A NOTE ON THE MODULUS OF CONTINUITY FOR
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ABSTRACT. The authors study linear ill-posed operator equations in
Hilbert space. Such equations become conditionally well-posed by im-
posing certain smoothness assumptions, often given relative to the op-
erator which governs the equation. Usually this is done in terms of
general source conditions. Recently smoothness of an element was given
in terms of properties of the distribution function of this element with re-
spect to the self-adjoint associate of the underlying operator. In all cases
the original ill-posed problem becomes well-posed, and properties of the
corresponding modulus of continuity are of interest, specifically whether
this is a concave function. The authors extend previous concavity re-
sults of a function related to the modulus of continuity, and obtained for
compact operators in B. Hofmann, P. Mathé, and M. Schieck, Modulus
of continuity for conditionally stable ill-posed problems in Hilbert space,
J. Inverse Ill-Posed Probl. 16 (2008), no. 6, 567-585, to the general
case of bounded operators in Hilbert space, and for recently introduced
smoothness classes.
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1. INTRODUCTION

The focus of this note is on linear ill-posed problems that can be written
as operator equations
(1) Az =y, re X, yevy,

where A : X — Y is a bounded injective linear mapping between infinite-
dimensional separable Hilbert spaces X and Y endowed with inner products

(-,-) and norms ||-||. We associate A with the positive self-adjoint operator
(2) H=A"A:X—->X
and set a := |[H| = ||A||* such that a is the maximum value of the spec-

trum o(H) of H and zero the corresponding minimum value which moreover
represents an accumulation point of o(H) in the ill-posed case. Following
the notation of [I4] for the ill-posedness of ([ll) characterized by a non-closed
range R(A) of A we distinguish between the ill-posedness of type I where A
is non-compact and of type II where A is compact, for more details see also
[B,[.

The solution theory of ill-posed problems is preferably based on the fact
that these problems become conditionally well-posed after imposing certain
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smoothness assumptions by restricting the admissible solutions to a set 9.
Then the severity of the ill-posedness phenomenon in solving a problem ([I)
depends on the interplay between the smoothing properties of the operator
A and the smoothness of potential solutions x € 9 C X. The solution
theory may be considered element-wise and, as this is traditionally done,
uniformly for smoothness classes.

For the analysis of ill-posed problems solution smoothness is most often
measured relative to the operator A governing the equation ([l), precisely its
self-adjoint associate H. First, one can quantify the individual smoothness
of an element x € X with respect to H by using the point-wise spectral
information, i.e., the distribution function

(3) i) = || Ewl® = (x,(H) z,2) = [x@0q(H)z[*, 0<t<oo,

where x(g is the characteristic function on the interval (0,¢]. This idea
goes back to [IH), [I6] and it was further explored in [2], This non-decrea-
sing and right-continuous function F2, which satisfies the limit condition
%i_r% F2(t) = 0 as a consequence of the ill-posedness, can be rewritten as

t
F2(t) = [ d||Esz|? for t > 0, where E; = E(H), 0 <t < a, denotes the
0

spectral resolution of the operator H. Note that

a a

|(H)e? = / B2 (t) d|| Ea])? = / B (t) dF2(t)
0 0

holds for any bounded measurable real function h. We refer to [II, Sect. 2.3]
and [I8, Chapt. 12] for details on spectral theory of bounded and self-adjoint
linear operators in Hilbert space.

The most prominent, and traditional way of quantifying solution smooth-
ness uses smoothness classes in terms of source sets MM = M, r defined
as

4) Muyrp={reX: z=9pH)v,velX, ||v| <R}, R > 0.
Above, the functions ¢ : (0,a] — (0,00) are derived from variable Hilbert

scales and called index functions; these are assumed to be increasing with
tliIJIrlO ©(t) = 0. Here we follow the concept of [I2} [[3] or more recently [5l [TT].

Source sets express the solution smoothness with respect to the spectrum of
H in an integral manner, since we have that

a

1
r € My r if and only if /
0

©*(t)
Alternatively, and as this was recently suggested and roughly discussed in

[M], one can assign smoothness classes by considering, in analogy to (), the
level sets M = &£y g defined as

(5) Eppi={reX: F2(t) < E*¢*(t), 0<t<a}, E>0,

d||Ez||* < R*.
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for index functions v : (0,a] — (0,00). It is easy to see and was established
in @, Prop. 9] that My, g C &y g if ¢ and ¢ in @) and (@) coincide.

The following structural properties of both the source and the level sets
are given next.

Proposition 1. Let the operator A be as in [{@) with associate H, see ().
Then the following properties hold true:

(1) For arbitrary index functions ¢ and 1) the sets M = My r and
M = My, g are centrally symmetric, which means that with x1,x2 €
M also the elements —xo and (1 — x2)/2 belong to M. Moreover,
both classes of sets M are convex.

(2) If the operator A is compact then the sets M = My r and M = Ey
are compact.

Proof. The central symmetry is evident by definition. Also the convexity of
M, R is clear since this set is a linear transformation of a ball. For z € &y g
one has that [|xq(H)z| = Fi(t) < E(t) for all 0 < ¢t < a. Therefore
the convexity follows from the fact that the inequalities under consideration
remain valid for convex linear combinations of the elements x.

We turn to the second assertion. The compactness of the sets M, r was
established in [, Lemma 2.8], and it follows from the fact that M, g is the
image of a closed convex set under a compact operator. Closedness of the
sets &y g is immediate from (Bl). Also, it is clear that the set £y, g is bounded,
by letting ¢t := a in ([@). To see the relative compactness, let us denote
by s1 > so,--- > 0 the eigenvalues and by wi,us,... the corresponding
eigenelements of the non-negative operator H. With this notation we can
write

F7 (1) = lIxa(H)z]* = Y [z, u)* < E*$(t)
5, <t
for elements = € £ g and for each 0 < ¢ < a. But this yields that for any in-
dex function ¢ the tails 72, [(z, u;)|? tend to zero as k — oo uniformly for
all € &, . This gives the compactness, see [0}, Chapt. II], and completes
the proof. O

For source sets and level sets representing 9 C X the best possible error
for reconstruction of the solution = € 9t based on noisy data y°, satisfying
ly® — y|| < 6 instead of the exact right-hand side y € R(A), is given by

(6) @(Avmv 5) = Sllp{”.%'l - (I,'QH Dxy, w0 €M, HA((I)l - x2)” < 5} .

In the case of centrally symmetric and convex sets 91 the behavior of this
function is closely connected with the behavior of the modulus of continuity

(7) w(A,M,6) :=sup{||z| : z € M, ||Az|| <}, 6 >0,
of the inverse operator A~! restricted to 9, because the inequality chain

w (A, 9, 8) < &(A,M,5) < w(A,290,8) = 2w (A,M,5/2),  &6>0,
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is valid. For more details see also [9, Lemma 4.3.1]. The modulus w (A, 9, 0)
acts as a measure of ill-posedness pre-estimating the reconstruction error in
solving () for given 6 > 0.

The mathematical school of Sverdlovsk/Yekaterinburg, see the mono-
graph [9] by IvANOV, VASIN and TANANA, very early studied such moduli
in connection with the development of the method of quasi-solutions. In
the last decades VLADIMIR V. VASIN continued, extended and improved
such studies on regularization methods for the stable approximate solution
of ill-posed operator equations, see for example [20), 211, 22].

In Section [ we collect some properties of the modulus of continuity
w (A,9M,0), in particular with respect to the source sets and level sets. Our
main result presented in Section Blis to show the concavity of the associated
function w?(A, 9, \/3) for both classes. The paper will be completed with
some remarks on upper and lower bounds for the modulus of continuity.

2. BASIC PROPERTIES OF THE MODULUS OF CONTINUITY

We are going to study the modulus of continuity ([) with focus on the sets
My r and &y . At the beginning we recall the following proposition for-
mulated and proved in [0, Thm. 2.1] that characterizes the main properties
of such modulus. Below we shall set

UM:={z€Z: 2=Ux, €M},

for linear operators U: X — Z and some Hilbert space Z. In that sense,
weuse KM:={zr e X: z=Kz, M} for constants K > 0 by
identifying the constant K with the multiple KT of the unit operator.

We state the following useful results.

Proposition 2. For centrally symmetric and convexr sets M the following
properties hold for the moduli of continuity from ([7):

(a) If M is bounded then w (A,IM, ) is a finite, positive and non-decreasing
function for § > 0 and it is constant for 6 > ¢ := sup ||Az|.
Mm

re
(b) If M is relatively compact then %irr(l]w (A,9,6) =0.

(c) w(A, KM, ) =Kw(AMI/K) for K> 0.

(d) w(A,M,Co) < Cw(A,M, ) for C > 1.

(e) w(A, KM, CH) < max{C,K}w (A,M,0) for C,K > 0.

(f) the decay rate of w(A,IM,d) — 0 as § — 0 is at most linear.

We add a result on the behavior of the modulus of continuity with respect
to unitary transformations.

Proposition 3.
(i) Let A and H be as in ([d) and {@). Then we have that

w(A,M,0) = w (Hl/Q,Qﬁ,(S) . §>0.
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(i) If B = UGU* : Z — Z for some unitary operator U : X — Z
mapping into the Hilbert space Z with norm |- || and some bounded
linear operator G : X — X, then

w(G,M,8) = w (B, UM,5), &> 0.

Proof. The first assertion (i) is an immediate consequence of || Az|| = ||H'/2z||
for z € X. To prove (ii), let B = UGU*. Then we have with v := Uz and
[l = ]

w(G,M, ) =sup{|lz| : €M, ||Gz| <5}
=sup{||U*v| : U*veM, |GUv| <4}
—sup o]l : v € UM, |Bo]. <5}
=w (B, UM,0).

This completes the proof. O

We established in Proposition [l that the sets M, g and &, g are centrally
symmetric and convex. Therefore Proposition Bl applies. Within the tradi-
tional setup when smoothness is given in terms of source sets with power
type index function ¢ then it is known that the modulus of continuity is
concave and that w (A, 9, 6) ~ §" with 0 < k < 1. This also holds for the
logarithmic case w (4,9, 5) ~ (log(1/6))™" with x > 0 if § > 0, and the
concavity of the modulus of continuity seems to be typical. However, not
necessarily the functions w (A,9, ) are convex for any classes M = M, r
and MM = Ey g. Nevertheless, we can show that the associated function
w?(A, MM, V/3) is convex in any case for both of the classes and for all § > 0.
Because of Proposition Pl(c) and because M, r = RM, 1 it is sufficient to
consider the case R = 1 and the set M, := M, 1. Similar holds for £ g
and we let &y 1= &y 1.

3. CONCAVITY OF THE MODULUS ON SMOOTHNESS CLASSES

Based on results from [§], see also [I3, Thm. 1], it was proved in [6,
Rem. 3.6] that for compact operators A, and under a rather weak additional
condition on ¢, the function

(8) (A, MM, 8) == w?(A,MVE), >0,

is for M = M, a concave linear spline, or more precisely the smallest concave
index function that interpolates points defined by spectral properties of A
and their interplay with the function ¢. Later in [6, Prop. 3.5] the authors
have proved the concavity of 7 with 9 = M, for compact A, i.e., for
ill-posedness of type II. The following Theorem Bl extends this result to
ill-posedness of type I, thus covering the case of multiplication operators
with multiplier functions having an essential zero. Moreover we can prove
concavity of 7 for all § > 0 also in the case M = &;.
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We start with the following preliminary discussion, and we recall the
spectral theorem for bounded self-adjoint linear operators in Hilbert space,
see [23, Chapt. VIL.1] and [I7, Chapt. VII].

Proposition 4. For every bounded self-adjoint linear operator H : X —
X mapping in the the separable Hilbert space X there exist a measurable
space (Q, A, 1), a unitary transformation U : X — Z := L*(Q, A, ), and
a measurable function f : Q@ — o(H) \ {0} C (0,||H|] € R such that
My := UHU?* is a multiplication operator defined as

[My h)(w) = f(w)h(w), we,

and mapping Z into itself. Moreover we have n(H) = UMy U for bounded
measurable functions 7.

We can apply this result for the non-negative operator H = A*A, and
thus find a non-negative function f together with a unitary mapping U such
that H = U*M;U, where we shall abbreviate ||g|lx := [|gllz,,u4,- By
Proposition Bl we find that

@) w(AM) =w (Hl/Q,Sﬁ, 5) —w (Mfl/g, Um, 5) . §>0.

It is thus interesting to determine the analogs of M, r and &y g in the
multiplication context, i.e., the images UM, g and UEy, g, respectively. We
state the following without proof.

Lemma 1. We have that
UMyr=1{9€Z: g=wo(f)h, bl <1}.

and

Ubyn—=Lgez: / 9(@)[? dp(w) < E%3(t), 0<t<a
0< f(w)<t

The main result is the following.

Theorem. For every bounded linear operator A : X — Y with non-closed
range R(A) and arbitrary index functions ¢ and v defined on the interval
(0, ||A|[?] the functions T(A,9M,68), § > 0, from ([8) are concave for the
classes M := M, and M := &y,

Proof. We first carry out the proof for Mt := M,,, and we use ([{)) together
with Lemma [l By introducing the function O(t) := vt ¢(t), 0 < t < a, we
find that

(A, Mq,8) = sup {llgl? : g = @(Nh, Ihll <1, [V Fgll? <0}
= sup {le(/RI : (1Bl <1, [O()A]2 < 6}



MODULUS OF CONTINUITY 7

Consider arbitrarily chosen 0 < 01 < 0 < d2 and & = Aoy + (1 — A)dy for
some appropriate 0 < A < 1. With given ¢ > 0 we can find elements
hi,he € L2(Q, A, 1), ||h1]« < 1, ||h2]l« < 1, satisfying the conditions

a

/ O DI duw) <01, [ PR du(w) = 74, Mo, 01) ~ &
0
/ QX)) duw) < 01, [ PI@NE) du(w) = 74, My 02) — 2
0
We let h be chosen such that
(10) h2(w) == A2 (w) + (1 = Mh3(w), we .
Plainly, |||« < 1. Also we have that
/ 02 (w))h(w) du(w)
—)\/ e2(f (w) dp(w) + (1 =X /@2 (w) du(w)

<\ +(1—)\)52 = 0.

Therefore we conclude that
(4, M, 0) > /0 & (f()h2(w) dp(w)

) / " PR (W) dp(w) + (1 - N) / " PR W) dp(w)
0 0
> )\T(A,Mw,él) +(1=2X) T(A,/\/Lp,ég) —€

Letting ¢ — 0 this proves the required concavity assertion for the source
set M.

For the level set £, the proof is similar. We start from

A &8 =sw g2 [ law)? duw) <00, 0<t<a
0<f(w)<t
Again we choose hq, hy such that
1Pl|7 > 7(A,Ep,61) —e and  |[hal2 > 7(A, &y, 62) — ¢,

together with

(W) du(w) < 3(t), 0<t<a,
0<f(w)<t
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and
[ @ duw) <o, 0<t<a
0<f(w)<t
The same choice of h as in () allows us to complete the proof, and we
leave the details to the reader. O

Note that due to the identity (c) in Proposition B the proven concavity
carries over to the functions wz(A,M¢,R, \/3) and wQ(A,SwE, \/3), respec-
tively, for all § > 0, R > 0 and F > 0.

4. RATES ON SMOOTHNESS CLASSES

The modulus of continuity is a benchmark for the reconstruction error of
regularization schemes, see the discussion in Section [l Therefore its decay
rate to zero as § — 0 is of interest. In the compact case such rates for
the classes M g and &, g are well studied. In particular, sharp bounds for
smoothness given in terms of source sets M, r are obtained by interpolation
techniques. However, up to a factor 2 such upper bounds can be obtained by
analyzing specific regularization techniques. It was mentioned in Section
that My, g C &y E, and upper bounds for the level sets provide also upper
bounds for the source sets. But for level sets &y g upper bounds for the
regularization error are easily obtained by noticing that the distribution
function F2(t) is the square of the profile function (regularization error in
the noise-free case) for spectral cut-off, we refer to [2]. This gives:

Proposition 5. Let the operator A be as in (1), and let ¥ be an index
function, with associated function O(t) := /ty(t), 0 <t < a. Then

(11) w (A, Ep g, 0) <2E(O©Y§/E)), 0<6< EO(a),
and
(12) w(A Epp,0) > EW(OT(§/E)), &6*/E? € o(HY*(H)).
Proof. We use the spectral cut-off regularization, i.e., when
1/t, t>«
) ) : ’ = G,
= o H A th o t =
Ty 1= ga(H)A™y’  with  ga(t) {07 t<a

determines the regularized solutions :cg. As already mentioned we have in
this case that ||z — go(H)Hz||*> = F2(a). For x € £, p we have that

lz — 23| < |l — go(H)Hel| + |lga(H) Hz — go(H) A"y

< Fo(a) + lga(H) A ||| Az = || < Fu(e) + % = Ey(a) + %-

The choice of & = a(d) as solution to O(«) = §/FE allows to complete the
proof of inequality ([).

By My g C &g we have that w(A, &y p,0) > w(A, My, 6). On
the other hand, w (A, My g,8) > E¢(©71(§/E)) is valid for §?/E? €
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o(Hvy?(H)), see [T9, Theorem 2.5], which yields ([[Z) and completes the
proof of the proposition. O
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