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Abstract

We investigate convergence rates of Tikhonov regularization for
nonlinear ill-posed problems when both the right-hand side and the
operator are corrupted by noise. Two models of operator noise are
considered, namely uniform noise bounds and point-wise noise bounds.
We derive convergence rates for both noise models in Hilbert and in
Banach spaces. These results extend existing results where the forward
operator is mostly assumed to be linear.

1 Introduction

We are going to investigate convergence rates of Tikhonov regularization for
nonlinear ill-posed equations

Fz)=y, zelX, (1.1)

when both the right-hand side y € Y and the operator F' : D(F) C X —
Y are corrupted by some noise. Here F' is some nonlinear operator with
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domain D(F) acting between Hilbert or Banach spaces X and Y. The
inverse problem consists in recovering z € D(F) from observed noisy data
y? € Y near y = F(2'). In this article we assume y° = F(z') + 0,€ where ¢
denotes the normalized noise and §, is a small positive value measuring the
noise level in the right-hand side, for instance,

ly — 40| < 8. (1.2)

Such ill-posed inverse problems often arise in many scientific contexts. For
applications we refer to [4,11,17,28] and the references therein.

Due to ill-posedness, the solutions of equation (1.1) do not depend con-
tinuously on the right-hand side y € Y (a precise definition of ill-posedness
will be given in Section 2). Thus, the presence of noise forces us to apply
regularization methods. In this article we are interested in the following
nonlinear Tikhonov regularization

F(z) — ¢°||” + af(z) — min 1.3
I1£() =417+ 00w) »_min, (13)
with the constant p > 1, with a regularization parameter o > 0, and with
a convex stabilizing functional Q : X — (—o00, 00]. In case of Hilbert spaces
one often chooses p = 2 and the penalty term

Q(z) = [l& — zol® (1.4)

with a known initial guess zg € X.

Conditions on F, D(F), Q ensuring the existence of minimizers of (1.3)
are given, for example, in [14]. Also the stability of the minimization problem
is shown there.

When using regularization techniques one should answer the question
how fast the regularized solutions converge to an exact solution of the un-
derlying equation (1.1) if the noise level, i.e. 6, in (1.2), decreases. Cor-
responding estimates are usually meant by ‘convergence rates’. Classical
results on convergence rates with the exactly known forward operator F' in
Tikhonov regularization (1.3) have been well established in the last decades
for both Hilbert and Banach space settings, see for instance [4,14] and the
references therein.

The treatment of problems (1.1) becomes more complex when noise ap-
pears in the forward operator F'. For example, instead of the exact forward
operator F', only a noisy operator Fj lying ‘near’ F'is known. To retrospect,
noise in operators is considered firstly in linear ill-posed problems as dis-
cretization noise and operator noise where convergence analysis is carried



out in [19,23,29] for standard regularization in Hilbert spaces and Hilbert
scales. Some other regularization methods based on the (regularized) total
least squares and dual regularized total least squares methods are presented
in [7,20,27,30] where multi-parameter regularization approaches naturally
appear provided with a negative regularization parameter removing the in-
fluence of the operator noise. Interests also arise in the stochastic framework
where the linear operator is considered in a singular value decomposition
form and the operator noise is introduced by adding random noise on indi-
vidual singular values, see [3,10,21].

Though the convergence rates on linear ill-posed problems with operator
noise are quite comprehensive, the literatures on nonlinear ill-posed prob-
lems with operator noise are quite limited and mostly restrict the operator
noise on the discretization error. For instance, in seminal papers [5,25],
the authors considered an extra noise characterizing the influence of the ap-
proximation error in the forward operator. In both papers, only convergence
results are provided concerning the particular operator noise and no explicit
discussion on the convergence rates. Further discussion with convergence
rates in view of the discretized operator noise on finite-dimensional nonlin-
ear ill-posed problems is provided in [16,24] for Tikhonov regularization and
Landweber iteration respectively. Recently [26] defines a point-wise noise
bound for the noisy operator and discusses the corresponding convergence
rate on iteratively regularized Gauss-Newton methods in the Hilbert space
setting.

In our framework, instead of the standard Tikhonov regularization (1.3)
we consider a modified minimization problem

T (z) := ||Fs(z) — 4°||P + af ' 1.5
a(@) = |[Fs(z) = °|I° + (x)%mengl(gé) (1.5)

with a known noisy operator Fs: D(F5) C X — Y. Throughout this article
the corresponding minimizers will be denoted by

é : é
T, € argminge ppy) To ().

In Banach spaces the discrepancy between regularized solutions :L'g and
an exact solution z' can be expressed by the Bregman distance
Q.0 6 6
BgT (xcwa) = Q(xa) + Q(xT) - <§T7xa - xT>
where ¢f € 0Q(z) is a subgradient of Q at x' (see, e.g., [2]). Here, one
has to be aware of the fact that in certain ‘nonsmooth’ Banach spaces, for
instance in the sequence space ¢}(N), the Bregman distance with respect



to @ = ||+|| contains only few information on the distance between two
elements, depending on the chosen subgradient. If in a Hilbert space setting
the penalty term (x) is given by (1.4) then the Bregman distance reduces
to the standard Hilbert space norm

Q.0 1)
Bg’r (xcwa) = Hxa - xT||2

To obtain convergence rates for Tikhonov regularization with noise free
operator, abstract assumptions on the smoothness of the unknown exact
solution x with respect to the operator F are necessarily formulated (e.g.
source conditions), see [4, Section 4.2]. Such assumptions mostly contain
a (Fréchet) derivative F'[zf] of F at 2f. In case of noisy operators Fj
usage of these smoothness assumptions with respect to the exact operator
implies that the connection between F' and Fjy is of high importance, since
only Fj has influence on the regularized solutions x%. Two possibilities for
connecting F' with Fj are proposed in the next section, namely uniform noise
bounds and point-wise noise bounds.

The structure of the remaining part of this article is as follows: First
we describe and investigate ill-posedness with respect to noisy data and
with respect to noisy operators in Section 2. Two proposed noise models
for operator noise are introduced in the same section. In Sections 3 and 4,
we derive convergence rates for uniform noise bounds and point-wise noise
bounds respectively. Finally some conclusions and remarks in Section 5 end
the article.

2 Ill-posedness and operator noise

In this section we firstly clarify the term ‘ill-posed’ and then introduce two
noise models for a better understanding of the noisy operators.

2.1 Ill-posedness from a general perspective

In this subsection we show that equations (1.1) which are ill-posed with
respect to data noise are also ill-posed with respect to operator noise.
When solving equations (1.1) in practice, one typically has some a priori
information at hand which allow to restrict attention to a set M C D(F)
of ‘interesting points’. Such a priori information for example could involve
properties of the iterates generated by an algorithm. In the context of
regularization techniques the set M should contain all possible regularized
solutions. For Tikhonov regularization M can be chosen as a sublevel set



of the Tikhonov functional (see [14]) or as a sublevel set of the stabilizing
functional €.

By S(y) C {x € M : F(z) = y} we denote the set of desired solutions.
Typically one is not interested in an arbitrary solution but in one with
special properties, e.g. -minimizing solutions. In particular, we assume
S(y) # 0.

An important question in the theory of ill-posed problems is how to ex-
press convergence of a sequence of approximate solutions x, € M to an
exact solution zf € S(y) or to the whole set S(y). Note, that we leave out
questions on existence and uniqueness if we use the term ‘ill-posed’. We
are solely interested in the continuity or discontinuity of the ‘inverse’ of F.
In the literature one typically finds results of the type that there are con-
vergent subsequences and that every convergent subsequence converges to
some solution zf € S(y). Another concept is to consider the convergence
dist(zn, S(y)) — 0, where dist(z,,, S(y)) := inf,cg(y) [|Tn — (. We note that
the assertions on ill-posedness in this section are true for any kind of conver-
gence in X, since the proofs do not rely on the definition of dist(x,, S(y)).
The following example displays the difference between both convergence
concepts and shows that the corresponding notions of ill-posedness differ.

Example 2.1. Let X := [*(N), Y := R, F(z) := ||z||, and y := 1. For
simplicity we choose M := X and S(y) := {z € X : ||z|| = 1}. Consider
the sequence (xy,)nen defined by z, = (1 + %)en, where e, has a one at
position n and zeros else. Then F(z,) = 1+ 1 — 1 = y, but (zn)nen
neither converges nor it has convergent subsequences. In this sense the
equation F'(z) = y is ill-posed. Note that in the weak topology the sequence
(Zn)nen converges to zero, which is not a solution of F(z) = y. If we use
dist(xy, S(y)) for expressing convergence we see dist(zy,S(y)) — 0 since
en € S(y) and ||z, — ey|| — 0. In this weaker but nevertheless meaningful
sense the equation F'(x) =y is well-posed.

From this simple example one also sees that a sequence of approximate
solutions can become arbitrarily close to the set of solutions without con-
verging to one particular solution.

In contrast to data noise, noisy operators are comparably rarely discussed
in the literatures. Based on the set M of ‘interesting points’ we define the
set of all admissible noisy operators by

Ny = {G M =Y :sup [|G(2)| < oo}.
zeM



Endowed with the norm

|Gl == sup [|G(z)], G €Ny,
zeM

the set My becomes a normed vector space. In the following we identify F
with its restriction to M and we assume F € N)y,.

It might happen that noisy data y® does not belong to the range of F
or that y does not belong to the range of a noisy operator. Therefore one
has to seek for approximate solutions. The approximation should become
better if the noise level is smaller. For example in case of noisy data and
exact operator a sequence of approximate solutions (x,)nen corresponding
to a sequence of noisy right-hand sides (yp)nen with y, — y should satisfy
F(zy) —yn — 0.

We now propose a definition of ill-posedness and then show that this def-
inition covers ill-posedness with respect to data noise as well as ill-posedness
with respect to operator noise.

Definition 2.2. Equation (1.1) is locally ill-posed in y € R(F) if there is a
sequence (Tn)nen in M such that F(x,) — y but dist(z,, S(y)) - 0.

This definition of local ill-posedness is different from the one given in [15].

Proposition 2.3. FEquation (1.1) is locally ill-posed in y € R(F) if and
only if one of the following three equivalent assertions is true:

(i) There are sequences (Yn)nen in'Y and (xn)nen in M such that y, — y
and F(zy) — yn — 0, but dist(z,, S(y)) - 0 (local ill-posedness w.r.t.
data noise).

(i1) There are sequences (Fy,)nen in Ny and (2y)nen in M such that || F,—
Fll — 0 and Fy(xy) —y — 0, but dist(z,, S(y)) - 0 (local ill-
posedness w.r.t. operator noise).

(11i) There are sequences (Yn)nen N Y, (Fp)nen i Naz, and (Tp)nen in
M such that y, — vy, ||Fn — F|lar — 0, and F,(zy,) — yn — 0, but
dist(zy, S(y)) - 0 (local ill-posedness w.r.t. combined data and oper-
ator noise).

Proof. Tll-posedness (Definition 2.2) obviously implies (ii) (set F,, := F).

From (ii) we obtain (iii) by defining y,, := y. That item (i) follows after (iii)

can be seen from the estimate

[ F(zn) = ynll < 1 F(2n) — Fo(zn) | + (| Fn(zn) — ynll
< HF_FnHM + ([ Fn(n) _ynH — 0.



Finally, (i) implies ill-posedness since

1F(zn) =yl < [|1F(2n) = ynll + [lyn — yll = 0.
O

The assertion and the proof of the proposition remain valid if the set Ny,
of admissible noisy operators is restricted to a smaller class of mappings.
For example we could assume that the original operator F' and all possible
noisy operators are (weakly) continuous. This is reasonable because most
regularization techniques require some kind of continuity.

If F is bounded and linear one might assume that a noisy version of this
operator is also bounded and linear. In this case the set M of ‘interesting
points’ is typically bounded. Therefore, without loss of generality we assume
M = {x € X :||z|| < 1}. Then the norm ||«||5s coincides with the operator
norm and the space Nj; of admissible noisy operators is simply the normed
vector space of bounded linear operators mapping X into Y. As an example
for linear noisy operators one could consider linear convolution operators F'.
Noisy operators then appear if the kernel is not modeled correctly or if the
kernel is constructed from measurements.

To highlight the crucial influence of operator noise we show that even in
case of exactly solvable noisy equations the ill-posedness effect remains.

Proposition 2.4. If equation (1.1) is locally ill-posed in y € R(F), then
there are sequences (Fp)nen in Ny and (zp)nen in M such that ||F,, —
Fllm — 0 and Fy(xy) =y, but dist(xy,, S(y)) - 0.

This assertion remains true if F is bounded and linear, M = {z €
X :||lz|]| < 1}, and the set Nas of admissible noisy operators contains only
bounded linear operators.

Proof. By the definition of ill-posedness there is a sequence (z,)nen such
that F(z,) — vy, but dist(z,, S(y)) - 0.

If the set Ny of admissible noisy operators is not restricted to linear
operators we define F,, € Njs by

Fo(z):=F(z)+y— F(z,), x€ M. (2.1)

Then F,(x,) =y and |F,, — F||pm = |ly — F(zp)|| — 0.

If A := F is linear and N, is restricted to bounded linear operators,
definition (2.1) cannot be used. Instead we proceed as follows. If x,, = 0 for
all sufficiently large n then choosing A,, := A and observing y = 0 proves the
assertion. Otherwise we may assume x,, # 0 for all n € N (take a suitable



subsequence). For each x, there is a bounded linear functional &, on X
such that (&, x,) = ||| and ||&,]| = 1. Defining bounded linear operators
A, X =Y by

Apx = Az — <ﬁ;73|:]> (Az, —y), z€X,

we immediately see A,z, = y. Since

40 = Al = sup [ 40— el = (sup E251) s, —
zeEM ceM  ||Tal|
= || Azn — y|| — 0,
the assertion is thus proven. O

2.2 Two models for operator noise

As stated in the introductory section, one usually assumes a uniform bound
of the data noise in the sense that ||y — 3°|| < &,. In view of the defini-
tion on ill-posedness in the previous subsection, we firstly propose a uni-
form operator noise in an analogue way. Such uniform noise could for
example appear if the kernel of a convolution opertator is not known ex-
actly. Recall that M C D(F) is the set of ‘interesting points’ and that
S(y) € {z € M : F(x) = y} in the noise-free operator setting. For the
noisy operator framework we additionally assume M C D(F)N D(Fs). The
uniform operator noise is thus imposed on the whole set M such that there
holds

sup || F(z) — Fy(x)|| < o3 (2.2)

zeM
with a known constant 5}‘7/[ referring to the operator noise level. Note, that
the ¢ in the symbol Fj5 does not denote the noise level. The noisy operator
under consideration is denoted by Fjs and the corresponding noise level is
§M. In principle, assumption (2.2) can be realized as a generalization of the
approximation operator in the existing literatures, for instance (2.2) in [24].
Similar to [16,24], the uniform noise bound assumption allows us to obtain
convergence rates in terms of §, and 6% in both Hilbert and Banach space
settings which are provided in Section 3.

Next to uniform noise bounds other models for operator noise could
be suitable in real applications. For example one could ask for point-wise
bounds connection F' and Fy. Such an idea is recently proposed in [26] for
Fréchet differentiable operators F' and Fjs where the authors assume

1F (") — Fs(z)| < 6, [|F'l2"] - Fla")]| < 6.



We mention that a particular nonlinear ill-posed problem which satisfies
the corresponding operator noise assumptions can be found in the same
literature. In our current work, we also slightly change the assumptions in
a similar manner such that

| (2") — Fs(a)]| < 6, (2.3)
|F" [+ F[27] = Fy[2)* FylaT]]] < 6% '
Note that in the forthcoming analysis, we need the following result of op-
erator monotonicity whose definition can be found in [1, V.1, Thm. X.1.1]

and [22] for finite-dimension and infinite-dimension cases respectively.

Theorem 2.5. [1,22] Let f be operator monotone on (0,00) with f(0) = 0.
For any pair A, B of non-negative self-adjoint operators in the Hilbert space
we have

1£(A) = f(B)Il < f(l[A = BI).
A special consequence of operator monotonicity is
A" = B[ < [|[A = BJ|", pe(0,1].
One can observe that the second inequality in (2.3) immediately implies
IF"[a"] — Fy[2"]| < 0p

(choose p = % in Theorem 2.5). Notice that the assumption (2.3) only holds
true at the exact solution 2 which is referred as point-wise noise bounds.
Convergence rates in terms of dy, 0, and dg/ are shown in Section 4.

3 Convergence rates for uniform noise bounds

In case of uniform noise bounds (2.2) for the operator noise we have the
following two estimates. The first estimate in Banach spaces bases on a
variational inequality, which includes nonlinearity assumptions on F and
smoothness assumptions with respect to I on the exact solution = (cf. [14]).
The second estimate in Hilbert spaces bases on a standard source condition
and explicit nonlinearity assumptions (cf. [4]). In principle, the nonlinearity
and smoothness assumptions carrying out the convergence rates for uniform
noise bounds are the same as those with exact operators.



Theorem 3.1. Assume (1.2) and (2.2). Further, let § > 0 and let ¢
[0,00) = [0,00) be monotonically increasing and concave. If

BB (z,27) < Q(z) = Q") + (| F(a) = F@a|P)  for allz e M
then for all a« > 0, 6, > 0, 51]}/" > 0 such that xi € M the estimate
4 (6, +6¥yp 1 —1
BQ é T < = Yy F (¥
gf(wa’m ) — 6 a + ,3( SO) 4p_1a

holds true. Here (—p)* denotes the Fenchel conjugate function of —p given
by ()" (s) = supso (st + ¢(1)).

Proof. By the minimizing property of % we see

0(cd) — (') = (1Es(d) — oI + af2ed)) - Q) = —|Es(ad) — o IP

IN

E ) — o~ ZIFs(ad)
The triangle inequality yields
1F () = F(ah)|P < 207 Fy(af) — Fy ()|
+ 207 Y| F () — Fs(ad) + Fy(at) = F(2)|]?
< 4P Fy(2f) — P + 4771y — Fs(ah)|)P
+ 4P| F(x9) — Fa(xo)|[P + 4771 Fs(2T) — F(aT)||P
< 4P| F5(ad) — 1P + 47y’ — Fa(ah)|P + 227 (63)".

Applying both estimates to the variational inequality we then obtain

1
BBgi (z,a') < *”Fa(ﬂ) — " - EHFa(x‘S) — |
+ (4P| Fo(xl) = 1P + 47 Iy — F(a)|P + 2271 (530)")
2 2
= ~||F5(2z") = y°|IP + = (0¥
SIS () =y +a(F)
1

— ot (WTHIEs(8) — |7 + 4 [ Fs(ah) — |7 + 2277 (0F))
+ (@ |Fs () = 917 + 47| Fs(a) — |7+ 227 (6)")

2 2 1
a((Sy+5§!)zo+a(éF) +Sup<4p ™ t+ ot )>

<alt BV o (1),

«

IN

10



Choosing the regularization parameter similar to [6, Section 4.2] the
theorem provides the convergence rate

BE (a8, a1) = O(p((5, + X)) as 6, + 63 —0.

The same rate can be obtained by applying the discrepancy principle with
noise level 4, + 5% for choosing the regularization parameter, but with a
proof slightly different from the one given above. Next, we establish the
convergence rate in Hilbert spaces under uniform noise bounds.

Theorem 3.2. Let X and Y be Hilbert spaces. Assume that the nonlinear
operators F, Fs are weakly closed and that assumptions (1.2) and (2.2) are
satisfied. Moreover, assume that D(F) N D(Fs) is convex, F is Fréchet
differentiable and there exists a Lipschitz constant L > 0 such that

| F'[z1] — F'[22]|] < Lljz1 — 22|

for all 1, xo € D(F) N D(F5). If there exists some v € Y such that the
source condition

ot — o = F'[z1]",

Lol <1

is satisfied, then all global minimizers x° fulfill the error bounds

2 5, + oM
¢ o] < ( E 4 vl |)
xo — '] < allv
lre =l < T2 \ " va |

1F5(za) = 9°ll < V2 (8 + 0F) + (V2 + Dalo].

If we choose ov = 0, + 5;‘7/1, the estimations imply

2
L R . — [ \/6, + oM
X, T v )

1Fs(a) = o)l < (V2+ (VE+ Do) (3, +63) .

The same convergence rates hold true if one applies the discrepancy princi-
ple.

Proof. The first several steps are the same as the classic proof in [5]. Note
the Lipschitz continuity of the Fréchet derivative F’ implies that

F(ap) = F(a') + F'laf)(25, —2) + 70

[0}

11



holds with
L
731 < St — T

)

o, satisfies

The minimizer x
1E5(20) = 41> + allag, — zol|* < [1F5(2) — 4 + alla’ — xo*.
By adding «/2% — 2|2 — a||2% — 20]|? in both sides, we obtain

1E5(22) = o°11? + alleg, — 2 < | Fs(a®) = °)1* + 20 (2’ — w9, 2t —27).

The first and second terms in the right-hand side can be estimated as follows
by using the triangle inequality and Lipschitz continuity property,

1Fs(at) = o2 < 2 (I Fa(a) = FDIP + 1P —oI) <2 (87 +42).

20(x!t — xg, xt — 20) = 20(v, F'[z1] (" — 29))
< aLlfol[|z = '|* + 2a[ol|| F(?,) — F5(«2)|
+ 200l F5(22,) — Il + 2a[v]|lly* = F(=)]
< aLlfol[|z, — 2'* + 2a]jv[|63"

6 0
+ 2afjo|[|[ F5(x3) — v°[l 4 2| v[|dy-

One then obtains

. allol]\’
(1E5(2) = o)l = allell) +a(1—LHvII)\xi—mTH2§2<5£4 +2

offol\*
ra( )’

The desired results then follow after some simple calculations. With respect

to the discrepancy principle
c1(8y + 03) < |F3(ad) — || < a6y + 637)
with 1 < ¢1 < ¢9 we use the fact that

Hmi — xTH2 < 2<33T — :co,a:T — xi)

12



4 Convergence rates for point-wise noise bounds

4.1 Low order rates in Banach spaces

Throughout this subsection we assume that F' and Fjy are Fréchet differen-
tiable at ' and we denote the corresponding Fréchet derivatives by F'[zf]
and Fj[z].

If point-wise noise bounds (2.3) for the operator noise are valid then
we have to control the nonlinearity of Fs. This is contrary to the previous
section where the nonlinearity of F' is controlled by a variational inequality
and no explicit nonlinearity assumptions on Fj are required. Controlling the
nonlinearity of Fs but assuming smoothness of 2f with respect to F or F'[2T]
implies that in case of a point-wise noise bound variational inequalities are
not an appropriate tool for obtaining convergence rates. The problem is
that variational inequalities combine nonlinearity and solution smoothness
into one condition which either has to hold for F' or for Fs. But assuming
a variational inequality for F' does not influence the nonlinearity of Fj5 and
assuming a variational inequality for all possible noisy operators Fjy is a too
strong assumption. In the latter case on the one hand one would implicitly
assume that ' is smooth with respect to many different operators and on the
other hand the variational inequality would depend on noise considerations
violating the idea of an universal sufficient condition for convergence rates.

Instead we use the concept of approximate source conditions introduced
in [12] for Hilbert space problems and extended to Banach spaces in [8,9].
Before we go into the details we provide a first convergence rate result based
on the typical source condition ¢ = F’[2f]*s" in Banach spaces, where
¢ € 9Q(x") and n' € Y*. Additionally we assume the property

|z — 2t < ch?T (z,z") for all z € M (4.1)
with some ¢ > 1 and ¢; > 0 and a sufficiently large set M. The proofs
also work without this g-coercivity assumption but then we have to assume
that all regularized solutions z° lie in a bounded set M and the obtained
convergence rates will be slower. In case of Hilbert spaces with Q(z) =
|z — xo||* we have ¢ = 2. More details on the Hilbert space setting are
provided in the next subsection.

Theorem 4.1. Assume (1.2), (2.3), (4.1), and

| F5(x) — Fs(z') — Fi[zT](z — 27| < CNLBg (z,z") forallz e M (4.2)

13



with ext, > 0 and a sufficiently large set M. Further let there be some
nt € Y* with exv|n'|| < 1 such that £&' = F'[2T]*nT. Then

_p
4 6y +6p)P  Alp—1) (9"
B% a:‘s,:cT < J + ap-1
T ) ST @ T T e

A 2y o1 e
a0 (G egm)

q(1 = cyi [l

Proof. First we observe
— (et 2f, — aT) < ||n"|[[|F'[«"] (), — 2]
< "IN E ] = Bl (s, — 2N+ It Fs(22) — Fs(ah)l]
+ Il Fs(x5) — Fs(a®) = FifaT](«?, — 21|
< dplIntllllzg — 2|l + [l |l F5 () — Fs(zh)|
+ ent||n'[| Bg (a2, 27).

By implementing (4.1) and Young’s inequality ab < %aq + %lb# with

1
q t Q5 ot % qu||77T||5F/
ai= (30— exiln)BE @l,ah)" and bi=
(4(1 — cpillntlD)

Q=

we obtain

Q=

1
) a0
Spr |t llae, — @Ml < 6prlln'lleg BE (x5 2)

1= CNLHUTHBQ( )+ (¢ — 1)Cq HUTH" 15
R T (30— eyl l) ™
and therefore
1L+ e[|

—(€h, 2l —2T) <

with

_q
5 Berah.ah) +eop + Int[|Fs(ag) — Fa(al
(¢ — 1)0q ot 7

g1 (31— cyllnf()) = I
Consequently we derive

> 0.

1+ exuln'll Lo
2

< Q(ah) - a) + [t 1 F5(ad) - Fa(ah)]| + op".

B (0, 2") = Q(a7) — Q(a") — (7,20, — o) - B (x),

14

)



Noticing the minimization property of the Tikhonov functional such that

1 1
Q(2)) — Q') = o (I1F5(=) = 9°|IP + aQ(ad)) — Q(aT) — aIIFa(:Bi) — 0|
1 1
< ~|IFs(al) = 4P - <11 Fs(ad) - oI,
we obtain
1—encnf

1 1
Q.0 1 - N _.0np . — S\ 0P
LIl Bg (w3, 41) < IFsah) ~ 1P — T1Es(ed) ~ o]
q

+ It Es @S) — 6N+ It Fs (@) — o) + edp "

and applying Young’s inequality ab < %ap + p%bﬁ twice with

1 1
— (P> 0 (2t
a:= (a) 1£5(--) =9°ll and b: <p> 7"l

_p_
1 —enp|n] (0y + )" [ R =
fBg(xg7$T) §2yT+2(p—1) 7 ar—1 4+ ¢c68".

O

If we choose a ~ (&, + 6F)P~1 the theorem implies the convergence rate
9 9
Bg(a),2') = O <5y+5p+5;71> as 0y +0p + 65" — 0.

The same rate can be obtained via the discrepancy principle but with a
slightly different proof.

The source condition above provides only one fixed rate in the sense
that either the obtained rate can be shown or not. The second convergence
rate result is based on approximate source conditions and thus provides a
wide range of possible convergence rates, that is, the rate is adapted to the
(abstract) smoothness of the exact solution. This concept relies on distance
functions

d(r) = nf{|F'le"]n = &' :p e Y™, Il <}, r 20,
measuring the smoothness of 2t w.r.t. F'[zf]*. For noisy operators we define

ds(r) i= inf{|| ' — €| cne Y nl| <r}, 7>0.  (4.3)
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Then we have a trivial estimate

ds(r) < H%ﬁﬁr(\\FéW]* = F' [0l + 1F" [T = €1[]) < 6pr+d(r) (4.4)
for all » > 0.
Note that the nonlinearity condition (4.2) seems to be unsuitable for a
solution smoothness under F’[2f] (up to now there are no convergence rate
results for this case). Therefore we assume

| Ff[z")(z — 21| < ¢sl|F5(z) — Fs(zh)||* for all z € M (4.5)
with some s € (0, p).

Theorem 4.2. Assume that (1.2), (2.3), (4.1), and (4.5) hold. Further we
assume d(r) < ¢,r™" for all r > 0 with some v > 0. Then the following
error estimate holds true

(5y + 5F)p

(6%

Bg (22,27 < 4

for sufficiently small 6y,0F, dFr, o, where

svq
~ := min g1 i
' (p—s)vq’ _
pt O () (r )
and
_rq
K := min g1 v
D T )+ )

The constant ¢ > 0 is independent of 6y,0F, dFr, .

Proof. By (4.5) for all n € Y* with ||n|| < r we have

—(€",xg — @) = (F3laln — €', 2, — 2®) + (n, Fy[2"] (a2 — o))
< | F5lx"ln — €M llzo — 2Tl + esrl| F(20) — Fs(a)]®

and therefore (take the infimum over all n)

1

1
QBg‘ (xgm xT) = Q(‘T}g) - Q(xT) - 533 (xi,xT) - <£T’x‘; - xT>

1
< Q(ap) — Q(a") - 533 (0 @t) + ds ()|l — 2| + esr|| F(a) — Fo(2h)|I°
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for all » > 0. By using (4.1) we derive
: 1
ds(r)||zf — || < ef ds(r) B (xq, 2"

and Young’s inequality ab < %aq + q%qlb# with

L 1
(I\T p 5 ik — (2"
o= (8" Bt and b= (20) ay

yields

1
1 _a_
ds(r)||z5 — =T|| < 533 (x5, 2") + ; ds(r)a=T.
Thus, the following estimation holds
1 _a_
5B @l ah) < Qah) - Qah) + eor|[Fs(ah) - Fs(ah) | + eds(r) 7

for all » > 0 with

1
—1)(2¢.) =1
c = (g )(q Cq)q > 0.

qet

By the minimizing property of a:g we have

1 1
Q(zq) — Q') = a(Hch(fvi) —y°|IP + af2(z7)) — Q(aT) — 5||Fa(wi) —°|IP
1 1
< = Y — 0P — 2| Fs(x8) — 2/°|1P
< S| Fseh) =71 - I Fa(ad) — o

and therefore

| 2 - -
SBE @) < S0, +0r) - o (27 Fs @) — 7P + 277 ? — Fa(ah)P)

2p—1lg
S

D P
ot (27 Faah) = oI + 27y — Fa(ah)|P)” + eds(r) .

M- s B p—sy B .
Young’s inequality pas + prfs with

»

p — _
0 = (i (IR — 1P 4 27 = FaGaIP)) 7 and b=

17
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now yields

(0y +0p)" + - arsris +cd5(r)#.

Q\M

1 5
533 (mav )

We use (4.4) to obtain

—vq

L -1
cds(r)™1 < ¢ (6pr + d(r))TT < 27T S L, FiT 4 27T el it
for all » > 0. Therefore
1 Q 5 2 _q Vq
§B£T(xa7 ) 5(6 —f—(SF) ap srp— s+6 y 1prg— T 4 ot

for all » > 0 with some constant ¢ > 0 independent of d,,0F,dpr, a, 7. If
r > 1 then

;B ( T) %(5 +5F> ((O“J S+5 ) max{qgil’ﬁ +7~;Uf>

and choosing r such that

s P
(az’s+(5pqv1) MO\ T S = 7

that is

we obtain

—1 v

vq
Loa s 1y 2 e = min{pfsqﬂ%qr’”“}
L8 (. ot) < 26, + o) + 26 a7 + 6
- | mi{ e
2 - min <p S)yq = 9)(U+1) B p(q sl)+ 7(a— 1)('/+1)
a(é + 0p)? + 2¢a v +2¢0 5, (r=o)a

with some constant ¢ > 0. O

With the parameter choice

—s)v
maX{P+(pq—21 ! - s><u+1>}

+ 2L vl

o ~ (8, + 0r) o G

18



the theorem provides the convergence rate

qg—1

vq
; %lf sv ming $g—1 ’(4—1%2/”4'1)
Q.6 f R [FURL BEPAS p w-at”
Bei(zg,2") = O [ (6, +0r) R

as 0y +0p + 0 — 0.

In a Hilbert space setting with Q(x) given by (1.4) and linear operator
A:=F wehave p =2, ¢ =2, s = 1. Suppose ' — zq is in the range of
(A*A)* with p € (0,3) we then derive v = 13—‘5# (see [13, Theorem 1]). In
this case the obtained convergence rate reduces to

|25, —2'|> =0 ((6y +6p) 7T + 5}*;,‘) . (4.6)

If the benchmark source condition is satisfied, that is, if d(r) = 0 for
sufficiently large r, then we have

(531 + 5F)p
o

R _q_
Bﬁ (25,27) < 4 + crar—s + bt

With o ~ (6, + dp)P~* the corresponding rate is
.
Bg (22,2 =0 ((5y +6p)° + 5;;1) :

4.2 High order rates in Hilbert spaces

Since point-wise noise bounds are only recently proposed in [26], it is worth-
while for us to take a close look of such assumptions within the framework
of Tikhonov regularization in Hilbert spaces.

The first statement concerns a standard source condition which is the
same as in [26]. We also refer to Theorem 4.1 where a similar situation is
considered in the Banach space setting.

Theorem 4.3. Assume that the nonlinear operators F, F5 are weakly closed,
Fréchet differentiable and that assumptions (1.2), (2.3) are satisfied at x.
Moreover, we assume that D(F) N D(Fy) is conver and that there exists a
Lipschitz constant L > 0 such that

1F5lz1] = Fyla]|| < Lilzy — 2]
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for all x1, xo € D(F) N D(Fs). If a source condition
zt — 29 = F'lz']*,
(L+[loDlvll <1

for some v € Y is satisfied, then all global minimizers a:‘sa fulfill the error
bounds

Or + 0y + alv||
Vo = (L+ Dol
1F5(xq) = Il < 6 + b, + Vadp + 2all].

ng - xT” < +

If we choose o = 0 + &y, the estimations imply

L+ ||
|28, — 2| < 6pr + VOr + 0y,
V1= (L A+ [[o)v]]

1E5(22) = 4l < (L+2[[0]) (0r + 8y) + /3p + 6,0

We omit the proof here but refer to those of Theorems 3.2 and 4.1. One
can observe that the same convergence rate holds for the discrepancy prin-
ciple with noise level §, 4 dr for choosing the regularization parameter. The
saturation of the convergence rate appears when the a posteriori parameter
choice rule is implemented. We will not touch this topic in detail but re-
fer to the monograph [4]. Finally, we investigate a higher monomial source
condition such that

ol — xg = (F'[21) F'[z") w

for 4 € (1/2,1]. The following theorem is the main statement of convergence
rates on point-wise noise bounds with a monomial source condition large
than 1/2.

Theorem 4.4. Assume that the nonlinear operators F, Fs are weakly closed,
Fréchet differentiable and that assumptions (1.2), (2.3) are satisfied at x.
Moreover, we assume that D(F') N D(Fs) is convex and that there exists a
Lipschitz constant L > 0 such that

1F5la1] = Fylaa]| < Lilzy — 2]
for all x1, xo € D(F) N D(Fs). If the source conditions
- F,[I‘T]*U,

ol — xg = (F'[21) F'[2") w
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are satisfied for p € (1/2,1] and variables v € Y and w € X such that
(L + |loDllv]l < 1, then with an a priori parameter choice o ~ (6, + dp +

(5%’#1)ﬁ all global minimizers xi fulfill the error bound
2
|20 — zf|| = O (max {(5y +0p + 512;‘#1)2”%,5};/}) .
The convergence rate of Theorem 4.4 can also be presented in the form
5 ¥ - 2
o — &t = © (max { (8, + 6,) 547 + 53, 8 )

where the consistence with the results of linear ill-posed problems in Banach
spaces can be observed (see i.e. (4.6)) but with a saturation rate on dpr.
The proof of the theorem is based on the classic ones for the convergence
rate analysis of nonlinear ill-posed problems in [4, Thm.10.7] and [18] where
the forward operator is exactly known. For sake of convenience, we denote
B = F'[z"] and Bs = F{[z']. Similar to these references, we introduce an
auxiliary element

2o = al — a(Bs*Bs + od')_l(:(:T — x0).
The following lemma is important.

Lemma 4.5. Assume that the assumptions in Theorem 4.4 are valid. Then
the following estimation for the auxiliary element z, holds true

2
170 — &t < Cpullwlla® + [[wl|6F
_2p
< Cullwlla + |[wl|(8, + 0F + 675 )2t
with a constant C,, independent of o, 6y, 6F and dpr.

Proof. By using the operator monotonicity, the estimation follows after the
fact that

zo — 21 = —a(Bs*Bs + o)~} (Bs* Bs)*w — a(Bs* Bs + al) "} ((B*B)* — (Bs* Bs)")w
and
20 — 2| < Cpllw|ja® + IIwHéfw’i‘-

Here and in what follows C), represents the constant which is induced by
the Tikhonov regularization for linear ill-posed problems with a monomial
smoothness p. For detailed descriptions, we refer to [23, Definition 1]. [
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In addition, we occasionally use the property of the partial isometry U
(see also in [18]) that allows the relation

(B*B)2Uv = (B*B)'w = Uv = (B*B)*
since p € (1/2,1]. Now we are ready to prove Theorem 4.4.

Proof of Theorem 4.4. From the minimization property of the Tikhonov
functional, it follows that

of|zg — «¥|* < ||F5(za) — o II* = [ Fo(x2) — 9°II* + |20 — 2|

+ 20z — af, 2t — 2g) — 20(a? — 2t 2T —zg). (4.7

Note the Lipschitz continuity of the Fréchet derivative Fj[z] implies that

L
Fy(a) = Fs(a) + Bs(2a — a') + 50, st [|sall < Slza — |
L
Fy(xq) = Fs(a') + Bs(wo —2") +7a, st |Irall < g — "
Moreover, we can derive that
F5(za) =y = Fy(za) — Fs(al) + F5(zT) — ¢
= Bs(za — a') + s + Fs(a') — 1.
The basic source condition z — o = F'[z1]*v = B*v yields
20(z0 — ', 2" — ) = 20(Bs(26 — 1), v) + 2a((B — Bs) (20 — 1), 0);
—2a(ad — al, 2l — 20) = —20(Bs(af, — o), v) — 2a((B — Bs)(ad — 1), 0)

= —20(F5(2%) — 1°,v) 4 2(rq, v) — 2a(y° — Fs(x1),v)
— 20((B — Bs) (% — z1), ).

«

Substitute these equalities into (4.7), we obtain
§ t2 1 ¥ 9 1 + 5112
lza = 2" < ~l1Bs(za — 27) + avl]” + ~llsa + Fs(2") —4°|

2 ((Bs(ea — )50+ Fo(eh) = 47) + alEs(al) — o, 0)
+2((B = Bs)(za — 1), 0) + 2(ra,v) — 2((B — Bs) (2%, — z1),v)

1
+ 20 —2t|® — aHFé(xi) —y’ +av|?. (4.8)
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The third line in the previous inequality (4.8) can be estimated as follows
2(B — By)(za — 21),v) + 2{ra,0) — 2((B — By)(ad, — a1), 0)
< 2)vll6p |20 — 2Tl + Lijoll[lad — 2T1* + 2[|v]|6p |2, — 27|
)
< (LA ololllad, = 27 + lza — 2T 1* + 1 + [[v]|*)6%
By omitting the negative term in (4.8) and defining
M := (Bs(za — xT), So + F(;(xT) — y5> + a(v, Fg(xT) — y5>,

we obtain the following estimation from (4.8) such that

1
V1= (L+[wDlvlllzg - = < ﬁHst(za —at) +av] + + Fy(ah) — |

1
ﬁ”sa
2
+ \/;vim—i- \/§HzCY — achH + 1+ ||v]|20p.

In view of Lemma 4.5, we only need to estimate the first three terms in the
right-hand side separately.
Notice the first term satisfies
Bs(zq — ') + aw = (—aBs(Bs*Bs + o) "' Bs* + ad)v
— aBs(Bs*Bs + al)"Y(B* — Bs*)v.

We then employ the same argument including the partial isometry U in [18]
to derive

|Bs(20 — 2) + av|| < o®[|(Bs* Bs + al) "' Uv|| + o Bs(Bs* Bs + o)~ (B* — Bs*)v|
< o?||(Bs*Bs + al) ™Y (Bs* Bs)" Y 2w||
+ 2 ||(Bs* By + o)L ((B*B)* Y2 — (Bs* Bs)* 12|
+ a||Bs(Bs*Bs 4+ oI)"Y(B* — Bs*)v||
< Cuppllwl|a 72 + |lwladi ™ + Cy oo ]| Vadpr.

2
It is quite obvious that with the a priori choice @ ~ (8, + 0F + 5?#“)2#“
we can estimate

1 -
= lBs(za — z) + avl| < Cuyppllwlla® + wlVadii™ + Cyyallv]|6p

s
7 21y ST
< Cuopllwlle! + [wllVa(dy + 0p + 057 ) 27T + Cypallvl|dp
=0 (max{(éy +6p +5§’f+1)%,5p}> .
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We next estimate the second term ﬁ“sa + Fs(2t) — 40| which is quite
straightforward such that

L 5
a||2a—$T||2+ |Fs(z') — 4]

1 1
val 2a va
By using the proof of Lemma 4.5, p > 1/2 and without loss of generality we
assume o < 1 and dpr < 1, the following estimation holds true

|50 + Fs(z) —y°|| <

L 1 Sehllwl® | 6, +0
— 2l ——||F5(2T) — o°|| < C2L w212 4 °E o
2\/a||za x| +\/&H (") = °|| < CuLfw[ e + Ja T Ja
0w + 8, + oF
2 2 F Y
< CML||w|| ot + Ja .
That is
1 t 5 2u+1 _2p
ﬁ|’8a+F6(x )_y ” :O<(5y+5F+5F’ )2#+1)

. . . - 2u+1 ﬁ
with the a priori choice a ~ (8 4 0p + 04, ) 2 F1.

Finally, we estimate the third term \/g\/i)ﬁ with M := (Bs(zq—21), 50+
Fs(z') — 49) 4+ afv, Fs(2) — y°). Notice the facts that

M = (—aBs(Bs*Bs + o) "' Bs*v, so + Fs(z1) — y°) + a(v, Fy(x") — %)
+ (—aBs(Bs*Bs + aI) "N (B* — Bs*)v, sa + Fs(z') — ¢°)

and

(—aBs(Bs*Bs + oI) ' Bs*v, F5(z") — y°) + a(v, F5(z") — 4°)
= (a*(B;sBs* + o) 'v, F5(2) — ¢/?).

These equalities yield

M = (—aBs(Bs*Bs + al) "' Bs*v, sa) + (a*(BsBs* + aI) " 'v, Fs(a') — ¢°)
+ (—aBs(Bs*Bs 4+ oI) Y (B* — Bs*)v, 54)
+ (—=aBs(Bs*Bs + o) H(B* — Bs*)v, Fs(z') — °).

We use the same arguments as in the previous estimations with the partial
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isometry U to obtain

L 2—1
m < gHvHaHza — 2|2+ Cpy pollwl| a2 Fs(a) — 0| + [[wl|adps ™ || Fs (")

L
+ 5 CrpllvlvVade|za — 1% + Cy pallollVadw || Fs(at) — 3|

L 2p—1
< §HUHO¢H2’a —af|]? + qu/zHw||a“+1/2”F6(l’T) — 0| + [lwl|ad sy | Fs ()

L? 1
+ C2yllolPadd + Zllza — 2l + SIFs(eh) — o
That implies
2
2V < Ve — o)+ \/2Cu_1/z|!wH\/a“‘l/zHFa(xT) P

+ \/2|rw S 2 Fy(at) — P2 + Cy ol 0l| 8

—QTTHZ

+m”2a \/>HF6( DA

We only need to verify the second and the third terms at the a priori choice
2
an~ (0y+6p + 51245“) 2u+1 such that

1/2 2pu+1

Var12| Fy(al) =y |2 ~ (8, + 0 + o) e et
= (8, + 0p + 02Tzt

and
I Fs(al) = 12 ~ ) B Fy(al) — o
< (8, +0p + 0T BT Ty
= (8, + Op + 0T hyzust BT
The theorem is thus proven. ]

5 Conclusions

In this article, we investigate the convergence rates of Tikhonov regulariza-
tion for nonlinear ill-posed problems when both the right-hand side and the
operator are corrupted by some noise. After introducing two operator noise
models, detailed discussions in Banach and Hilbert spaces are carried out
provided with appropriate assumptions. We aim at filling the gap between
linear and nonlinear ill-posed problems where comprehensive convergence
rates on operator noise have been obtained for the former case.
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