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Abstract

In this paper we consider the iteratively regularized Gauss—Newton method
(IRGNM) in a Banach space setting and prove optimal convergence rates under
approximate source conditions. These are related to the classical concept of
source conditions that is available only in Hilbert space. We provide results
in the framework of general index functions, which include, e.g. Holder and
logarithmic rates. Concerning the regularization parameters in each Newton
step as well as the stopping index, we provide both a priori and a posteriori
strategies, the latter being based on the discrepancy principle.

1. Introduction

We are going to consider a nonlinear ill-posed operator equation
Fx)=y (1)

where the possibly nonlinear operator F' : D(F) € X — Y with domain D(F) maps between
real Banach spaces X and Y. For simplicity, let the symbol ||-|| designate the norm for both
spaces. Specifically, we assume X to be reflexive and uniformly smooth. For some of our
results we will assume that X is g-convex with some g > 1.

Since we are interested in the ill-posed situation, i.e. F fails to be continuously invertible,
and the data are contaminated with noise, regularization has to be applied (see, e.g., [4, 25],
and references therein).

* Research has been partly conducted during the Mini Special Semester on Inverse Problems, 18 May—15 July
2009, organized by RICAM (Austrian Academy of Sciences), Linz, Austria, and moreover supported by Deutsche
Forschungsgemeinschaft (DFG) under Grant HO1454/7-2 as well as within the Cluster of Excellence SimTech,
University of Stuttgart.
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Throughout this paper we will assume that an exact solution x € D(F) of (1) exists, i.e.
F(x") = y, and that the (deterministic) noise level § in an upper estimate

ly =yl <8 )

of the difference between exact right-hand side y and noisy data y? is known.

Tikhonov-type variational regularization in Banach spaces has been studied recently with
error estimates measured by Bregman distances, e.g. in [3] for linear ill-posed problems, and
in [9, 12, 13, 19-21, 23] for nonlinear ill-posed problems (1).

Iterative regularization approaches in Hilbert spaces pose an attractive alternative to
variational regularization methods. These approaches were comprehensively analyzed in the
monographs [1, 17] (see also the references therein). So far, to the authors’ best knowledge,
iterative solvers for nonlinear ill-posed problems in Banach spaces have only been formulated
in [1, section 4.3] and [18]. In [1], the case X = Y was considered and convergence including
rates under sufficiently strong source conditions was proven for generalized Gauss—Newton
methods. On the other hand, in [18] convergence of the iteratively regularized Gauss—Newton
method and the nonlinear Landweber iteration has been proven in the general situation of
possibly different Banach spaces X and Y without imposing any source condition. For an
analysis of Landweber-type methods in Banach space we refer to [10] and [24].

The aim of this paper is to provide rate results for the iteratively regularized Gauss—
Newton method in a complementary situation, i.e. under weaker source conditions than those
assumed in [1], and for not necessarily equal preimage and image space. The obtained rates
will be called optimal referring to corresponding optimal rate results in Hilbert space settings.

For Hilbert spaces X by spectral theory one can define at a point x', where F is Gateaux
differentiable with derivative F’(x"), linear operators f(F'(x")*F’(x")) : X — X for any
index function f. We call a function f : (0, 00) — (0, 0c0) (or its restriction to a right
neighborhood of zero) the index function if f is continuous and strictly increasing with
lim, 0 f(#) = 0. The properties of non-negativity and self-adjointness of the operator
F'(x"*F'(x") : X — X carry over to the new operators. This allows expressing the
smoothness of the solution x to (1) with respect to the linearization F’(x) of the forward
operator F in that point. Depending on the specific character of such occurring smoothness
Holder source conditions and general source conditions (see below (8) and (12), respectively)
leads to corresponding convergence rates for various regularization methods. For Banach
spaces, however, we have F’(x)* : Y* — X* and hence f(F’(x")*F'(x")) is not well
defined. Since general source conditions measuring the solution’s smoothness are not
available, additional ideas and concepts have to be exploited. Originally developed in [11]
for linear ill-posed problems, the concept of approximate source conditions can help to bridge
this gap also in the nonlinear case (see, e.g., [9]). In this context, the degree of violation of a
benchmark source condition is expressed by so-called distance functions d(R).

The iteratively regularized Gauss—Newton method can be generalized to a Banach space
setting by calculating iterates x7,, = x7,, (o) in a variational form as

X1 (@) € argming p ) || Ti(x — x7) + 8|+ llx — x0ll” k=0,1,..., (3)

where p,r € (1, 00), (a)ren 1S @ sequence of regularization parameters, X is some a priori
guess and we abbreviate

To=F(x), &= F(y)—y"
Under the assumptions on X the functional x +— %||x||” is strictly convex and Fréchet-

differentiable for all p > 1. Hence, the subdifferential J,(x) := 8{%||xl|”} is single valued

and the corresponding duality mapping J, with the gauge function ¢ > t”~! is continuous and
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bijective from X to its dual space X*. This in general nonlinear mapping J, is characterized
by
xteJ(x) = & x) = x|l and [ = e,

where (x*, x) withx € X and x* € X™* is the dual pairing of X and X*. To analyze convergence
rates we employ the Bregman distance A , (X, x) between ¥ € X and x € X, defined as

_ L U )
Ap@E ) = —IZ]1” = ~|lx|I” = (J,(x). & — x).
p p

If X is g-convex, then there is a constant ¢ > 0 depending on ¢q such that
AyE, x) 2 cllx —x||? forallX, x € X 4)

(see, e.g., [2, lemma 2.7]).

2. Approximate source conditions and variational inequalities

In order to overcome the absence of Holder and general source conditions we first extend the
Hilbert space standard source condition [4, p 277, formula (11.2)] to the Banach space setting
as

JweY: J,&"—x)=F@xhw. (5)
Under condition (5) we can estimate

[(Tp(xt = x0), x — xT)| = [{w, F'(xN(x — x)] < Nlwl [ F'xHx = xH]I,
which implies the variational inequality
3B >0Vx eD(F):  |(Jp(x —x0), x —x)| < BIF (N x —xD, (6)

where in contrast to to the ideas of [12] we only use || F’ (x) (x —x )| instead of | F (x) — F (xT) ||
on the right-hand side.

Usually (see [12] and [13]) variational inequalities for proving convergence rates for the
Tikhonov-type regularization in Banach spaces have to hold for appropriate x € D(F) in an
additive form

3B1. B> 0 (" —x0), x —x)| < 1A, (x, xT) + Bl F(x) — F(xD)|
rather than in the product form (6). Note, however, that the additive form under the assumption
3K >0Vx e D(F):  |[F(x) — Fx) — F'(xN(x —xD|| < KA, (x, xT) (7)

immediately follows from the product form by the triangle inequality.

By avoiding || F (x) — F (x")|| on the right-hand side we are up to some extent independent
of the tangential cone condition (7). In particular, we will, e.g., prove optimal rates under a
mere Lipschitz condition on F’ provided (5) holds.

Moreover, for the Banach space setting the form (6) allows us to use as a substitute for
the Holder-type Hilbert space source condition

JweX: Ll —x)=x—xg=FHF & w, (8)
for 0 < v < 1, the following variational inequality:
3B>0VreB: (0! —x0) x —xN) < BDY (T, 1) TIF (D x = <D ©)
Here

B = D(F) U B,(xo)
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with B, (x¢) being a closed ball with radius p > 0 around x,, and we use the notation
Dfﬁ(fc, x) == A,(X — x0, x — Xxp).
Precisely, the intermediate source condition (9) can be motivated from the Hilbert space case,
since the usual source condition (8) implies (9)
(20" = x0), x = x)| = [{w, (F'GH F' )2 = 2
< Hwllle = 2T E D F @) 20— 2 hY
= llwllflx = x" " F & = DY

by the interpolation inequality taking into account that Dy &, x) = |lx — xT)|2. More
generally, one can consider index functions f : (0, co) — (0, co) with
¢ = (fz)_1 being convex (10)

and assume the variational inequality

1 (+T _ T2
Vx € D(F), x # x': |<J,,(xT—x0),x—xT>|gD;ﬂ(xT,x)1/2f<”F(x)(x x)”)

Dy (xT, x)

(11
to hold, which again can be motivated from the Hilbert space case. Namely, if (10) holds, by
Jensen’s inequality, the general Hilbert space source condition

JweX: hix—x)=x"—xg=fF&FxHw (12)
implies

(L0 = x0), x = x1)| = [(w, fF'GD*F' ) (x —xh)|

~ IF'(x")(x = xD|?
< wllilx — ) f .
[l — X7l

This includes, e.g., logarithmic source conditions as appropriate for exponentially ill-posed
problems, cf, [14].

Now we will show that variational inequalities like (9) and (11) can also be concluded from
the approach of approximate source conditions outlined in [9] for the situation of nonlinear
problems and Tikhonov regularization. We refer to (5) as a benchmark source condition,

which can be expected to hold only in very specific situations. However, it is always fulfilled
in an approximate manner as

JIrg € X*, Jwg € Y¥, lwrlly- < R:  Jy(x" —x0) = F'xN*wr+rz  (13)

for all R > (0. Based on this observation, we define a distance function d(R) forall R > 0
measuring the distance of the element J), (xT — xp) with respect to sets in X* which occur when
the operator F’(x")* : Y* — X* is applied to closed balls with radius R in the space Y*, i.e.
dR):= inf  |[J,(x" —x0) — F'(x")*w]|x-. (14)
weY*:||lw|ly= <R
The distance function is well defined as a non-negative and non-increasing continuous function
for all R > 0. Since by Alaoglu’s theorem the unit ball in Y* is weak™ compact and the dual
norm function is weak™ lower semicontinuous, the infimum in (14) is a minimum and assumed
in some wr € Y*. Under the condition

1ot = x0) € REFFGHD X \R(F' (xt)) (15)

it is evident that d(R) is strictly positive for all R > 0 and tends to zero as R — oo,
cf [9, lemma 4.1 and remark 4.2]. In such a case the decay rate of the distance function
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d(R) to zero as R — oo measures the degree of violation of J, (xF — xp) with respect to
the benchmark source condition (5). As the following proposition will show, this degree of
violation determines the function f in variational inequalities like (11).

Proposition 1. Let X be g-convex. Under conditions (4) and (15) let d be a continuous and
strictly decreasing majorant of the distance function d from (14) in the sense that the inequality
0 < d(R) < d(R) holds for all R > 0 and that we have the limit condition limg_,oc d(R) = 0.
Then a variational inequality

(16)

(x T —
|<Jq(xT _ xo)’ x — xT>| g D;O(XT, x)l/qf <||F (.XT)(-X X )”q)

Dy (x1, x)
holds with the index function

ft) =2max{l,c/}d (¥~'(t)) t>0,
. (d(R))
with W(R) = > 0, (17)

for all x € D(F) such that x — x' ¢ N'(F'(x1)).

Proof. Since the infimum in (14) is a minimum, we have for all R > 0 an additive
decomposition (13) with ||rg||x+ = d(R). Then the following equations and estimates can be
stated for 0 < R < oc:

[(Jy (T = x0), x = xT)| = [(F'(x")*wg +rg, x — xT)|
= [(wg, F'(xN(x —xN) + (rg, x — x|
< R|IF' (xN(x — x| +d(R)[x — xT|.
Taking into account the g-convexity of X this yields

[(J, (xT = x0), x —xT)| < RIF'(xN)(x — xD)| + ()DXO(* x)

< RIF/GH (=20 + (R)DXO(T '/

< max(1, ¢ VORI F () (x — x| +d(R) D (x", x)'/7].

Since W (R) is strictly decreasing and continuous for 0 < R < oo with limits limz_.o W (R) =

) . 1N et . .
0o and limg_.o, W(R) = 0, the equation W(R) = (W)q has a unique solution
(T,

Ry > 0 for all x € D(F) such that x — xt ¢ A (F'(x")). For that Ry > 0 the two terms in
the last sum above coincide and we obtain the estimate (16). As W~!(¢) is strictly decreasing
for all 0 < ¢t < oo with limits lim,,o W~!(f) = oo and lim,, o ¥~'(r) = 0, under the
assumption on d stated in the proposition the composite function d o W~ is an index function.
This completes the proof. ]

Remark 1. The function f from (17) has the following property: by using the monotonicity
inverting substitution R := W~!(¢), the quotient function
114 W(R)/7  d(R) 1

0=y d®  RiR R

is strictly increasing for 0 < ¢ < oo, and tends to zero as t — 0 and R — oo, respectively.

Hence, the quotient ! .(/,,) is strictly decreasing for all # > 0. Moreover, we should note here

that for 2-convex Banach spaces X, i.e. for ¢ = 2, the variational inequality (16) obtained by

5
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proposition 1 attains the form (11) which is required as an assumption in the theorems 1 and
2 below. Furthermore, we have to mention that a function f that occurs when W is replaced
in (17) by a majorant function W (with same monotonicity and limit properties as W) is also
an index function and a majorant of f. That fact will be exploited in remark 3.

3. Convergence rates with a priori parameter choice

To prove convergence rates we make the following assumption on the nonlinearity of F:
[(F'(x" +0) — F'(x)v]|

su - - — - — <K 18
u,ﬁeI))(, IF/(xP)vl|er Dy (xF, v + x 12| F/ (x 1) ]|& Dy (xF, § + xF)e (1%
xt+veB
xt+veB
with
S SN (19)
G1+¢ -, G3+¢ —
TRV T 2 TRV E1 T 2
as well as
Gi+Gr > and & +8r > 5

and
((é1+&r > § A& +&r > 1) or K sufficiently small).
The latter, for v = 1, follows from the usual Lipschitz condition on F’ in terms of the Bregman
distance in X:
I(F'(x" + ) — F'(x")v|? 2
viex, D (xt, v+ x) Dy (xf, v +xT) =

xf+veB
xT+veB

Note the relation to the concept of degree of nonlinearity, see, e.g, [9], with (18) implying
(2.5) in [9, definition 2.5] for ¢; = & + 3, ¢c; = ¢ + ¢4. The necessity of using a
slightly stronger condition here comes from the need for estimating the difference between
the derivatives of F in the proof of theorem 1, see (38) below.

An a priori choice of oy and k, satisfying

w <1, % — 0 as k— oo, 1< X <& forall k(21
07381
and
v+l

ki(8) =min{k € N : o"""™ <78}, inthe case of (9) (22)

ki) =min{k € N : o < ¢,(t8)}, inthe case of (11) (23)
with

o (1) =107 (1), O™ == fIVa (24)

yields the following rate result.

Proposition 2. Assume that a solution x' to (1) exists, and that F satisfies (18) with (19), (20).
Moreover, let p,r € (1, 00), let T be chosen sufficiently large and let xy be close enough to
xt so that D;“ (xT, x0) is sufficiently small. Additionally, assume that B§ xh c B for some

p > 0, where Bﬁ (x") is a ball with respect to the Bregman distance.
Then for all k < k. (8) — 1 with k. (8) according to (22), (23), the iterates x,fﬂ = x,fﬂ (ag)
with ay according to (21) are well defined.

6
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Proof. The assertion follows from results in [18].

Theorem 1. Let the assumptions of proposition 2 be satisfied.

(i) Let a variational inequality (9) with B sufficiently small hold.
Then, with the a priori choice (22) we obtain optimal convergence rates

DZO(xT’Xk*) = 0(3%)7 us 85— 0
as well as in the noise free case § = 0
sl
”T(-x;z_ﬂ —_ _xT)” — O(akr(wl)ﬁ_\,),

Do (x',x),,) = O(O[km,fﬁ)

forallk € N.
(ii) Let a variational inequality (11) with
t
t & monotonically decreasing,
Jt
and

YO<t<i: f(Ct)<Crf(t)

YO<t<i: f(Ct)<Crf()

with
~ -2/ > = 20—\ 2/r
¢, =(CCi)™, G =(CCy)™,

2 ~ 2o\ 1/r 1 Mo (N
1 < C(p = (CCf) < W’ 1 S Cq; = (CCf) ,
C=0M?>C, C,Ce, M asin(21), (50), (51)
t=0""(Cop, () /C:, i=0"(Chp, (M) *ag))/C.,
hold and assume

512532%, Cr=0C4=0,

as well as K sufficiently small in (18).
Then with the a priori choice (23), we obtain optimal convergence rates
2

0-1(8)
with ©® as in (24), as well as in the noise free case § = 0

1T (2 = x7) | = 0 (97" (@),

DRl xl,) = 0(F(07 (¢ @)))
forallk € N.

DY (xt, x) = 0(f*(©7'(8) =0 ( ) as § = 0

Remark 2. Condition (27) implies for all C > O the inequality
F@O7(C) <max(vC, 1} f(©7' (1) (1 >0).

]

(25)

(26)

27)

(28)

(29)

(30)

€1y

(32)

(33)

Because of the monotonicity of the index functions f and ®~', we have f(®~'(Ct)) <
f(@‘l(t)) for 0 < C < 1. On the other hand, by substituting u := ®(¢#) we have that

fO@) _ fw
NG NEIm)

/ % showing in view of (27) that these quotient functions with positive

7
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arguments 7 and u, respectively, are both monotonically increasing. Consequently, we have

i ((-;lc*(tcm <L (('1;([)) for C > 1. Both facts imply together (33).

Moreover, condition (27) means that the variational inequality condition determined by
the index function f is not too strong, i.e. the decay rate of f(¢) — 0 as ¢t — 0 is not faster
than the corresponding decay rate of /7. A sufficient condition for that is the concavity of
f? which is equivalent to condition (10). From remark 1 we learned that condition (27) is
satisfied for the function f from proposition 1 whenever ¢ = 2. By the same arguments it
follows that this remains true for all 2 < g < oo.

We wish to point out that (18), (19) and (20) get weaker for a larger smoothness index
v, which corresponds to results in Hilbert space (see, e.g., [5]), where—as here—in the case
v = 1 a Lipschitz condition suffices to prove optimal convergence rates. In the case of a
general index function f, we have to restrict ourselves to the strongest case in (18), (19) and
(20) corresponding to v = 0.

Note that g-convexity of X is not required for the results of theorem 1. If X is g-convex,
then inequality (4) implies

I%— x|’ = 0(5%), asé—0

in case (i) of theorem 1 and
2

I¥ = x| = 0(f*(©7'@3)) = 0 (@T@

> , as 6—>0
in case (ii) of theorem 1.

Proof. To show (i), observe that under the assumption (9) we get, with the notation T = F’(x"),
ke = xol” = lx! = xoll” = pA, (" = x0, x¢s1 = x0) + P{Ip(x" = x0), 23y — xT)
> pDy (e xl) = pBDY ()T (g — 1)
> PD;?(XT’ )
= o (enpetat) 0 50 ) ITGaty - ) )

(34)

with € > 0 to be chosen sufficiently small later on,

C(e, 1) =1,

()
C(e,u) =maxil, ¢ (1—M>

— K —(=p)/n
= max {1, = M)(MH)/ME

and

for € (0, 1), where ¢ (1) = 2= so that

M <e+Ce, ) for all A > 0. (35)

By minimality in (3) we have for any solution x' € B, (xo) of (1)

| T (et — x2) + || + e [ — xo])”
< ”Tk(xf_xlf)"'gk”r'*'ak”xt_X0||p- (36)
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Combining (34) and (36) we get by the simple inequality (a — b)" +b" > %a’

1 -
= ”T(x,f+l — xT) || +op(l — ﬂe)D;O(xT,x,‘fH)
< T =) + gl + ([T = ) (e = 20+ [ Te(x™ = x2) +8e]))
rappC () [T (at =)

The terms on the right-hand side can be estimated by means of (18),
7" = ) + u] < (T = D = xT) [+ [ F () = FGD = T = xT) | +6
2K | T(xf — xT)| " Do (xf, ) > 46 37)
[T = 1) (st =) < KT Oy =)™ |70 =) |7 Dy (xT ) Dy (67, )
(38)
which, together with the simple inequality (a + b)" < 2"~!(a” + b"), yields
1 -
51 ||T()c,‘§+1 - x')” +arp(l — ,Be)D;O(xT,x,‘fH)
<U+2 (2K |T(xf —xT) "™ Do (xf, xf) > +6)
+ 2N KT (g = 2) | D (o)™ (T (ol = )™ Dy (67 1))’
e ppC (e 5 ) 7 ot =)

Applying the estimate
a‘b<éa+CE, 1—¢)b"19 (39)

for ¢ € (0, 1], that follows from (35) with A := bl/(aH) and © = 1 — ¢ to the last term, and
ab < %az + %bz to the second term on the right-hand side, we get

1 .
(555 - 2) 17t = O +apt1 = D3 (01t )
< A+2 (2K |T(xf —xT) " D2 (xf, x0) > +6) (41)

2r—1Kr . .
+ S T (el =) Dyl ) “2)

2K t ré3 ré.

+ = | T =) [T D (6T )T 43)
+ c(~ r<v+1>—2v>< C( v+1>>,<:‘:1:‘z” »
“ T+ awpPC e — ’ )

where we choose € < 2%1 Considering (40) and (44) and neglecting the rest (which is just an

estimate of the nonlinearity error) for a moment, we expect that (26) can be obtained, which

r(v+l)

we prove as follows: dividing (40)—(44) by &;';""*, using (21), (19) and (22), and defining

i ma [ |7 (i~ )| D', x) ]

r(v+l) ’ 2v
+1)—2v r(v+1)—2v
F+1)—2v a

k
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we get the following estimate:
min {F —ep(l - ﬂe>} Yert < (14202~ @Ky G frsear @t

2r71Kr A, _rw+h 2(¢ =
ot
C rovD=2v Vi (E3+74)

LAY G
1+7r¢2)
+ 5 Ykl +

coE D= (v T (L2712
E, —_— E’ r(v+1)—2v - .
r(v+1) P 2 T’

Therewith we get a recursive estimate of the form
(1 _ Ayk2§1+r62)—l)yk+l < B(y61+63+(€-2+54)r—1 + yk2(83+r€-4)—1)yk fc, (45)
where ¢ can be made small by making 8 small and 7 large.
From this we can now derive an induction step of the form
(40)

SV = Yl SV
as follows: using (20) and the fact that A and B will be small if K is small, we can first of all

conclude that for 7, ¢ sufficiently small, the function

h(y): 0,7) — (0,0
Yy (1 _ Ay2(Z‘|+rE‘2)—l)y

is strictly monotonically increasing and invertible with
h'(6) < 2.

By using the induction hypothesis y; < 7 with a possibly reduced value of y, we can achieve
that the right-hand side of (45) is smaller than  so that by applying 2~! to both sides of (45),

2(E3+E4r)—1) Vi + 2

we can conclude
2B (yk(51+53)+(52+64)r—1 + Vk

Virl <
< 47)

2B(J—/(Z‘1+E‘3)+('€2+E‘4)r71 + 72(53'&'5‘4)‘)71)]—/ + %)—/’
. Now we use (20)

where we use the fact that we can make 8 small and t large so that ¢ <

again to achieve

2B(J—/(Z‘]+E‘3)+(f‘2+(~,‘4)r—1 + )72(2‘3+Ff‘4)—1) g %

by possibly decreasing . Inserting this into (47) yields yi+1 < 7.
Applying (46) as an induction step we can conclude that

e <y forall k <k,

and therewith, by possibly decreasing 7 to below p?,
Dy (x*, x,f) < ykak"“'*-”’z“ <y <p* forall k <k,
provided yp and D (x", xo) are sufficiently small. By the assumption B3 (x') € B, this yields

well definedness of the iterates. Moreover,
i o e _ o =

Dy (x", x,f*) <y < p(rd) .

In the general case (ii) i.e. with the variational inequality (11), we have to apply somewhat

different techniques as compared to the special case (9). We get, in place of (34), the estimate

|xp, = xo]) " = llxT = xo01”
—xf)

= pAp(xT — Xo, x,f+] — xo) + p(J,,(xT — Xp), x,‘zH
Pt (et — xW) o

.XT, )C6 l/2f
k+1) Dy’ (xT’ x,‘f+1)

> pDZO(xT, x,fH) — pD;‘)(

10
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which together with (36)—(38) implies
1 o ,
o 1T =) +epDp (el xly) < (1+277H K | T = xT) [ +9)

2r—1Kr . ,
(g - 1)

|7 (s = xT)||2>

Zr—l Kr
2

+ |7 (et = D)+

. 1/2
+aypD?? xT,x,‘f ) f
g ( ) Dy (x1, x¢,)
in place of (40)—(44), which by moving the second term on the right-hand side to the left-hand

side, using K" < % and (23), yields an inequality of the form

r &
e + xdiyy < itp +m(p7" (@) + Moydis f ( d’;” ) (49)
k+1

for all k < k., — 1, where we use the abbreviations

dk = D;U(xf,x,f)'/z,

=70 —x"). (50)
27 (1 +2r—Hor=t 4 2r=1/2

. — ( )~ / K

C

(1 +2r_1)2’_1

m=-————

e
, (5D

_ ) 1 2r—lKr
C = min 2r71_ ) , P -

r =CKKr,

’

Now we prove by induction that for all k£ < k. (or in the case § = 0 for all k € N)

d < Cr1 (O (o (@) (52)
te < Cagy ' (o) (53)

where C, is sufficiently large so that (cf (30))

éw < (Z(K +m/C£))_l/V’ Co < 57~ (54)

— %)
and C; := (1.0 so that

CciC > ¢, C >y (55)
For this purpose, observe that (49) together with the induction hypothesis implies
2

k+1 ) . (56)

2
dk+l

i +akd%+l < (KC£ +m)((pr_'(ak))r + Moydis f (

We distinguish between two cases:
r 2
if (KC§ + m)(gor’l(ak)) < Magdiy f (tk*‘ ), we get from (56)

2
dk+]

2

. +ouds, < 2Mad it (57)

k+1 kY1 X (423 k+1f 2 .
k+1

11
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Since in the case d;;; = 0 (and therewith t;,; = 0) and in the case t;,; = 0 (and therewith

dis1 = 0 by dk v S 2Mdpa f (:fq—*‘)), the assertions (52) and (53) trivially hold for k replaced
k+1

by k + 1, we may assume w.l.o.g. that di,; # 0 and t;,; # 0. Multiplying (57) with t;,; and

dividing by d% L1 we get

2 2

Gert 1 Gt
d2+ t]r(_'_l + oty <2Ma© d2+ s
k+1 k+1

which implies

t2
) ( £x] ) ) <2May
dk+1

with, according to (27), the monotonically increasing function

d:ur—> ﬁ = L
f@)  O)
and
it 1 [ ke Gt
e < 2M®< s ) e 0 (—) < ot (58)
dk+l M dk+1
consequently

@ <®1 (tz%)) 6l < 2May.
Since @ (©7'(£)) "' = COT (&)1 = ¢ (&)C", this implies

ter1 < 2Mo, (M) o) (59)
from which by (58) we get

&, < ﬁ @my (f( (;"—Ml))z
< @M (O (g7 (@M o)) (60)
Otherwise, if (kC5 +m) (¢, (@) > Maydis f( M) we get from (56)
oy +oediyy < 2(kCh+m) (o () (61)

From (59)—(61), using the identity

! 1 1 r/2
O (! N ) _ 2 1 /
4 (w) 0-1(2) ) V7207 1(z) \/(pr(Z)Z ﬁ(¢’ (@)

and (21), we see that in order to complete the induction proof of (52), (53), it suffices to show

o7 (@) < Cpp !t (@/C) YO < a < a, (62)
<C <

)
() o0 (a/C) Y0 < a < (2M) 2ap, (63)
and use (54), (55). By the definition of ¢,, (62) can be concluded from (28) as follows: with
éw =+ C',C'f, ¢, = C’C’;” (cf (30)), 2 = C’w(pr’l(a/é), t = ®'(1)/C,, we have for any

12
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a € (0, ap]:

FED < Crf@) & O <60, 00)

A A

R 1
&0/, <t = C—@”(k)

r

& (/C) PO (1/C)) < mmm W PO

& G000 /Cy) < (M)
h,-/_r—“
=C —Ol/C

& ¢ (@) <r=Chp ' (@/0),
where we have used the fact that the functions ¢,, ® as well as their inverses are strictly
monotonically increasing. Analogously, (63) follows from (29). Therewith, the induction
proof of (52), (53) is finished.
The estimates (52), (53) immediately yield (32).
Inserting (23) into (52) for k = k, directly yields with (33)

di, < C1f(O (g () < C1 O (18) < Cy max{ﬁ 1 f(©7'(8)

0(©O'(9)
=C l}—=C 1
1 max{+/7, 1} W 1 max{/7, 1} —— 1(8)

This provides us with the convergence rate assertion (31) and completes the proof of (ii). [

Corollary 1. Let the assumptions of propositions 2 and 1 with

q=pP= 2,

and
VR>R: d(C;C7YPR) < Crd(R), (64)
VR>R: d(C,;C '’R) < Crd(R), (65)

with (30) hold, where
R=w (07 (G @)/C). k= (07 (Cpn (@M a) /C).
Moreover, assume that
G =8=1, &H=&=0,
and K is sufficiently small in (18).

Then, with the a priori choice (23), we obtain convergence rates (31), (32) with f as in
(17).

Proof. The assertion follows by a combination of part (ii) of theorem 1, proposition 1 and
the fact that (28), (29) can be concluded from (64), (65): with R = ¥~!(¢) we get for any
t e (0,7]:
A - N — N N 1 R
FEn AW Gy (@ e G\ w1 (@)
f@) d(R) (d(R)/R)” R

A 1/p A A
el Ay, Wl R
_ C,t (Cr1) _ Crl/p (Crr) <e,
t w-1(p) w-l(y)

13
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since we have the equivalences
NG S CrCTVPu () & Gt > W(C,CVPUT (1)
& CU(R) >V (CrCYPR)
& CdR)/R) > (d(CrCTPR) [ (C4CVPR))
& CHARY > A(CE;1IPR)”,
where we have used the fact that W~! is strictly decreasing. Analogously we get (29). Note
that (27) is automatically satisfied for f defined by (17), see remark 1. Moreover, in the

case x2,; — x' € N(F'(x")) that is not covered by proposition 1, we can conclude from

proposition 2.1 in [17] and ¢ = & = %, ¢y = ¢4 = 0 as well as K sufficiently small in (18)

that x?,, solves (1). O

4. Convergence rates with a posteriori parameter choice

If the exponent v in the source condition is not known, we require a nonlinearity assumption
that corresponds to the strongest case v = 0 in (18)—(20), namely the tangential cone condition

[F(x) = F(X) = F'(x)(x =Dl < ce|[F(x) = F@)I| Vx,X €B (66)
for some 0 < ¢;. < 1, p > 0. Note that (18) for v = 0 with K sufficiently small becomes (66)
atx = x! with ¢,c = £

Therewith, we can prove convergence rates with a posteriori choices of the regularization
parameters oy

allgll < | Te(ed (@) —x7) + gl < lgl (67)
(cf [6]), and of the stopping index k, by the discrepancy principle:
ki(8) =min{k e N: | F(x}) — y°|| < 75} (68)

Proposition 3. Assume that a solution x' to (1) exists, that F is weakly sequentially closed
(see, e.g., (11), (12) in [18]), and satisfies (64) with c, sufficiently small

Ce<ag<o<l.
Moreover, let T be chosen sufficiently large so that

1+c¢ 1—0

Cre + < g and Cre < Tv (69)

and let xg be close enough to x' so that Dy (xT, x0) is sufficiently small. Additionally, assume
that either

(a) F'(x) : X — Y is weakly closed for all x € D(F) and Y reflexive

or
(b) D(F) is weakly closed
and
s | F (x0) — °|
<
T

Then for all k < k. (8) — 1 with k.(8) according to (68), the iterates

s | xp (), withay asin (67) if | Ti(xo — x) + g| = & llgll

kel ) x else
are well defined.

14
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Proof. For well definedeness and convergence without rates, as well as the fact that the iterates
remain in B3, see theorem 3 in [18]. Note that conditions (a) or (b) guarantee the existence of
oy according to (67) whenever required for the method. O
Theorem 2. Let the assumptions of proposition 3 be satisfied.
(i) Under a variational inequality (9) we obtain optimal convergence rates
D*(x, x) = 0(871) as 8 — 0. (70)

(ii) Under a variational inequality (11) we obtain optimal convergence rates
2

X0 (4 — 21 = _
DY (x" x,) = O0(fH(O(8) =0 (@1(8)

with © as in (24).

Proof. The stopping index k, (&) according to (68) is finite, since on one hand, the case that
H Ty (xo — x,‘f) + gk || < 0 ||gk |l and therewith x,fH := X can happen at most every second step:
8 s —
X =% = [ Tinr (x0 = xsr) + grot | = llgast | =T llgrnll,

$0 o+ can be chosen as in (67) (with k replaced by k + 1). On the other hand, in steps where
oy is chosen as in (67), the residual norm decreases by a factor of ‘l’f—‘cz which is smaller than
1 by (69):

Ikl = | Te (¥l — x0) + g + F(x1) — F(xp) = Te(x, — )|
<O llgill +cre | F(xl,y) = F(x))|
< (@ +cre) llgell + cre llgrs Il -

E+ th [k/zl
llgell < <18
1 - Ctc

Hence,

for k sufficiently large.
Estimates (34), (36), together with (66), (2), (67), (68), yield

+ th

1 r
B P
o llgrll” + e [,y — x| < <th + > lgell” +axllx™ = xoll”  (72)

for all k < k.(8) — 1, provided x; € B, (xp).
Inserting (34) into (72) and taking into account (69), (66), we get

v+1
2

X i 2v/(v+1
(1 - pe)D™(x', xl,;) < BC (e, ) (L +cie) | F(xd,) = Feeh|)? e (73)
in the case ay is chosen according to (67). Hence, withe < 87!, fork = k. — 1 the discrepancy
principle (68) yields the optimal rate
] BC(e. 5 V) $20/0
Dy(x' ) < 1(_—/;)«1 ) (1+T7))2/(HD g2/ 0
since by the signal to noise ratio assumption 8 < || F(xo) — y°||/T we can exclude the case
x,‘z* = Xo, i.e. the case that o, _; is not chosen according to (67).
In the general case (11) we get, in place of (34), (73), the estimates (48) and

f (“ +eo) | F () - WT)Hz)

D;U (xT’ xlf+l)

D;“ (xT, x,fH) 172

N

15
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respectively. Hence, with k = k, — 1, using (66) and (68) we get
Cs
Co= ———y Dy )
Dy (xt, x})

cs c?s? (C5)>
< =0| ——
Dy (xt, xlé*)l/zf <D;‘,°(xT, x;j)) <Df,°(x7, x;f))

with C := (1 + ¢;¢)(1 + 7) so taking the inverse of ® on both sides, we get
Cc?s? 82

) < <C? :

O-1(Cé) O-1(5)

since C > 1 and ®~! is strictly monotonically increasing. ]

X0 J[ §
Dp (x s X,

Corollary 2. Under the assumptions of propositions 3, 1 with
q=pr=2
we obtain convergence rates (71), with f as in (17).
Remark 3. Note that proposition 1 together with corollaries 1, 2 for p = g = 2 gives a
relation between logarithmic decay of the distance function and logarithmic convergence rates

(see, e.g., [14, 15]), which are particularly important for exponentially ill-posed problems.
For

d(R)=In(R)™ (R > e),

with some N > 0, we get W(R) = m
obtain f(2) = CIn(¥ ') < Cln (L), 5000 = fFWVA < Cln (1) ™ V/x, which
implies for the quotient terms occurring in the convergence rates of corollaries 1 and 2

L I §
e~ 670
for some Cy > 0. Here we have considered only the case of sufficiently large R > 0 which
corresponds with sufficiently small noise levels § > 0.

< 4 hence with € = 2 max{l, c™/?}, we

— [f© ' GNP < I (L)ZN <Cyln (1)”
h o'@®/) 5

5. Two parameter identification examples

In this section, we consider two model problems that have previously been studied in the
Hilbert space setting, e.g, in [5—7, 16, 22], and in the Banach space setting in [18]. Since in
both examples, X and Y will be defined by Lebesgue or Sobolev—Slobodeckij spaces, we first
of all quote some facts on these spaces, see, e.g., [2, 8, 24, 26].

Lemma 1. Let Q C RYI™ pe a smooth domain.

2-convex and P-smooth for1 < P <2

P-convex and 2-smooth  for2 < P < o0.
(b) The duality mapping J, is given by

m)LPan,W%P@nam{

Jy(0) = x5 1x1 P sgn(x) in X = LP (), (74)

Jp(x) = x5~ " (=V(Vx|P72Vx) + x| 7 Tsgn(x))
0

mxezwhﬁg)#gf=oonmL (75)
n
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T, = x5 (A(Ax| P72 Ax) = V(VxIP72Vx) + x| P sgn(x))

mx—w”muﬁf—mwwmwg (76)
N om ’

provided that W>P () is equipped with the norm

/P
lxlw2r @) = (/(IAXIP +|Vx|” + IXIP)dX) .
Q

Proof. Referring to e.g. [2, 8, 24, 26] for (a), and (74), we only show (75), here. If ‘3—2 =0on
0€2, then with x* := J,(x) as claimed in (75), we indeed have

(6", X)xex = / 12 (— V(Y2 V) + [x] P sgnx))x dx
Q

= ||x||§‘P/<|Vx|P+|x|P)dx = llxlI%.
Q
where we have used integration by parts. Assertion (76) can be shown analogously. (|

As a first example, we consider identification of the space-dependent coefficient ¢ in the
elliptic boundary value problem

—Au+cu=f inQ a7
u=0 onadf (78)
from measurements of u in 2 (note that inhomogeneous Dirichlet boundary conditions can be

easily incorporated into the right-hand side f if necessary). Here € RY™ dim € {1, 2, 3}
is assumed to be a smooth bounded domain. The forward operator

F:DF)CX—>Y (79)
and its derivative as well as the Banach space adjoint can be written as
F(o) =A@ f,
F'(c)h = —A(c)"'(h - F(c)), F'(c)*w = —F(c) - (A(e)"'w),
with
A(c) : HH(Q)NHJ(Q) — L* Qg
u — —Au+cu.
It was shown in [18] that for
X =L"Q), Y = L*(Q) (80)
with
dim P 2dimP
P e (1, 00), P>—, R>——1 R> — . (1)
2 P—1 dimP +2P — 2dim
the assumptions on F in theorem 1 and with
2R
P € (1, 00), R € [2, <], ) <P (82)

the assumptions on F in theorem 2 are satisfied. Here, the domain of F is set to
D(F)={ce LP(Q) |3 e L*(Q),¢ >0ae.: |lc — Cllpry <71, (83)
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where 7 < min{1/ [lid|| g} (@) r2rre-v(q) » 1/ lid Il w2knm) @) Lroe-n (g} for some
k € [a,b]1N (1, c0) with
a = max{2dim/(dim + 2), dimR/(dim + 2R)},
b = min{ P, 2dim/ max{0, dim — 2}, R, PR/(P + R)}
and (k < P N R <o0) ork > dim/2
in the first case (81), and to
DF)={cel®Q) |y >=c>=0ae.} (85)

for some y > 0 in the second case (82).
Therewith the benchmark source condition (5) is equivalent to

w =~ —coll] ;" Al — col " sgn(cl — o)) € ¥* = LMD (Q). (86)
Choosing P as small as possible and R as large as possible corresponds to formulating the
inverse problem as weakly ill-posed as possible and therewith obviously also to making the

source condition (86) as weak as possible. Note that indeed the noise level is in practice often
given in the L*> norm. Under conditions (81), we might, e.g., set

(84)

R = o0, P =dim/2 + ¢, k := max{2dim/(dim + 2), P},
for & > 0 arbitrarily small, and under conditions (82)
R = o0, P =2.

This allows for a relaxation as compared to the Hilbert space case P = R = 2.
In the second example we deal with the identification of the space-dependent coefficient
ain
—V(@Vu)=f inQ (87)
u=0 onadQ (88)
from measurements of u, where again Q2 C Rdim, dim € {1, 2, 3} is assumed to be a smooth
bounded domain. Using the differential operator
Ala): HH(Q)NH(Q) — LX)
u — —V(aVu)

we can write the forward operator, its derivative, as well as the Banach space adjoint as

F(a) =A@ f,

F'(a)h = A(a)""(V(hVF (a))), F'(a)*w = —VF(a) - V(A(a) " 'w).
It has been shown in [18] that with

D(F)={a € Xl|a > a} (89)
witha > 0,

X =wh2(Q), Y = L*(Q) (90)
under conditions

. R
Q0 > dim, 0 e (,00), Q>ﬁ’
2dim

RL—— and (R <o0 Vv dim<?2),
max{0, dim — 2}

the assumptions on F in propositions 2, 3, theorems 1, 2, and corollaries 1, 2 are satisfied.
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For this example, the benchmark source condition (5) is equivalent to

Jw e Y* = LRYED(Q): —=VF(@a') - V(A" "'w)

= 11e°115, 5 (= V (Ve |22V +1e%1 sgn(e”), 1)
as well as
aa—e;: = on 02, 92)
for
L =at — a,

which amounts to a transport equation for A(a’)~'w. In the 1D case Q = (0, L), condition

(91) becomes
“—(1e°12-269) 4 12012 son (0
w=-1elgaah ( | 517 ). + N7 oo (e
0 F((,ZT)X (93)

e Y* = LR/(R*I)(Q)’

hence, the benchmark source condition is satisfied if F(a'), is bounded away from zero as
well as

0)=e%L)=0 and % e WHR/ERD(Q), (94)
Here we may, e.g. for arbitrarily small ¢ > 0, set

R = o0, QO=1+¢ ifdim=1, 95)

R=-, Q0=2+¢ ifdim=2, (96)

(IR

with & € (0, 1 — 1/(2 + ¢)] arbitrarily small
R =6, 0 =3+¢ ifdim=3. o7

In the case dim = 1, (94) can be directly compared to the Hilbert space situation Q = R = 2,
see, e.g., [5], and with (95) yields an obvious relaxation. Note that in the higher dimensional
case, the Hilbert space setting requires a higher order Sobolev space, namely H?*(£2) with
s > 1+dim/2 — dim/Q so that H*(Q) is continuously embedded in W' (). The Hilbert
space benchmark source condition with s = 2 therefore becomes

0
—VF(@") - V(A@) 'w) = (A% — Ae’ +¢°)  and aain =A’=0 onaQ,

(where we have used (76) with p = P = 2), which is obviously stronger than (91), (92) with
(96) or (97), since it requires more knowledge on the boundary values of a’ as well as a higher
order of differentiability.

Implementation of the IRGNM in Banach space requires numerical solution of the
minimization problem (3) with a linear operator 7} in each step. If we do so, e.g., by one
of the gradient-type methods devised in [2], we have to apply 7 as well as its Banach space
adjoint (which amounts to solving a linear PDE in our parameter identification examples) and
the duality mappings J,,, J,, J ;‘ -1 = I, !in each inner iteration. While Jp, J, only involve
multiplication (and in example (87), (88) by (75) also differentiation), application of J » Uin
example (87), (88) amounts to solving a PDE with the differential operator given by (75),
which is even nonlinear unless P = p = 2.
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6. Conclusions and remarks

In this paper, we provide convergence rate results for the IRGNM under approximate source
conditions with general index functions including Holder and logarithmic rates. Both a priori
and a posteriori parameter choice strategies are studied.

Possible future research will be on the case of enhanced source conditions corresponding
tov e (1,2] (cf [19, 20] for Tikhonov regularization in Banach space). Moreover, different
regularization terms in place of ||x — xo||” are of interest. Especially sparsity enhancing terms
like the L' norm are not covered by the theory of this paper, since L'(2) is not a uniformly
convex space. For this purpose, new ideas will have to be developed and first of all well
definedeness and convergence without rates will have to be proven (see [18] for the case
of uniformly convex spaces). Like, e.g., in [1] and [17], one might also think of using a
general regularization method (in place of Tikhonov) in each Newton step (e.g. the Landweber
iteration from [24]).
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