
FMJH Program PGMO and from the support of EDF.

https://doi.org/10.1016/j.jmaa.2019.123663
0022-247X/© 2019 Published by Elsevier Inc.



2 A. Barbagallo et al. / J. Math. Anal. Appl. 484 (2020) 123663

|A]| :=inf{c >0 : ||A(z)]| < c|lz|, Vz € X}, VAe Z(X).

We use the notation Id for the identity operator in .£(X) and .%#(X) for the set of all functions from X
to X. A function f € #(X) is called Lipschitz continuous whenever

Lip(f) = sup (@) =Sl

z1,52€X ||[L‘1 - J:QH
T1FT2

is a real number; in this case Lip (f) is referred to as the Lipschitz modulus of f.
1.2. Motivation

The starting point of this research is a series of articles written by Sergio Campanato at the end of
the eighties [4—6]. More precisely, to study existence and regularity results for PDEs and systems in non-
divergence form, Campanato introduced and developed the abstract notion of “near operators”. Using this
concept he was able to unify the theories based on the Schauder method, the Lax-Milgram theorem, the
Cordes theorem and the theory of monotone operators.

As we have observed and developed in this note, Campanato’s nearness goes back to a standard result in
functional analysis which is known as Neumann’s lemma. This is a generic name given to several strongly
related results, establishing, in a real Banach space X, the invertibility of a function A € .%(X). The original

3

result by Carl Neumann® was stated as follows (see, e.g.[12, Lemma 5.1.6]):

Lemma 1 (Neumann). Let X be a real Banach space, and A € £ (X) be such that
Ja>0,0<k<1l: |Id—aA||< s|Id|. (1)
Then A is invertible, and ||[A~!|] < 2.

Of course, ||Id|| = 1, and the right hand side of the inequality (1) amounts to k. We choose however to
state relation (1) in the present form in order to highlight the common points among Lemma 1, Lemma 2,
Lemma 3, and the Symmetric Neumann and Sorderling Campaganto lemmas.

Among the various consequences of this ubiquitous lemma, let us mention two classical theorems:

o the set of all invertible operators from .2 (X) is open ([12, Theorem 6.4.4]);
o the function which assigns to each operator A € Z(X) its spectral radius is upper semi-continuous ([10,
Theorem 2.1]).

Neumann’s lemma was generalized in Euclidean spaces to not necessarily linear functions by Séderlind
([18, Theorem 2.1 & Corollary 2.3]). The Soderlind result was further extended by Campanato, first in the
Hilbert space setting ([4, Section 2]), and then in the case of an arbitrary real Banach space ([6, Theorems 1
& 2]), by proving the following statement:

Lemma 2 (Soderlind-Campanato). Let X be a real Banach space, and consider a not necessarily linear
function A : X — X such that there exist two real numbers o > 0 and 0 < k < 1 satisfying

[(z1 — a A(z1)) = (72 — @ A(z2))[| < Kllz1 — 22|, V1,22 € X, (2)

3 This result is usually stated in the particular case & = 1, but the proof holds with no modifications in the general setting.
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or, equivalently there exist two real numbers o and k such that
a>0, 0<k<1l and Lip(Id—«aA) <k Lip(Id).

Then A is invertible, and Lip (A™1) < 1&-.

In several instances coming from the setting of implicit methods in numerical analysis, Neumann’s, or
Soderlind-Campanato’s lemmata are of little use, since one needs inequalities of the form (1) or (2) in which
the dominating right-hand side member should be expressed in terms of the unknown function A, and not
in terms of the identity. In other words, we need to study the symmetric counterparts of Neumann and
Séderlind-Campanato results.

The first result in this direction was obtained by Casazza and Christenses, in their influential study
of the frames in a Hilbert space (see [7, Theorem 2]). More precisely, these authors considered functions
A : X — X such that there exist reals @ > 0 and 0 < k < 1 satisfying

[(A(21) — a@1) = (Alz2) — awa)l| < k[[Alz1) = Az2)|, Vi, 20 € X. (3)
Let us note that, when the function A is linear (but not necessarily continuous), relation (3) reduces to:
[A(x) — az| < wllA@)], VvzeX. (4)

The result by Casazza and Christenses establishes the invertibility of the operator A under the additional
assumption that A is linear.

Lemma 3 (Casazza and Christenses). Let X be a real Banach space and A € £(X) such that there exist
real numbers o > 0 and 0 < k < 1 satisfying

[A(z) —azl| <k [A(2)], VYzeX.
Then A is invertible, and || A7 < 12,

The main objective of this article is to prove new invertibility theorems for not necessarily linear functions
defined on real Banach spaces, similar to the linear Casazza-Christenses result. The main novelty of our work
is the use of a method, which, to the best of our knowledge, has never been employed in addressing operator
invertibility. Namely, we investigate, in the series of statements Theorems 8-10, several symmetry-related
properties of a relation between two operators on a Banach space.

The starting point of our analysis is the notion of orthogonality in a normed space, going back to
Birkhoff (see [2], the reader is also referred to the complete survey [1]). This classical definition can easily
be transposed to a locally convex space, that is a vector space Y equipped with a family of semi-norms
P :={p,: Y — R: 1 €I} generating its topology. This was made for instance in [17, Definition 1.1]: given
a locally convex space (Y, &), we say that a vector u € Y is Birkhoff-James orthogonal tov € Y on (Y, &)
iff

p(u) <p(u—sv), VseR, el (5)
Of course, when Y is a normed space, & contains only one element, namely the norm of Y, and definition (5)

boils down to Birkhoff’s original definition which says that there is no point on R v, the extended line through
v, nearer to u than 0.
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Our analysis benefits from the introduction of a new concept, strongly related to the Birkhoff-James
orthogonality. Given u,v € Y, we say that u is Campanato® near v on (Y, &) iff

Ja>0,0<k<1l: plu—av)<kp(u), Yeel. (6)

As no confusion risks to occur, we will drop, in the remaining part of this article, the wording “Birkhoff-
James” and “Campanato”, and simply speak of orthogonality and nearness.

If X is a normed space, and u, v are two vectors from X, there are only three possibilities: u in near v,
u is orthogonal to v, and wu is near —v. However, in the setting of locally convex spaces, given two vectors
uw and v, it is possible that none of the above three possibilities are satisfied. This explains (inter alia) why
stronger results are achieved in normed spaces.

The Neumann lemma, and respectively the Soéderlind-Campanato lemma, may now be reworded in
terms of nearness applied to the Banach space ((£(X), || - ||), and respectively to the locally convex space
(Z(X), &), where the set & contains all semi-norms of the form

Peras t F(X) = Ry pay o, (A) = [|A(21) — A(22)]|, VA € F(X), (7)

for all the points x1, x5 € X such that x1 # x».

More precisely, the Neumann lemma says that an operator A € £(X) is invertible provided that the
identity is near A on (Z(X), ||-]|), while the Séderlind-Campanato lemma states that a function A € .#(X)
is invertible provided that the identity is near A on (F(X), 2).

Similarly, the Casazza-Christenses lemma may be rephrased as saying that if A € Z(X) is near the
identity on (F(X), &), then it is invertible.

It is now clear that any qualification condition ensuring the symmetry of nearness either on (Z(X), ||-||),
or on (F(X), &), may be combined with either the Neumann lemma, or with the S6derlind-Campanato
lemma. As a result, one automatically obtains a symmetric version of the Neumann lemma, or respectively
of the Séderlind-Campanato lemma.

Establishing the symmetry of the orthogonality in a normed space is a surprisingly hard problem. Maybe
the best evidence of the difficulty of the subject is the fact that the celebrated theorem enumerating all
the cases when orthogonality is symmetric came as the result of a one-decade-long joint effort by Birkhoff
([2] in 1936), Kakutani ([15] in 1939), Day (]9] in 1947) and James ([14] in 1947), and that a rather
technical theorem by Blaschke ([3, page 160]), characterizing the ellipsoids among the three-dimensional
convex bodies, was a key in the process. This topic is still a very active research area, namely in studying
finely tuned symmetry-related properties of the orthogonality on ((Z(X), || -||) (see [11] and the references
therein), or on generalized Minkowski spaces (see [13, Corollary 3.25]).

On the grounds of the Birkhoff-Kakutani-Day-James theorem, our article establishes two symmetry
conditions for the nearness property: Proposition 7, which proves that nearness is symmetric on any locally
convex space, provided that k < %, and Theorem 10, showing that, on the particular locally convex space
(Z(X), &), nearness is symmetric iff orthogonality is symmetric on the Banach space X.

On this basis, we deduce the following two nonlinear generalizations of the Casazza-Christenses lemma.

Theorem 4. Let X be a real Banach space, and let A € £(X) be a bounded linear operator verifying

1
3 a>0,0§/<;<§: |A —ald|| < k|A]. (8)

Then A is invertible, and |A71|| < a(%:gn)'

4 Campanato (see [5]) introduced this notion in the particular case of the locally convex space & (X) endowed with the family of
semi-norms given by relation (7).



A. Barbagallo et al. / J. Math. Anal. Appl. 484 (2020) 123663 5

Theorem 5. Let X be a real Banach space, and A : X — X be a not necessarily linear operator such that
Ja>0,0<kr<1l: |(Az1)—az)— (A(z2) —axs)|| < k[A(x1) — A(x2)||, V1,20 € X. (9)
The following statements hold:

(a) if K < 1, then A is invertible, and Lip(A~1) < ﬁ;

(b) if X is a Hilbert space, then A is invertible and Lip (A™!) < 1£8,

Theorem 4 may be viewed as a symmetric version of the Neumann lemma, while Theorem 5 may be
considered to be a symmetric version of the Séderlind-Campanato lemma. These two theorems are the main
contribution of this paper to the topic of Neumann lemmata.

We conclude the article by pointing out a series of open problems. Namely, Theorems 12 and 13, re-
spectively, prove that the constants used in the Symmetric Neumann lemma (respectively the Symmetric
Soderlind-Campanato lemma) are optimal, if the Banach space X admits a Hermitian decomposition (re-
spectively a Hermitian decomposition of ¢!-type). We thus ask whether the qualification conditions in
Theorems 4 and 5 are optimal for any Banach space X, or if there are classes of spaces X for which those
theorems can be refined.

2. Two results about the uniform symmetry of nearness

Definition 6. Given a locally convex space (Y, &) and A € (0, 1], we say that nearness is A-uniformly
symmetric if, for every pair («, k) € (0, +00) x [0, A), there exists a pair (@, %) € (0, +00) x [0, 1) with the
property that:

ifueY is nearv €Y for constants a and k, then v is near u for constants @ and &.

When nearness is 1-uniformly symmetric, we simply say that it is uniformly symmetric.

The first result about the uniform symmetry of nearness says that, in the general setting of a locally
1_

s-uniformly symmetric.

convex space, nearness is

Proposition 7. Let (Y, &?) be a locally convex space, and assume that a vector w € Y is near v € Y for
constants a >0 and 0 < Kk < %:

p(u—av) <kp(u), Yeel. (10)

Then v is near u for constants é and %, that is

D, (v—lu> < LﬂpL(v), Vel (11)
Proof. Since for any ¢ € I, p, is a semi-norm, it results that
p(u) —p(av) <p(u—av), Veel,
and that p,(av) = ap,(v). Hence, from relation (10) it follows that
p(u) —ap(v) < kp(u), Ve,

and thus
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p(u) S 77— pv), VieL

Again as a consequence of the fact that p, is a semi-norm, we obtain that

1 1 1 1
D, (v——u) =p, <— (av—u)) =—p(av—u)=—p (u—av), Vel
o o a o

so, by using once again relation (10), it follows that

1
(o L) <2 wer
«

Q

The desired relation (11) follows by combining relations (12) and (13). O

(12)

A much more powerful result holds true when X is equipped with an inner product. The following

theorem proves that nearness is uniformly symmetric on any inner product space.

Theorem 8. Let (X, (-,-)) be an inner product space, and assume that a vector u € X is near v € X for

constants a >0 and 0 < k < 1:

lu — avl| < & lul.

Then v is near u for constants 1_072 and K, that is
1— K2
v — ul| < K ||v].
Proof. Since X is an inner product space, it follows that
lu —av|)® = (u—av, u—av) = |[ul|* = 2a (u, v) + a? |jv]°.

So relation (14) is equivalent to

[ul® = 2 (u, v) + o v]* < K [Jul®.

It is easy to see that, in its turn, relation (16) is equivalent to each of the following relations:

lul*(1 = £2) = 2a (u, v) + o [Jo]|* < 0;

lull?(X = %% _ {u, v)

{ 2
-2 <0
- =2 ol < 0;
2 1— 2)\2 1— 2
”uH (a2 F”-) _2<ua U>( K ) +‘|U||2(1—I£2) SO,
v, u) (1 — K2 ul|?2(1 — k%)
||UH2_2< >( )_|_ H H ( 5 ) SI{2 ||U||2;
« «
1-x2 |
v— ol <w? |v]|?.
(0%

The proof of Theorem 8 is complete, as relations (17) and (15) are equivalent. O

(14)

In achieving the result of Theorem 8, the hypothesis of completeness of the inner product space X is not

needed. Thus Theorem 8 is valid for general inner product spaces, and not necessarily for Hilbert spaces.
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3. Symmetry and uniform symmetry in real normed spaces

In the framework of real normed spaces, the interplay between the symmetry, the uniform symmetry of
nearness, and the symmetry of orthogonality can be clarified.

Theorem 9. Let X be a normed space. The following three statements are equivalent:

(a) nearness is uniformly symmetric on X ;
(b) nearness is symmetric on X;
(c) orthogonality is symmetric on X.

Proof. Our plan is to prove that (a) implies (b), (b) implies (c¢) and (c) implies (a). The proof of the last
implication being rather long, we have decided to split it in two: we first prove that (c) implies (b), and on
this basis we manage to show that (c¢) implies (a).

(a) = (b). Obvious.

(b) = (c). Let nearness be symmetric on X, and u,v € Y be two vectors such that u is orthogonal to v.
We need to prove that v is orthogonal to u.

Let us remark that it is impossible that v is near u; indeed, as nearness is symmetric, this would mean
that u is near v, or u is orthogonal to v. In exactly the same way, we see that it is impossible that v is near
—u.

But for two vectors v and w in the normed space X, there are only three possibilities:

e v may be near u;
e v may be near —u;
e v may be orthogonal to u.

As the possibilities v near u and v near —u have been eliminated, it results that v is orthogonal to w.
(¢) = (b). Let orthogonality be symmetric on X, and u,v € Y be two vectors such that u is near v, which
means that

Ja>0,0<k<1l: |lu—av|]<k|u. (18)

Our aim is to prove that v is near u.

Let us first remark that v cannot be orthogonal to u; indeed, as orthogonality is symmetric, v orthogonal
to u means that u is orthogonal to v, which contradicts the fact that u is near v. Moreover, as there are
only three possibilities: v near u, v near —u, and v orthogonal to u, and as the possibility v orthogonal to u
has been eliminated, all what remains to be shown in order to prove the “if” part, is that v is not near —u.

To the end of achieving a contradiction, we assume that v is near —u. Thus,

Ja1>0,0<kr1 <1: |v+agul <k
The function f: R — [0, 00), defined by the formula
f(s):=|lv+sul, VseR,

is convex, continuous, coercive, and therefore attains its minimum at some ¢ € R. Let us set w := v + cu.

As



8 A. Barbagallo et al. / J. Math. Anal. Appl. 484 (2020) 123663

flan) = [lv+ arul] < salvf| < lo]l = £(0),
we deduce that ¢ > 0. Moreover, since
Jwl| = f(c) < fle+s) = v+ (c+s)ull = [w+sul, VseR,

it follows that the vector w is orthogonal to u. But orthogonality on X is symmetric, so u is orthogonal
to w. Accordingly,

|lu+swl| > |ul|, VseR. (19)

As both ¢ and « are positive real numbers, it results that 1+ ac > 1 > 0, so
number. Thus

1 . o
TTac Is a positive real

1
_ —(1 _
lu —av]|=(1+ac) 1+ac(u av)
1 «

=(1+4ac)

y

ac a
=(1 1-— -
(1+ac) < 1+ac>u l+tac'

1+acu_1+ac

=(1+ac u—1+ac(cu+v)
=(1+4+ac) u—1+aacwH (20)

Combining relations (19) and (20) yields
lu = avl| = (1 + ac)ffull > |ull,

which is a contradiction with relation (18). Our initial assumption is then false, and the “if” part of the
proof is completed.

(¢) = (a). Let orthogonality be symmetric on X. The celebrated Birkhoff-Kakutani-Day-James theorem
([14, Theorem 1]) says that a normed space X on which orthogonality is symmetric is always an inner
product space, except when X is two-dimensional. In this case, there are uncountably many normed spaces
with symmetric orthogonality, neither two among them being isomorphically isometric (such a Banach space
is usually called a Radon plane, see [16]).

Since Theorem 8 proves that nearness is uniformly symmetric when X is an inner-product space, we only
need to address the case of a two-dimensional normed space X on which orthogonality is symmetric.

In order to prove that nearness is uniformly symmetric on such a space X, let us pick @ > 0and 0 < k < 1,

and let us denote by S, . the (possibly empty) set of all the pairs (u, v) € X x X such that ||ul| =1 and u
is near v for constants a and k:

|lu — av| < k. (21)

As the function © : X x X — [0, +00),

O(u,v) := |lu—av|, VYu,veY



A. Barbagallo et al. / J. Math. Anal. Appl. 484 (2020) 123663 9

is continuous, it follows that any of its sub-level sets is closed. This holds in particular for the sub-level set
at level k,

O <k :={(u,v) e X x X : ||lu—av| <k}
Since the set S, is the intersection of [© < k] and the closed set
{ue X fluf =1} x X,
it follows that S, . is a closed set. Moreover, from relation (21) it results that

11—k 1+ kK
< |lv[] <

V(u,v) € San, (22)

so the set S, x is also bounded. Being a closed and bounded subset of the vector space X x X of dimension 4,
Sa,r 1 a compact set.
An important step in achieving the desired conclusion is the study of the function f: S, , — [0, +00),

=T, 320} (23)

(remark that, as [|v]| > =% > 0 for any (u,v) € Sa,x, it is possible to divide by |v|| in formula (23)).
Implication (¢) = (b) ensures us that nearness is symmetric on X. But u is near v, so v is near u.
Accordingly,

flu,v) <1, V(u,v) € Sq k-

For any sequence (up,v,) € Sa, converging to some element (u,v), and any fixed s € (0, +00), we know

W converges to W By applying this obvious fact to the exact value of s at

which the minimum in formula (23) is attained, we deduce that

that the sequence

[on = sunll _ flo—sul _

limsup f(up,v,) < lim =

Consequently, f is an upper semi-continuous function defined on a compact set; therefore, this function
attains its maximum over S, .. As all values of f are strictly less than 1, the same holds for &, its maximum

over Sq k-
We deduce that, for any (u,v) € Sq,x, there exists s, , € (0,400) such that

W <R, V()€ Sar (24)
v
From relation (24), it stems that

(1 —=R)||v|| < syws Y(u,v) € Sqk- (25)

By combining relations (22) and (25), it results that

(1-7)(1—-k)

o < Suw, Y(u,v) € Sqk- (26)
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Let us denote the value W by @. Given (u,v) € Sq,, the function

v—8SUuU
g:10,540] = R, g(s):= w

is convex, and

1=g(0) > &> g(suw)-

Accordingly, the function g is strictly decreasing on the line interval [0, s,, ,]. It follows that g(@) < 1, that
is

The function

_ v —au]

h:Sawx—=R, h(uv):= . Y(u,v) € Sqk

o]

is a continuous function defined on a compact set. Moreover, all its values are strictly less than 1. We deduce
that its maximum over S, . is again strictly less than 1:

Jrel0,1): |v—aul <FElvl, Y(u,v)€ Sanx-

We have thus proved that, given two vectors u and v such that ||u| = 1 and w is near v for constants «
and k, then v is near u for constants @ and .

Since, for any positive constant ¢ > 0, the vectors tu and tv are near iff u and v are near, and the only
vector to which the null vector is near, is the null vector itself, the proof of the implication (¢) = (a) is
completed. O

4. Symmetry of nearness on the locally convex space (.7 (X), &)

Let X be a real normed space, and consider the locally convex space .% (X) whose topology is given by
the family of semi-norms

P = {pxhxz DX, T2 € X7 4o 7é 372}
where
Py 2o ¢ y(X) — R? Pzy 2o (A) = HA(xl) - A(l‘g)”, VA € 9(X)

Let us remark that the locally convex space (% (X), &) is not Hausdorfl. Indeed, when applied to a
constant function A € .#(X), the value of any semi-norm is zero (in other words, the semi-norms do not
separate points in .Z (X)).

Theorem 10. Let us consider a real normed space X , and the locally convex space (F (X), &?). The following
three statements are equivalent:

(a) nearness is uniformly symmetric on (% (X), &£);
(b) nearness is symmetric on (F(X), P);
(c) orthogonality is symmetric on X.
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Proof. (b) = (c). Let us assume that nearness is symmetric on (#(X), &). Consider u,v € X such that u
is near v, and let us define

A: X =X, AQ0)=wu, A(z) =0, Ve X,z#0,
and
B:X—X, B(0)=wv, Blx)=0, VzeX,z#0.

It is easy to see that, since w in near v in X, A is near B in (#(X), ). As nearness is symmetric on
(F(X), &), it results that B is near A in (% (X), &), and it is again easy to see that this means that v
is near u in X.

Accordingly, symmetry of nearness on (% (X), &) implies symmetry of nearness on X. Theorem 9 proves
now that orthogonality is symmetric on X.

(c) = (a). Let orthogonality be symmetric on X, and consider the constants o and  such that a > 0
and 0 <k <1, and A, B € .#(X) such that A is near B for constants o and k.

Orthogonality is symmetric on X, so, by virtue of implication (¢) = (a) in Theorem 9, nearness is
uniformly symmetric on X: there are two constants @ > 0 and 0 < ® < 1 such that v is near u for constants
@ and R every time when u is near v for constants « and k.

But A is near B for constants a and x on (F#(X), &), so, for every z1,x2 € X, the vector A(z1) — A(z2)
is near the vector B(z1) — B(x2) in X, with the same constants « and . It follows that

[(B(z1) — @ A(z1)) — (B(x2) — @ A(22))|| < ®|[[B(21) — Bla2)|l, Vai,z2 € X.

In conclusion, the operator B is near A in (% (X), &) for constants @ and %, so nearness is uniformly
symmetric on (#(X), £).

As relation (a) = (b) obviously holds true, the proof of Theorem 10 is complete. O
5. Main results and open problems

By combining the classical Neumann lemma with Proposition 7, we are in a position to prove the first
Neumann-like result of our study, that is Theorem 4.

Proof of Theorem 4. Relation (8) states that A is near Id for constants a an k < § on (Z(X), || - ||). By
applying Proposition 7, we deduce that Id is near A for constants @ := é and % := 77— (remark that, since
0< k< % it follows that 0 <& < 1).

Neumann’s lemma may now be invoked in order to deduce that A is invertible, and that

1 a 1 1—-x
AT < == 7%= :
1-% 1-1% ol -2k)

K

As a consequence, the claim is achieved. O

11—k
a(l—2k)

In order to determine to what extent the constants and % from Theorem 4 are optimal, we need
to introduce two new notions.

Let us first define the symmetry modulus of a locally convex space (Y, &) as being the supremum of
the set of A\ such that nearness on X is A-uniformly symmetric. Proposition 7 implies that the symmetry

modulus always lies in the interval [%, 1]. Accordingly, Theorem 4 uses the constant % which is a lower
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bound of the set of all the symmetry moduli, and it is obvious that this theorem may be refined by replacing
it with the actual symmetry modulus of the Banach space X.

The second notion of interest is that of a Banach space possessing a Hermitian decomposition, that is
(see [8, Chapter 7]) a space X with the following property: there exist two closed subspaces M and N of X
such that X = M @ N and [ju —v|| = ||u+ v]| for every u € M and v € N. The Hermitian decomposition is
said to be nontrivial if both M and N are unbounded. As X is the direct sum of M and N, any element x
of X may be uniquely expressed as the sum of z,;, a vector of M, and zy, a vector of N. It is a standard
construction to consider two bounded linear operators:

HM:X—>X, HM(Z‘) =TMm
and
HNZX—>X, HN(I') =N,

customary called the projections of X onto M (respectively onto N) along N (respectively along M).
The following result, although presumably known, gathers several basic properties of a Hermitian de-
composition.

Lemma 11. Let X = M © N be a nontrivial Hermitian decomposition of X. Then the following relations
hold true:

Iy Hy =10y, TyIy =Ty, Ty Ily =HyIy =0, Iy + 1y = Id, (27)
lay + bIly| = max(|al, |b]), Va,beR. (28)

Proof. As relation (27) is easy-to-prove, let us focus on relation (28). Clearly, it results that
laTly (z) +b1ln(2)|| = laz + 60| = |af 2]} = |a|, vz € M, |lz]| =1,
and
laTlar (z) + 6Ty (2)]| = la0 + bzl = [b] lz]| = [b], V= e N, [z] =1.
Since M and N both contain unit vectors (M and N are unbounded linear subspaces of X), we deduce that
lalps + b1y || > max(|al, |b]), Va,beR. (29)

Let us first determine the operator norm of the projection ITy; (the case of IIy is evidently similar). From
the obvious relation

1 1
My (z) = §(HM(m) —IIn(z)) + §(HM(QS‘) + 1y (x)), VoeX,
and the fact that X = M & N is a Hermitian decomposition, it follows that
1 1
MLa ()] < 5 1ar(2) = Iy (@)1 + 5 [[Har (2) + Iy (2)]

= %HHM(:L') + Uy (2)|| + %HHM(ﬂE) + 1y ()|

= |[Tas(x) + M (2)]]
=|z|, VzeX.
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Thus, we obtain
M| < 1. (30)
Combining relations (29) applied for a = 1 and b = 0, and (30), we deduce that
M) = 1. (31)

A similar result clearly holds true also for 1.

Relation (30) proves the reverse inequality to (29) in the case a = 1 and b = 0; our aim is to prove this
reverse inequality in the general case a, b € R. We assume without restraining the generality that a > |b|
(indeed, if |a| < |b] we switch M and N, and if a < 0, we address the operator —alIly; — bIIn, which
obviously has the same operator norm as a Il + b1ly).

If a = 0, then |b] < 0, so b = 0, and relation (28) is trivially satisfied. Let us now address the only
remaining case: a > |b| and a > 0. We distinguish two possibilities:

(i) [b] # 0;
(ii) b=0,

which will be examined one by one.
1]

(i) |b] # 0, that is @ > 0 > [b] > —a. In order to simplify the notation, let us set ¢ := —, and d = |—lb’|; let
us remark that 0 < ¢ < 1, and that d amounts to —1 or 1, depending upon the sign of b. Then, for every

z € X it follows that

laTly (z) + by (2)|| = |laxp +bzn| = a

T+ SSL‘NH =allzy +deczy].
But we have

xy+dexny =1 —c)zpy +c(zy +dey),
hence, since 0 < ¢ < 1, and ||zpr + dan|| = ||z + x| we get

lxar +dexn|| < (1 —=o)||xml| +cllza + dan]|
= =o)llzml +cllzrm + N

=1 =9lzml +cll]].
Accordingly,

laTlar(z) + 6Ty (2)[| < a ((1 = )flzar]l + cf|=]])
<a ((1=o)llz] +cf=l)
=allz|, VrelX.

Therefore, it results
a1y + b1y < a = max(a, |b]). (32)

Relation (28) follows by combining relations (29) and (32).
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(73) b = 0. Thus, by virtue of relation (31), we have that
laTlar + 0Ty || = [ally ]| = a |[Tar || = a = max(jal, [b]). O

The next theorem establishes the value of the symmetry modulus for the space (Z(X), || -||), when X is
a Banach space with a Hermitian decomposition.

Theorem 12. Let X be a Banach space admitting a nontrivial Hermitian decomposition.

(a) For any real values o and k such that « > 0 and 0 < k < L, there exists A € £(X) an invertible operator
1-k

which is near Id for constants o and k such that the operator norm of A~' amounts to i=2r)

(b) The symmetry modulus of (ZL(X), || -|) is 3.

Proof. Let X = M @ N be a nontrivial Hermitian decomposition of X. To address item (a), we define
A € Z(X) by the formula

o a(l — 2k
Il + ( )

A=  —
1—x 1—x

Iy.

a(l—2k)

Obviously, as a # 0 and k # %, it follows that 2- and —3—-

calculations prove that

1-2 1-— 1-—
< - HM+—a( mﬂzv)( OZHHM+7H HN)

are positive real numbers, hence, direct

11—k 11—k

1- 1-— 1-2
= KHM—Fil€ Iy S HM—F*O[( al Iy | = Id.
« a(l —2k) K — K

The inverse of A is thus given by the formula

1-k 1-k
ATl = I —
o' M+a(172/<;)

Also, we obtain

1-2
A—ozIdz( —a)HM—}-(a( R)—oz> IIn
— K 1—&
ak akK
= Iy — II
1—k M 1—k N

By using Lemma 11, it results that

1-2
Al = max (| 2|, | 222201
1-— 11—k
1-— 1-—
|A!|| = max I =),
o' a(l —2k)
|A — aId|| = max (|22 |, =25 ) = |25
1-— 11—k 11—k
Sincea>03nd0§m<%,it holds that
« a(l —2k) 0. 11—k >1—/£>0, ak -0,

1—r — 11—k
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SO

1—«& ak

|A—ald]| =
11—«

_ @ -1y —
l4l= 2 147 = gy

Obviously, we deduce

akr «
A—ald| = = =kl Al.
JA—ard) = 25 =5 =4

Therefore A is near Id for constants a and &, while the operator norm of A~! is a&:;ﬁ).

Let us now consider item (b). We define the operator A := 21I); of course, A—Id =211, — (Ip+1Iy) =
My — Iy
By using once more Lemma 11 we infer that

[All = max(|2[,0) = 2, [[A—Id| = max([1], [ -1]) =1,
and it yields

1
lA-1d=1=32=3 |4,

N | =

which means that A is near Id for constants « = 1 and k = % Yet, A is not invertible (as its kernel is equal
to the unbounded linear space N), so Id is not near A (as from the original Neumann lemma this would
imply that A is invertible).

We have thus proved that the symmetry modulus of (Z(X), || - ||) is less than or equal to %, and the
proof of Theorem 12 is complete. O

Numerous Banach spaces admit easy-to-find non-trivial Hermitian decompositions: this is the case of the
Hilbert spaces, of R™, n > 2, equipped with one of the ¢ norms, of spaces ¢*(N), with 1 < p < oo, or of
the space C(K;7 U K»), where K7 and K5 are two disjoint compacts.

Consequently, the values % and ﬁ
mentioned classes of Banach spaces.

in Theorem 4 are optimal for each and every of the previously

There are, however, Banach spaces for which no non-trivial Hermitian decomposition exists, for instance
C(K) when K is a connected compact (see [8, Theorem 7.7]). We are thus led to ask the following question:

Does the symmetry modulus of (£(X), || -||) amount to & for any Banach space X ? In particular, what
is the symmetry modulus of the space (£ (X), || - ||) when X := C([0, 1])?

Our second nonlinear generalization of the Casazza-Christensen, Theorem 5, may be proved as follows.

Proof of Theorem 5. As the proof of item (a) is obtained from the proof of Theorem 4, by simply using
Soderlind-Campanato’s lemma instead of Neumann’s lemma, we shall focus on item (b).
Since X is a Hilbert space, by combining relation (9) and Theorem 8, we obtain that, on the locally

convex space (#(X), P), Id is near A for constants @ := 1;"“'2 and R 1= K.

Séderlind-Campanato’s lemma proves now that A is invertible, and that

— 1—x?
a 1+ k&
Lip(A~1H) < =_—a —

i ( )_1—E 11—k a

which completes the proof. O

Let us note that item (b) in Theorem 5 proves that the symmetry modulus of the locally convex space
(Z(X), &) is 1 for every Hilbert space X, that is, it achieves its maximal theoretical value. Theorem 13
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describes a class of Banach spaces X for which the symmetry modulus of (#(X), &) is equal to , that is
to its minimal possible value.

In order to state Theorem 13, let us first introduce a particular class of Hermitian decompositions. Given
X = M @ N, a non-trivial Hermitian decomposition of a Banach space X, we call it of ¢! -type if

]| = [[Mar ()] + [Hn (2)]], Vo € X,
and if there is a linear operator H : M — N such that
[H ()| = llzll, Vae M.

Theorem 13. Let X be a real Banach space admitting a Hermitian decomposition of ¢*-type. Then, the
symmetry modulus of the locally convex space (F(X), &) is equal to %

Proof. Our aim is to find an operator A € .#(X) such that A is near Id with x = 1, but that Id is not
near A.
Let us define the desired operator A : X — X via the relation

We claim that A is near Id. In order to calculate the norm of A(z), let us remark that
and
OMyA=NnId+Uy Hllj; +n1Iy =1y + HIlj + Uy = HIy + 210y.
Since the Hermitian decomposition X = M @ N is of ¢'-type, it follows that
[A@)[| = Tar (A(e)[ + [y (A2)]] = [ar ()| + | H (s (2)) + 2Ty (2)]]-
But, it results
[H (T ()] = [Tar (@), Ve € X,
and it yields
[A@@)|| = [[H (Mar ()| + [ H (T (2)) + 21y (2)]-
The triangle inequality reads that

[A@)[| = [|H (s ()| + [[H (ar () + 21y ()] (33)
> [[H (M (2)) + (H (s () + 2Ty (2)) |
= 2| H (M (2)) + Ty ()]
=2||(A—Id)(z)||, VzelX.

)
) +

~—  ~—

N

Since A is linear, relation (33) means that A is near Id on (% (X), P) for constants « = 1 and k =
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Let us prove now that Id is not near A. In this respect, let us pick a non-zero vector x from M, and let
us calculate ||(Id — o A)(z)||, for some non-negative constant o. We have

A(x) =Id(x) + HIp(z)) + n(x) =2+ H(z) + 0 =z + H(z),
then
(Id—aA)(z)=(1—-a)r —aH(x).
Obviously, it follows
My ((Id—aA)(z)) =1 —-a)zr, y((Id—aA)(z)) =—aH(x),
and since the Hermitian decomposition X = M @ N is of ¢!-type, it follows that

I(Id = a A)(@)|| = [T ((Id — e A) (@) || + [Tn ((Id — a A)(2))]
= [1 = alllzll + |af [ H ()]
= (1 —al + o) [l]
> [1—a+all]

= ||z||, Va>0.

Accordingly, on X, the vector Id(x) is not near the vector A(x) for all non-zero vectors x from M; hence
Id is not near A on (% (X), P). O

The spaces R™, n > 2, endowed with the ¢! norm, ¢}(N), L}(R"), are only a few of the Banach spaces pos-
sessing a Hermitian decomposition of £!-type, generating thus locally convex spaces of the form (Z(X), &)
with a symmetry modulus equal to % Hence, the value % in item (a) of Theorem 5 cannot be refined for
this kind of Banach spaces.

Several open questions are in order:

Is it true that the symmetry modulus of (% (X), &) is equal to % for every space X of the form L*(S),
where S is some measurable space? Is it true that all locally convex spaces of the form (Z(X), &), when
X = LP(S) share a common symmetry modulus, and if yes, may we find its value as a function of p? What
is the value of the symmetry modulus of (#(X), &), when X = C(K), with K a compact space?

In conclusion, we observe that Theorems 4 and 5 are optimal within the class of Banach spaces X.
Precise calculations of the symmetry modulus for the space of linear operators (£ (X), || - ||), as well as for
the locally convex space (.Z(X), &), achieved for various families of Banach spaces X, should allow us to
formulate more accurate versions of our main results.
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