The finitary content of sunny nonexpansive retractions
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Abstract

We use techniques of proof mining to extract a uniform rate of metastability (in the sense of Tao)
for the strong convergence of approximants to fixed points of uniformly continuous pseudocontractive
mappings in Banach spaces which are uniformly convex and uniformly smooth, i.e. a slightly restricted
form of the classical result of Reich. This is made possible by the existence of a modulus of uniqueness
specific to uniformly convex Banach spaces and by the arithmetization of the use of the limit superior.
The metastable convergence can thus be proved in a system which has the same provably total
functions as first-order arithmetic and therefore one may interpret the resulting proof in Gédel’s
system T of higher-type functionals. The witness so obtained is then majorized (in the sense of
Howard) in order to produce the final bound, which is shown to be definable in the subsystem
Ti. This piece of information is further used to obtain rates of metastability to results which were
previously only analyzed from the point of view of proof mining in the context of Hilbert spaces, i.e.
the convergence of the iterative schemas of Halpern and Bruck.
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1 Introduction

Let (X, ||-]]) be a real Banach space, C C X be a nonempty bounded closed convex subset and T': C — C
be a nonexpansive mapping. For ¢ € (0,1) and = € C, let z; be the unique fixed point of the strict
contraction

T, :C — C, Ti(y) :=tT(y)+ (1 —t)x.

In 1967, Browder [9] and Halpern [33] independently proved in the case where X is a Hilbert space
that for ¢ — 1, the path (z;) strongly converges and its limit is the fixed point of T which is closest
to x, i.e. Pz, where P : C — Fiz(T) is the metric projection onto Fiz(T). Both proofs for the strong
convergence do not readily generalize even to the class of L? spaces (other than L?).

That the strong convergence does hold in this case was finally shown in 1980, when Reich established
in the celebrated paper [60] that it actually holds in any uniformly smooth space. Moreover, Reich showed
that the limit is Qz, where @ is the unique sunny nonexpansive retraction @ : C' — Fiz(T). This result
has subsequently been extended in many ways including the context of families of operators [1, 2, 3].

The significance of Reich’s theorem is twofold:

e It provides for the first time an algorithmic approach to the construction of sunny nonexpansive
retractions. This aspect is highlighted e.g. in [21, 1].

e Many important iterative algorithms in nonlinear analysis are shown to be strongly convergent by
proving that they asymptotically approach (z;,) (for some suitable sequence (¢,,) C (0, 1) converging
to 1).



We start discussing the first item in more detail. Nonexpansive retractions were first considered by Bruck
in [11], who showed — using Zorn’s lemma — that Fiz(T) is a nonexpansive retract of C, whenever X is
a real reflexive strictly convex Banach space. This result was generalized further in [12], in particular,
to reflexive Banach spaces which have the conditional fixed point property for nonexpansive mappings
which e.g. includes all uniformly smooth spaces. Since metric projections onto closed convex subsets are
nonexpansive only in Hilbert spaces, nonexpansive retractions are, already for L? spaces (again, other
than L?), very different from metric projections and may not even exist although the metric projection
does. For example, Bruck showed in [14] that no real Banach space X with dim X > 3 has a bounded
smooth subset £ C X with nonempty interior which is the range of a nonexpansive retraction @ : X — E
unless X is a Hilbert space.
Retractions Q : C — E C C are called sunny if the property

Vo € OVt >0 (Qr +t(xr — Q) € C — Q(Qz + t(x — Qx)) = Q)

holds. In smooth Banach spaces, for a retraction @) to be nonexpansive and sunny it is necessary and
sufficient for the variational inequality (where j denotes the single-valued normalized duality map)

Vr € CVy € E ((z — Q,j(y — Qz)) <0)

to hold, which in Hilbert spaces characterizes the metric projection. Thus, the relevance of sunny
nonexpansive retractions is that they are in many respects the right substitute for the metric projection
outside Hilbert spaces. From this characterization it follows that there is at most one sunny nonexpansive
retraction @ : C — E in smooth spaces (in [13], Bruck used the term ‘nonexpansive projection’ instead
of the nowadays common name ‘sunny nonexpansive retraction’). If X is even uniformly smooth and
strictly convex and E = Fiz(T) is the fixed point set of a nonexpansive mapping T : C — C, then
the unique sunny nonexpansive retraction @ : C — Fixz(T) necessarily exists [13]. Bruck’s proof is,
however, highly nonconstructive. Reich’s theorem establishes that the sunny nonexpansive retraction
can be obtained as the limit of objects z; which are constructively available (since Banach’s fixed point
theorem is constructive). Our logical analysis of the proofs due to Morales of Reich’s theorem implies
that the pointwise existence of sunny nonexpansive retracts can be carried out in a logically fairly weak
formal system (see Remark 6.6) which is of foundational interest.

As stated in the second item above, the great relevance of Reich’s theorem for algorithmic purposes
can also be seen from the fact that it implies the strong convergence of important iterative algorithms: in
[33], the so-called Halpern iteration (starting from some zy € C' and using u € C' as anchor)

Tn41 = )\n+1u + (1 — )\n+1)Txn

is considered for (A,) C [0,1] and — in Hilbert spaces — shown to converge to Pu for the metric projection
P : C — Fiz(T) under very restrictive conditions on (A,). In a milestone paper [(7], Wittmann generalized
this to much more general sequences (\,,) including for the first time the case A, :=1/(n+1). If T' is
linear and u = xg, then z, coincides (for this choice of (A,)) with the ergodic average n+-1 ST
and so Wittmann’s theorem is a nonlinear generalization of the classical von Neumann mean ergodic
theorem, while remaining strongly convergent (without linearity, the usual ergodic averages are known
to converge only weakly by results due to [6] and [26]). In [62], Wittmann’s theorem is generalized to
uniformly smooth Banach spaces by reducing the strong convergence of (z,,) to that of (x;) and then
applying Reich’s theorem (in fact, [62] considers a somewhat larger class of spaces). For Halpern’s more
restrictive sequences (), this had already been shown in [60].

Reich [60] established his theorem not only for nonexpansive mappings but even for set-valued accretive
operators satisfying the range condition which, in particular, covers the important class of continuous
pseudocontractions, introduced by Browder [3], which extend the class of nonexpansive mappings and
which play a crucial role in the abstract formulation of Cauchy problems. For pseudocontractions one can
no longer use the Halpern iterative schema but has to apply a more complicated schema due to Bruck [15]

Tpy1 = (L= Ap) & + ATy — MO (2, — 1)

for suitable sequences (A,), (6,,) in [0,1]. In [18], it is shown that for Lipschitzian pseudocontractions (a
class which still strictly generalizes the class of nonexpansive mappings and which contains the class of



strict pseudocontractions due to [10]) the strong convergence of the Bruck iteration schema can be shown
using the strong convergence of (x;), i.e. again by reduction to Reich’s theorem.

Furthermore, recently, in [1], a Halpern-type variant of the famous proximal point algorithm was
shown to strongly converge by a similar reduction.

These and many other results point to the paramount significance of this result of Reich. In this
paper, we give for the first time a quantitative account of it. From results of Neumann [56] on the
Halpern iteration and the aforementioned connection with the convergence of (x;) (which was treated
quantitatively in [16]), it follows that even for the case of Hilbert spaces, in fact, already for X := R
and C := [0, 1], there are simple computable mappings T": C' — C for which (z,,) := (xl—ﬁl) with the
anchor point x := 0 does not have a computable rate of convergence. In this situation, the next best
thing one can hope for is an effective so-called rate of metastability — in the sense of Terence Tao [65, (6],
the name having been suggested to him by Jennifer Chayes — i.e. a function © : N x N¥ — N such that

1
(¥) Vk € NVg € NY3IN < O(k, g) Vn,m € [N, N + g(N)] <||xn — T < k;—i—l) ,
where [N, N + g(N)]:={N,N+1,N+2,...,N + g(N)}, whose complexity reflects the computational
content of the original convergence proof from which it is extractable by proof-theoretic methods (see
[10]). Note that (x) provides a quantitative form of

1
Vk € NVg € NY3IN € NVn,m € [N, N + g(N)] (Ilmn — x| < k;+1> ,

which, noneffectively, is equivalent to the ordinary Cauchy property of (z,,). In proof theory, the metastable
version of the original Cauchy statement is known as the Kreisel no-counterexample interpretation [50, 51].
General so-called logical metatheorems due to [39, 27, 40, 23, 46, 31] guarantee the extractability of
explicit effective bounds, in particular of rates of metastability, for large classes of proofs and provide
algorithms for their actual extraction from a given proof based on modern variants and extensions of
Godel’s [30] famous functional (‘Dialectica’) interpretation. Moreover, these bounds only depend on X,
C and T via ‘majorizing’ data (such as moduli of smoothness on X or of uniform continuity of 7" and
norm bounds on the elements of C'). These developments are all part of the research program of ‘proof
mining’, that aims to apply these logical techniques to proofs in a broad range of areas of mainstream
mathematics, such as nonlinear analysis, convex optimization, commutative algebra, ergodic theory or

topological dynamics; the standard introduction to the field is [40], while more recent surveys are [42, 43].
For the Hilbert space case of the problem at hand, such ©’s of low primitive recursive complexity have
already been extracted both for the Browder-Halpern theorem and for Wittmann’s theorem in [11], and

an alternative way of using proof mining to derive these and related results was recently explored in [25].

However, a quantitative analysis of Reich’s generalization to Banach spaces had been a major challenge
of the ‘proof mining’ paradigm for about ten years. The present paper, which for the first time succeeds
in achieving such an analysis, is the technically most complex extraction of a metastability bound for a
strong convergence theorem in analysis which has ever been carried out. The enormous complexity of the
final bound reflects the profound combinatorial and computational content of Reich’s deep theorem.

More specifically, in the present paper, we extract for the first time a rate of metastability for the
convergence of (x;) for uniformly continuous pseudocontractions within the class of Banach spaces which
are uniformly smooth and uniformly convex (which covers all LP spaces for 1 < p < 00). Using quantitative
results extracted already in [40], this also gives the first explicit rate of metastability for the extension
(due to [62]) of Wittmann’s theorem to this class of spaces as well as, using quantitative results from
[49], the first rate of metastability for Bruck’s iteration for this class. All previous results only considered
the class of Hilbert spaces (or geodesic generalizations of Hilbert spaces such as CAT(0) spaces [15] or
CAT(r) spaces for k > 0 [52]). As predicted by general logical metatheorems from [10, 46], the rate of
metastability (in the case where ¢, : =1 — %_H) only depends (in addition to € and g) on a norm bound b
on the elements in C, on moduli 7, n of uniform smoothness and convexity, respectively, of X and on a
modulus 0 of uniform continuity of 7.

Our extraction of © analyzes the proof of Reich’s theorem given in 1990 by Morales [55]. This proof
uses that the continuous convex function

P() = limsup |y, — 2|,
n o0



where (t,) is a sequence in (0, 1) which converges to 1, attains its infimum on the closed convex bounded
set C since X is reflexive, being uniformly smooth. (Reich’s original proof [60] produced the operator F
as the limit of a subsequence, which was shown to be well-defined in [61]; later developments of the idea,
even to this day, generally use a simplification of this by applying a Banach limit to the original sequence —
see, e.g., [17, 16, 64]; to our knowledge, the above definition — lifted from the theory of asymptotic centers
[22] — was first used by Morales in this context and afterwards picked up by few other authors.) The
proof then continues by forming the set of all points on which F' attains its infimum, showing that this
set is invariant under the action of (the resolvent of) T" and thus (the resolvent, and therefore) T has a
fixed point in this set. (The detour via the resolvent is not needed for nonexpansive mappings.) In the
deductive framework to which the known proof-theoretic bound extraction methods apply, it is not clear
how to define F' as an object given as we do not have a term which assigns to a bounded sequence of
reals its limsup (in technical terms this is due to the fact the functional interpretation of having such a
term has no solution by majorizable functionals; only if X would be assumed as separable — which we
have to avoid, however, for general reasons discussed in [10] as this prevents the extraction of uniform
bounds — then using the continuity of F' it would be enough to define F' on a dense sequence and this
could be done in our setting). So we aim to replace the use of F' as an object by

(¥%) Vz € CJa € RT (a = limsup ||z, — 2||?),

n— oo

where ‘a = limsup,,_, ., ||z+, — 2||*” is logically complex, namely it is a so-called II statement.

This makes it difficult to formalize the above arguments in a setting which only allows one to use ().
That is why we add the additional assumption that X is a uniformly convex Banach space which yields
that F' is a uniformly convex function. This is usually used to prove that asymptotic centers are unique
in this class of spaces, and we show that one can construct (by way of Proposition 2.4) a modulus of
uniqueness for the infimum problem stating that — given € > 0 — there is a 6 > 0 such that §-approximate
infima points are e-close to each other (for more details, see e.g. its use in Claims 2 and 3 of the proof
in Section 3). It is then sufficient to consider only d-infima points instead of actual infima points. The
resulting proof can then be shown to be formalizable with the use of arithmetical comprehension which
already guarantees the extractability of a rate of metastability which is definable in the calculus T'+ By 1,
where T is the system of the Hilbert-Godel [34, 30] primitive recursive functionals of finite type and By 1
is the schema of Spector’s [63] bar recursion (of lowest type). We then show that the use of real limsup’s
can be replaced — using a process of arithmetization, see [36] and Remark 4.1 — by that of e-limsup’s
whose existence can be shown using just induction (more precisely, using I1-induction, to which it is
equivalent and which — by Parsons [58] — has a solution in the fragment T} of T').

Since the existence of d-infima of F' also requires only induction, it follows from this that one gets a
rate of metastability which is primitive recursive in the extended sense of T. The analysis of the §-infima
argument shows that T, suffices. When the details of the extraction are all carried out, it turns out that
for the particular instances of that argument used, actually T} suffices, which, therefore, is the complexity
of our final bound. The statement () with this explicit bound provides a finitary version (in the sense
of Tao) of the theorem that (x:) converges to the sunny nonexpansive retraction Qz of x (and so, in
particular, also of the existence of @ itself) since the latter can be derived from () by an elementary
proof. In particular, it follows that only a single instance of I1{-comprehension is needed (or, as seen
from the viewpoint of constructive mathematics and in the presence of I1{-AC%? choice for numbers, only
the X¢ law of excluded middle) to derive the theorem. We believe that our analysis exhibits the explicit
numerical content of the existence proof for (). Only future research will show whether the complexity
class T} is the best possible or whether an ordinary primitive recursive rate © € Ty can be achieved (or
even whether a close examination of our bound might show that it can already be defined in Tj, see
Remark 6.3).

The next section introduces the preliminary notions used to discuss and prove our result, namely on
uniformly convex and uniformly smooth spaces, and on nonexpansive retractions and pseudocontractions.
Highlights include the modulus of convexity for the squared norm of a uniformly convex space — which
has as an immediate consequence the uniform convexity of the function F' discussed above — as well
as the introduction of the resolvent gr of a continuous pseudocontraction T that allows one to use
nonexpansiveness arguments as needed. Section 3 details the way to an intermediate proof of the main
result where the use of F' as an operator has been eliminated and only e-infima of it are needed, which
are made useful by means of the modulus of uniqueness. In Section 4 even this use of F' in the form of



pointwise limsup’s is removed, as they are replaced with approximate limsup’s. Some care must be taken
to ensure that approximate limsup’s may be shown to exist using just induction (Proposition 4.3) and
that they are useful for our purposes (Lemma 4.5). Finally, in Section 5, the higher-order portions of the
witness extraction are carried out, yielding a highly complex, though structured, realizer. In Section 6
this realizer is progressively majorized in order to obtain our goal, namely a rate of metastability. It
is argued there both that this final bound © is expressible in T and that the metastability statement
is a true finitization (again in the sense of T. Tao) of the full form of the original strong convergence
statement. Playing the role of an epilogue, Section 7 presents two completions by means of our result of
proof mining analyses which had only been carried partially (in the sense that a rate of metastability was
produced assuming such a rate for (z;,) be given which so far was known only in the Hilbert space case),
namely the strong convergence of the iterations of B. Halpern and R. E. Bruck.

2 Preliminaries

2.1 Classes of Banach spaces
2.1.1 Uniformly convex spaces

Definition 2.1 (cf. [19, 20]). Let X be a Banach space. We call the function éx : (0,2] — R, defined,
for all e € (0,2], by:

dx(e) := inf{l — x—;—y

H el = llll = 1. = = oll = }

“the” modulus of convexity of X.
The following result shows that this modulus can be obtained in a less strict way.

Proposition 2.2 ([53, p. 60]). Let X be a Banach space. Then, for all € € (0,2],

Tty
2

Jx(c) = inf {1 -

H el < 1.yl < 1, o — o) 2 }

Corollary 2.3. Let X be a Banach space. TFAE:
(a) for alle € (0,2], 6x(g) > 0.

(b) there is an n: (0,2] — (0,1] (called “a” modulus of convexity) such that for all € € (0,2] and all
x,y € X with |z|| <1, |yl <1 and ||z — y|| > € one has that

T+y

H <1-—n(e).

(One can, obviously, for the implication “(a) = (b)”, put, for all €, n(e) := dx(g).) In this case, X is
called uniformly convex.

The following is an application of a recent proof mining result of Ba¢ak and the first author, specifically
[5, Proposition 3.2], itself a quantitative version of a theorem of Zalinescu [70, Theorem 4.1]. We remark
that a similar kind of result (i.e. with a different modulus) may be obtained by adapting an argument
from [69, Section 2] to work with 7 instead of dx. The non-quantitative version may also be found in the
statement of [68, Theorem 2], but the proof given there is highly non-constructive.

Proposition 2.4. Let X be a uniformly convexr Banach space having 1 as a modulus and let b >

for all e € (0,2, :
(min(g,%UQ (i))) e ,(¢
7 (5) 20y

Put,

1
3

Yppn(€) :=min

Then, for all € € (0,2]:



(a) Ypp(e) > 0.
(b) for all z,y € X with ||z|| < b, [|y]| <b, ||z —y| > e, we have that

Tty
2

? 1 1
|+ vnnte) < JlalP + 17

Proof. We may assume that x,y # 0. We seek to apply [5, Proposition 3.2]. We need, then, only to pass
from z to i and from y to ﬁ and then to put r := b, a := ||z||, § := ||y|| and ® to be the squaring
function. To obtain the conclusion, one has to verify that, for an arbitrary r > 0, the squaring function
has on the interval [0, 7] the function € — % as a modulus of uniform convexity, € — 5 as a modulus of
uniform continuity and € ~ £2 as a modulus of uniform increasingness. O

2.1.2 Smooth and uniformly smooth spaces

Definition 2.5. Let X be a Banach space. We define the normalized duality mapping of X to be
the map J : X — 2%, defined, for all x € X, by

J(@) = {a" € X* | 2" (2) = |l=[?, [la"] = ||z}

A Banach space X is called smooth if for any x € X with ||z|| = 1, we have that for any y € X with
[ly]l = 1, the limit
N "
h
exists. This condition has been proven to be equivalent to the fact that the normalized duality mapping
of the space, J : X — 2% is single-valued — and we shall denote its unique section by j : X — X*.
Therefore, for all z € E, j(x)(z) = ||z||* and [|j(x)| = ||=||. Hilbert spaces are smooth, and clearly j(x)(y)
is then simply (y, z), for any z,y in the space. Because of this, we may consider the j to be a generalized
variant of the inner product, sharing some of its nice properties. We shall generally denote, for all spaces
X,all z* € X* and y € X, z*(y) by (y,z*). In addition, the homogeneity of j —i.e. that for all x € X
and t € R, j(tz) = tj(z) — follows immediately from the definition of the duality mapping.

|

h—0

Remark 2.6. These notions of smoothness were introduced in [20], under the name of flattening.
Lemma 2.7 (cf. [59, Lemma 1]). Let X be a smooth space and x,y € X. Then

lz +yl* < [lz[* + 2y, j(x + y))
Proof. We have that

o +yll> = (z+y,j(z+y)
= (z,j(z +y)) +(y,j(z +y))
Iz + yllll=| + (v, j(z +y))

Sl + 1z +91) + (3G + ),

IA

IA

from which the conclusion follows. ]

Definition 2.8 ([53, Definition 1.e.1.(ii)]). Let X be a Banach space. We call the function px : (0,00) —
R, defined, for allt > 0, by

o4yl +lie =yl
o) = sup { BRIy gy =y = o,

“the” modulus of smoothness of X. We remark that for allt, 0 < px(t) < t.
The following characterization is immediate.

Proposition 2.9. Let X be a Banach space. TFAE:



px(t) _ 0.

@ fi 22 =

(b) there is a 7 : (0,00) — (0,00) (called “a” modulus of smoothness) such that for all e > 0 and all
x,y € X with ||z|| =1, ||y|| < 7(¢) one has that

lz+yll+llz —yl < 2+eyll

In this case, X is called uniformly smooth.

Remark 2.10. A uniformly smooth space is smooth, and this condition is equivalent to the limit in (1)
being attained uniformly in the pair of variables (x,y).

Remark 2.11. Unlike in the case of convezity, “the” modulus of smoothness is not “a” modulus of
smoothness.

Proposition 2.12 (cf. [16, Proposition 2.5)). Let X be a uniformly smooth Banach space with modulus
7. Put, for allb >0 and € > 0,

r1(¢) := min(e, 2), r9(b) := max(b, 1), wr(b,€) == 1T217E2€()b) T <2TT12((€1)))) .

Then for allb > 0, ¢ > 0 and all z,y € X with ||z|]] < b and ||y|]| < b, if ||z — y|| < w,(b,e) then
() =iyl < e

In the PhD thesis of Bénilan [7, p. 0.5, Proposition 0.3], it is shown that the norm-to-norm uniform
continuity on bounded subsets of an arbitrary duality selection mapping is in fact equivalent to uniform
smoothness. A more recent proof which uses ideas due to Giles [28] may be found in [48, Appendix A].

2.2 Classes of mappings

In this section, we fix a smooth Banach space X and C C X a closed, convex, nonempty subset.

2.2.1 Nonexpansive mappings and sunny nonexpansive retractions

Definition 2.13. 4 map Q : C — X is called nonexpansive if for all z,y € C, ||Qz — Qy|| < ||z — y||-
Let £ C C' be nonempty.

Definition 2.14. A map Q : C — E is called a retraction if for allx € E, Qx = x.

Definition 2.15. A retraction Q : C — E is called sunny if for all x € C and t > 0,
QQr +t(x — Q) = Qu, if Qu +t(x — Qa) € C.

Proposition 2.16 ([29, Lemma 1.13.1]). Let Q : C — E be a retraction. Then Q is sunny and
nonexpansive if and only if for all x € C and y € E,

(x — Qx,j(y — Qx)) <0.
Proposition 2.17. There is at most one sunny nonexpansive retraction from C to E.

Proof. Let Q1 and Q2 be two such retractions. Let € C. It follows that

(r — Q12,j(Q2x — Q1)) <0
and
(r — Qax,j(Qrr — Q22)) < 0.

Using the homogeneity of j and then summing up, it follows that ||Q22x — Q1z||> < 0 and therefore
Q1$ = QQLC. O



2.2.2 Pseudocontractions

Definition 2.18. Let T : C — C. We call a function 6 : (0,00) — (0,00) a modulus of continuity
for T if for alle > 0 and x,y € C with || — y|| < (), we have that |Tz — Tyl|| < e.

Remark 2.19. A map T : C — C has a modulus of continuity iff it is uniformly continuous.

Definition 2.20 ([8, Definition 1]). A map T : C — C is called a pseudocontraction if for all z,y € C
and t > 0, we have that
tle =yl < [I(t+1)(z —y) = (Tz = Ty)||. (2)

Proposition 2.21. Any nonexpansive map is a pseudocontraction.

Proof. Let T : C'— C be nonexpansive. Let x,y € C and t > 0. We have that

1 1 1 1
(1431wl <] (147) =0 - jTe -1 + FiTs - 791

<[[(1+3) -0 - f@e -1 + I -l

) |z —yll < H(HD (a:—y)—i(Ta:—Ty)H.

Multiplying by ¢, we obtain our conclusion. O
We have the following equivalence.

Proposition 2.22 ([3, Proposition 1]). Let T : C — C. Then T is a pseudocontraction if and only if for
all x,y € C,

(Tz =Ty, j(z —y)) < [lz —y|*.
Definition 2.23 (cf. [32, (2.9)]). Letk € (0,1). AmapT : C — C is called a k-strong pseudocontraction

if for all x,y € C,
(Tz =Ty, j(x —y)) < kllx -yl

Proposition 2.24. Let T : C — C be a continuous pseudocontraction, k € (0,1) and u € C. Define the
map U : C — C, by putting, for allx € C, Uz := kTx + (1 — k)u. Then U is a continuous k-strong
pseudocontraction.

Proof. We have that for all z, Tx = %Ux — %u, so for all z,y,

1 1
L 4L . . < o 2
<ka Uy y)> <z —yl%,

from which our conclusion follows. O

Proposition 2.25. Let k € (0,1) and T : C — C be a continuous k-strong pseudocontraction. Then T
has a unique fized point.

Proof. If 2 and y are fixed points of T, ||z — y||? < k||z — y[|?, so = y. The existence of a fixed point
follows from [54, Proposition 3] and the convexity of C'. O

Definition 2.26. If T : C — C is a pseudocontraction, we define the map fr: C — X, for all x € C,
by fr(x) :=2x — Tx.

Proposition 2.27. Let T : C — C be a continuous pseudocontraction. Then for all y € C there is a
unique x € C such that fr(z) =y.

Proof. Let y € C. Define the map U : C' — C, for all z € C, by Uz := % Then, by Proposition 2.24,

U is a continuous %—strong pseudocontraction. Since we have that for all z € C, fr(z) =y iff Uz = z,

the conclusion follows by applying Proposition 2.25. O



Definition 2.28. If T : C — C is a continuous pseudocontraction, we define the map gr : C — C by
putting, for all y € C, gr(y) to be the unique x € C such that fr(z) =1y.

Notation 2.29. For any function 6 : (0,00) — (0,00) and for any € > 0, put f(c) := min (£,6(%)).
Proposition 2.30. Let T : C — C be a continuous pseudocontraction. Then:

(i) for ally € C, fr(gr(y)) = y;

(i) gr is nonexpansive;

(iii) for allx € C, ||z — grz| < ||z —Tx|;

(iv) gr and T have the same fized points;

(v) if T is uniformly continuous with modulus 0, then for all x € C and all e > 0, with ||z — grz|| < 6(e),
we have that ||z — Tzl <e.

Proof. (i) Immediately, from the definition of gr.

(ii) Let 2,y € C and apply (2) for  — gr(z), y — gr(y) and ¢ — 1 to obtain — using (i) — that

lgrz — gry|| < || frgre — fraryll = ||z =y

(iii) Let € C and apply (2) for z — =z, y — gr(x) and t — 1 to obtain — again, using (i) — that
|z = grzl| < |frz — frgrell = [[frz —z| = |z — Tz|.
(iv) One direction follows from (iii). For the other, let p € C be such that grp = p. Then p = frgrp =
frp=2p—Tp, so pis a fixed point of T

(v) What follows is a quantitative version of the proof of (iv). If ||z—grz| < 0 (%), then ||Tz—Tgrz| < 5.
Therefore, we have that

|z — Tx|| = || frz — 2| = | fre — frgr=|
= |2(x — grx) — (Tx — Tgrz)|
<2||x — grz|| + | Tz — Tgrz||

e €
<2-—+—-=c¢.
S 4+2 €

O

Definition 2.31. If T : C — C is a continuous pseudocontraction, we define the map hy : C — C by
putting hp := T if T is nonexpansive and hrp := gr otherwise.

The map hr is defined purely for our convenience, as we could have used gr regardless of the status
of T, but we want to emphasize that if 7" is nonexpansive, then the use of T is sufficient.

Corollary 2.32. Let T : C — C be a continuous pseudocontraction. Then:
(i) hr is nonexpansive;
(i) for allx € C, ||z — hpz|| < ||z — Tx||;

(iii) if T is uniformly continuous with modulus 0, then for allx € C' and all e > 0, with ||z —hpz|| < 0(c),
we have that ||z — Tzl < ¢;

(iv) hr and T have the same fized points.



3 The proof using limsup’s but only s-infima

The main focus of this paper is the following theorem (here and below N* := {1,2,3,...}).

Theorem 3.1 (cf. [60]). Let X be a Banach space which is uniformly convex with modulus n and
uniformly smooth with modulus 7. Let C C X a closed, convex, nonempty subset. Let b € N* be such that
for ally € C, ||yl < b and the diameter of C is bounded by b. Let T : C — C be a pseudocontraction that
is uniformly continuous with modulus 6 and x € C. For all t € (0,1) put x; to be the unique point in C
such that z; = tTxy + (1 — t)z (which exists by Propositions 2.24 and 2.25). Then for all (t,) C (0,1)
such that nh_)rr;o t, = 1 we have that (z,) is Cauchy.

This theorem was first proven by Reich [60] without the assumption of uniform convexity. The starting
point of our investigations is the proof given by Morales [55], which we shall now illustrate, after giving a
preliminary lemma.

Lemma 3.2. Let (ay,), (by) be two bounded sequences of reals. Then

liminf(a,, — b,) < limsup a,, — limsup b,.
n—oo

n—oo n—oo
Proof. We have that:
lim sup b,, = lim sup(b,, — a,, + a,) < limsup(b, — a,) + limsup a,, = — liminf(a,, — b,,) + limsup a,,.
n—00 n—00 n—00 n—00 n—00 n—00

O

Proof of the theorem. We first show that for all (¢,) € (0,1) such that lim ¢, = 1, there exist a

n—oo

p € Fiz(T) and (ny), strictly increasing, such that (Itnk) — p. Put, for all n, z,, := . Then, for all n,
[2n = Tan || = [[taTen + (1 —tp)z — Tyl = [[(1 = tn)(z — Tan)[| < (1= ta)b,

0 limy, 00 ||@n, — Ty || = 0 and therefore (by Corollary 2.32.(ii)) lim,— oo ||n — A2y || = 0. Define now
F:C— Rt forall z€C, by F(z) := limsup,,_,, ||zn — 2||. Let K be the set of minimizers of F.

Claim. There is a p € K N Fiz(T).
Proof of claim: Since F' is convex and continuous, C' is closed convex bounded nonempty, and X is
uniformly smooth, hence reflexive, we have that K # (. Let y € K and z € C. Then:

F(hry) = limsup ||z, — hry|| < limsup((lzn, — hrea| + [|hren — hryl)

n—oo n— oo

< limsup(||zy, — hrzn|| + |20 —y|)
n—oo

< limsup ||z, — hrx,|| + limsup ||z, — y||

= F(y) < F(2),

so hpy € K. Since K is a closed convex bounded nonempty subset of a uniformly smooth space, and it is
invariant under the action of the nonexpansive mapping hr, we have that there is a p € K N Fiz(hr), so
by Corollary 2.32.(iv), p € K N Fix(T). |

We only sketch the remainder of the proof, since the details that will actually be used shall be given
later. Let € > 0 and put  :=  — p. Using the continuity of j, let u € (0,1) be small enough such that for
any n, (r,j(z, —p)) < e+ {r,j(x, —p— pr)). (Note that p+ pur = (1 — p)p+ px € C.) By Lemma 2.7,
we have that ||z, —p — pr||?> < ||z, — pl|*> + 2(—pr, j(z, — p — pur)). Summing up, we get that

. 1
<T,j($n _p)> <e+ ﬂ(”xn _p||2 - ||.Z‘" —pP— MTHZ)v
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so by Lemma 3.2, liminf,, . (r, j(x, — p)) < e. Since ¢ was chosen arbitrarily and r = z — p, we easily
get that there is an (ny), strictly increasing, such that limsup,_, . (z — p, j(zn, —p)) < 0. We use that T
is a pseudocontraction to derive that for any n,

<xn - xa](xn _p)> = tn<Txn - Tp)](xn _p)> + tn<p - maj(xn _p)>
S tn”wn _p||2 + tn<p - .’E,](l’n _p)>
=tn(Tn — 2, j(2n — D)),

so that (z,, — z,j(z, — p)) <0, which we sum up with the previous inequality to get that (xtnk) — p.
To obtain the convergence of (z;,) for any (suitable, from now on) sequence (¢, ), it is clear that we
need only to show that there is a p such that for any (t,) there is an (ng) such that (z, ) — p. Fix a
canonical sequence, say S, := 1 — #H’ for any m. By the previous argument, we have that there is
an (m;) and a p € Fiz(T) such that (z,, ) — p. Now consider a sequence (t,,). Again, by the above,
there is an (ny) and a ¢ € Fiz(T) such that (z, ) — ¢. What remains to be shown is that p = ¢. Let
e > 0. Put, for all k, z, = 24, . Let ko be big enough such that |k, — gl < €2/4b and that (again, using
the continuity of j) (wx, — x,5(q — p) — j(wx, — p)) < £2/4. Using arguments like before, we get that
(a—2,j(q—p)) <e?/2 and similarly (p — z,j(p — q)) <€?/2,s0 [[p—q| <e. U

It is now clear that the least elementary principles are used in the Claim, where appeal is made
to results of Banach space theory as established in a set-theoretic framework. From the point of a
quantitative analysis the most difficult argument is the proof of K # () using the reflexivity of X. This
can be avoided as follows. In the light of the conclusion of the theorem, it is immediate that the function
F has a unique minimizer, namely the limit of (z;,), so a viable idea would be to get to this uniqueness
in an a priori way. This is where the additional hypothesis of uniform convexity helps us, through
Proposition 2.4, which gives a modulus of uniform convexity for the squared norm — and thus also for F' —
that acts as a modulus of minimizer uniqueness for F' which allows one to show the existence of an actual
minimizer as the limit of approximate minimizers, with this modulus providing a rate of convergence. Let
us see how these concepts come into play.

Second proof of the Claim. We divide this proof into a series of claims.

Claim 1. For all € > 0 there is a y € C such that for all z € C:

e limsup ||z, — y||? < limsup ||z, — z||* + &
n—»00 n—00

e limsup ||, — hry||* <limsup ||z, — z||* + €.
n—oo n—o0

Proof of claim: As before, we have that lim,_, ||z, — hra,|| = 0. Suppose that for all y € C there is
a z € C such that
limsup ||z, — y||* > limsup ||z, — 2||* +¢.
n— 00 n— o0

Let g € C and put K := [g] Put, then, f; := ¢ and recursively for all i € {1,..., K} put f;11 such that
limsup ||z, — fi||* > limsup ||z, — fis1]|® +e.
n—oo n—oo
Therefore,
b > limsup ||z, — f1|* > limsup ||z, — fxy1||* + Ke > Ke > b,
n—oo n—oo

which is a contradiction. Thus, there is a y € C' such that for all z € C

limsup ||z, — y||* < limsup ||z, — 2| + .
n—00 n—00

Now, we have, again as before, that

limsup ||z, — hry|| < limsup ||z, — y||,
n— o0 n— 00

11



so, for all z € C,

limsup ||z, — hryl|* < limsup ||z, — y||* < limsup ||z, — 2|* +e.
n—oo n—oo n—oo

Claim 2. For all € > 0 there is a © € C such that:

e for all z € C, limsup ||z, — u||* < limsup ||z, — z||? + &;
n—oo n—oo

o |u—Tul <e.

Proof of claim: Take 7; := min (6, %djbm(é(a))) > 0. Apply Claim 1 for (¢,,) and n; and put u to be

the resulting y. We have only to show that ||u — hpul| < 6(e), since from that, using Corollary 2.32.(iii),
it follows that |ju — T'u|| < e. Suppose not. Then, for all n,

(zn —u) = (20 — hrw)|| = Ju — hru]| = 6(e),

so, for all n, by Proposition 2.4,

I u + hru
" 2

Then, applying the defining property of u, we get that

2
~ 1 1
+ g (B(E)) < 5len — ul + Sz — hrul®

hru ||? - 1 1
limsup ||z, — ut hru + Pp.y(0(2)) < = limsup ||z, — ul|* + = limsup ||z, — hyul?
n—oo 2 ’ 2 n—00 2 n—00
A 2
< limsup ||z, — <M> +n1,
n— oo 2
which is a contradiction, since 0 < 1y < %%,n(é(&))- |

Again, we only sketch the remainder of this proof. For any m € N*, we fix a u,, such that for all
z € C, limsup,,_, o [|2n — um||* < limsup,,_, [|2n — 2]/ + 1/m and ||ty — Ttm|| < 1/m. We show that
(um) is Cauchy. Let € > 0 and let m, p > [2/4p »(e)]. Assume that ||w,, —up|| > €. Then, for all n, using
Proposition 2.4 as before,

2
U U 1 1
limsup ||z, — <m+p> + . p(e) < = limsup ||z, — wp ||* + = limsup ||z, — u,||?
2
U U 1
< limsup ||z, — (m + p) + S (e),
n—00 2 2
which is a contradiction. It is then immediate that the limit of (u,,) satisfies our requirements. (]

The next principles we can now remove from the proof are the ones that allowed us, for example, to
pass to the limit in the argument above. What we do is to show that the approximate solutions obtained
in Claim 2 are enough for the whole line of argument to go through, by essentially removing any ideal
point that would appear in the course of the proof by an approximate one. This is made possible again
by the use of Proposition 2.4, asserting that two d-infima of F', for sufficiently small ¢, must be e-close.
Also, it is now clear that the resulting proof does no longer use the existence of F' as a function but only
the existence of the individual limsup’s in the form

Vz € C3a € RY (a = limsup ||z, — 2||?).

n—oo

12



As a result of this, the proof may be formalized in a deductive system to which the logical bound extraction
theorems, mentioned in the Introduction, apply — which is not clear if F' would be needed as an object
(see also Remark 3.3 below).

Proof of the theorem using only the aforementioned principles. We presuppose the truth of Claim 2 in the
previous proof, i.e. that for all (¢,) C (0,1) such that lim ¢, =1 and for all ¢ > 0 there is a u € C such
n—oo

that:

e for all z € C, limsup ||z;, — u|? <limsup ||lzy, — 2||* + &;
n— 00 n—oo

o ||[u—Tul <e.

Thus, we shall start the numbering of claims at 3.

Claim 3. For all (¢,,) C (0,1) such that lim ¢, =1 and for all £ > 0 there is a v € C such that:
n—oo
e for all z € C, limsup ||x;, — v||? < limsup ||z, — 2[|® + &;
n— 00 n—oo
e forallt € (0,1), (z; — z,j(x; —v)) <e.
Proof of claim: Take 75 := min (5, %Q/Jb,n (wT ( ,2%))) .
Apply Claim 2 for (¢,,) and 72 and put v to be the resulting w.
We have to show that for all ¢t € (0,1), (x, — z,j(xy —v)) < e. Let t € (0,1) and put § :=

min (772, 6(12?)
|[v" — Tv'|| < 5. We then obtain that
(¢ — 2, j(ze = v")) = (UTw — @), (e — V"))
=t{Tzy — TV, j(xs — V")) + {T0" — v j(xp — V")) + {0 — z, j (2 — V"))
<ty =P+ TV = V[l — || + 0" =2, j (@ =)
< tllzy —V'||2 F (v —x, j(x — V")) + tob
< tay — 0§y —0)) + 0" — 2, j (2 — ")) + b
= t{xy — x,j(xy — V")) + b,

Apply Claim 2 for (¢,) and ¢ and put v’ to be the resulting u, so in particular

from which we get that
b

<
1—¢~

: 3)

(2 — 2, j(ze —0)) <

N ™

Suppose that [[v —v'|| > w, (b, 53), so, for all n,

2

v+ € 1 1
20— T |+ o (wr (b52)) < llen =0l + Sllen =2
Then
/ 2
1 1
limsup |1z, — (*) iy (w0 (b.5)) < 5 timsup ey — o] + 3 limsup [z, — o'

2

< lim sup + 1o,

n—0o0

o v+
" 2

which is a contradiction. So [[v —v'[| < w, (b, 53), i.e. [[(x: —v) — (z¢ — v)[| < w,(b, 53). From that we
obtain

. _ _ . _ !/ < i
7 (e = v) = j(ze = V)l < 5
and - -
<$t—$7j($t_”)_j($t—vl)>S%'b:§~ (4)
From (3) and (4) we derive our conclusion. |

Claim 4. For all (¢,) C (0, 1) such that 1Lm t, =1 and for all € > 0 there is a w € C such that:
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o forall t € (0,1), (x; — z, j(z; —w)) <&

e there exists (ng), strictly increasing, such that lim sup ||xtnk —w|]? <e.
k—o0

Proof of claim: Put g := min (WT(};’;’), i) and 73 := min (%, 24 - %) .

Apply Claim 3 for (¢,) and 13 and put w to be the resulting v. Denote, for all n, x,, := x;, . We have
that, for all n,

: ()

Put ¢ := 2 — w. Since p € (0,1), w + pg = (1 — p)w + pz € C. By Lemma 2.7, we have that

(xn — 2, j(T0 —w)) <

wl| ™

lzn = w = pall* < llwn — wl|* + 2(=p, j (20 — w — pq)). (6)

Since .
_ — —w — = < < —
@ =) = (@0 —w = pug)| = llngll < b < wr (b)),

we have that
. ) €
[J(2n —w) = j(zn —w —pg)|| < e

and so that

From (6) and (7) we get that
(¢,j(xn —w)) <
Applying Lemma 3.2, we obtain that

1
liminf(q, j(z, —w)) < Sy (limsup |z, — wl||* = limsup ||z, —w — uq||2)
n— 00 21 N

3 n— oo n— oo
37 2 373

and therefore that there exists (ny), strictly increasing, such that

. . 2e
lim <Qa.](x’nk - w)> < o
k—o0 3
so in particular, noting also that ¢ = x — w,
. . 2
limsup(x — w, j(zn, —w)) < —.
k—o0 3
Using (5), we derive limsup ||z, — w|? <¢, i.e. our conclusion. |
k— o0

Claim 5. For all € > 0 there is a g € C such that for all (¢,,) C (0,1) with li_>m t, = 1, there exists (ng),
n oo

strictly increasing, such that
limsup ||z:, —g| <e.
k—o0 k

Proof of claim: Put

. 13
= MR S e T 4

._ 1
and, for all m, s,, :=1— P

Apply Claim 4 for (s,,) and 14 and put g to be the resulting w. In particular, there is (m;), strictly

increasing, such that limsup ||zs,, — g||> < na.
=0 !
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Let now (t,,) be chosen arbitrarily such that lim t, = 1. Apply Claim 4 for (¢,) and 14 and put ¢’ to

be the resulting w. In particular, there is (ng), strlctly increasing, such that limsup [|lz;, — ¢'[|* < .
k—oo
We have that for all k,
2
. €
(1, — @ j(2t,, —9)) <ma < EYh

Take a kg sufficiently large such that

|20, —¢'|| <limsup |z, —¢/|| +min [ — 6 ——_ "7
ko k
k—oo

We have that

2 52 82

!
_ < - 4 - - =
e, =91 < 355+ 18 = 21

and that
2
b, £ wr b, =+ 2
L ea) wbs) o
It —9) = (' =9Il = =, gHS 5 + 5 =wr (b5
o)
/ 52
—a)—i(d — < =
i @e,,, —9) =ilg" =9l < 517
Therefore

(9" —2,4(g" = 9)) < (9" =, ,3(9 = 9)) + (0, —2,3(9" = 9))
<b- e, =gl + (@, — i@, —9)
+ (e, il —9) =i, —9)

2 2 2 2
€ € € €
<b-S 44y E o
SUom T T A T R
Similarly, we obtain that
. €
lg—2.jle-9)) = 5
Summing up, we get that (g—¢, j(g9—¢')) < &, 50 [lg—¢'|| < §. Since limsupy, [z, —g'[|* < Ej <<
we have
. . , , e €
limsup [z, — g[| < limsup ||z, —¢'|+lg—9g'| <5+ =¢
k—o0 k—ro0 2 2
i.e. our conclusion. |

Claim 6. For all ¢ > 0 there is an h € C such that for all (¢,) C (0,1) with lim ¢, = 1, we have that
n— oo

limsup ||z, — h|| < e.

n—oo

Proof of claim: Apply Claim 5 for € and put A to be the resulting g. Let now (¢,) be chosen arbitrarily
such that hm t, = 1.

Suppose that hm 1 Sup ||z, — k|| > €. Then there is an n > 0 such that for all N thereisann > N +1

such that |z, — h|| > € +1), so there is an (ng), strictly increasing, such that for all &, [|lz;, —h[l >e+n.
By the defining property of h, we get that there is a (k;), strictly increasing, such that

limsup ||z¢,, — k| <e,
n— o0 ki
so there is an L such that for all [ > L,

I, — bl <&+,

15



which contradicts the defining property of (ng). [ |

Claim 7. For all (¢,) C (0,1) with lim ¢, = 1, we have that the sequence (z;,) is Cauchy.
n—oo

Proof of claim: Denote, for all n, x, := x;,. We want to show that for all € > 0 there is an N such
that for all m,n > N, |z, — xp|| < e. Let € > 0. By applying Claim 6 for £, we obtain an h € C having
the property that there is an IV such that for all n > NV,
E € €
n—h|| <= +-==.
lan—hl < 5+ 5 =1
Take n,m > N. Then

e €
I~ ol < llzn — hll + o — Bl < & 4+ 5 =,
i.e. our conclusion. |
This last claim is exactly our desired statement. [l
Remark 3.3 (for logicians; we use the terminology from [40]). An inspection of the proof of the Cauchy

property and hence of the metastability of (z;,) in this section shows that it can be carried out in the
formal system WE-PA“[X, || - ||,n, Jx,wx, C]+CA,, where WE-PA“[X, || - |I,n, Jx,wx, C] is defined as
in [10, (17.68)] and then augmented by the normalized duality mapping Jx and the modulus of uniform
smoothness wx as in [16]. CA,, denotes the schema of arithmetic comprehension which is needed to
show the existence of limsup ||z;, — y||?>. From the logical metatheorems in [0, 46] and Theorems 11.11

n—oo
and 11.13 in [40] it follows that one can extract a rate of metastability for the Cauchy property of (z, )
which is definable in Godel’s calculus T of primitive recursive functionals of finite type augmented by
Spector’s bar recursion By 1 of lowest type. In the next section we will show that even the use of By 1
can be avoided.

4 The proof using approximate limsup’s

In this section we, in particular, show that the use of limsup’s can be replaced by that of e-limsup’s whose
existence can be established by induction (for logicians: I13-induction). As a result of this, the proof can
even be formalized without arithmetic comprehension and so the extractability of a primitive recursive
(in the sense of Godel’s T') rate of metastability is guaranteed (see Remark 3.3). We also exhibit the
finitary content of the actual use of approximate limsup’s made in the proof.

Remark 4.1. The process of eliminating limsup’s by an arithmetical principle in this section is in line
with [36, Proposition 5.9] where such an arithmetization of the use of limsup’s to T} is shown to be possible
in a certain restrictive deductive context and by [38, Theorem 6.1] it is optimal. In [40, Section 17.9],
the approach is shown to work also within the framework of abstract spaces. In our context, however,
we cannot directly apply these results as the limsup’s are used in the presence of e.g. inductions going
beyond quantifier-free induction. However, as usual in the context of ordinary proofs, the arithmetization
can nevertheless be carried out without problems and we suspect that this could be explained in terms
of logical metatheorems by treating the inductions used as implicative assumptions and using that the
method behind these arithmetizations works for arbitrary (arithmetical) formulas as long as certain
monotonicity conditions are fulfilled (see [37]). Nevertheless, we leave this for future research to clarify.

4.1 The arithmetized version of limits superior

Definition 4.2. Let (ay,) be a sequence of reals and € > 0. A number a € R is called an e-approximate
limsup (or simply an e-limsup) for (a,) if:

o for all n there is an m such that anym > a —€;

e there is a j such that for alll, aj4; < a+e.
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What makes approximate limsup’s suitable for proof mining is that they admit an existence proof
which uses only I13-induction.

Proposition 4.3 (II3-IA). For all b,k € N and for all sequences of reals (a,) contained in the interval
[0,0], there is ap € N with 0 <p <b-(k+ 1) such that k%;l s a k%rl—limsup of (an)-

Proof. Let b, k and (a,) be as in the statement.

Claim. There is a p € N with 0 < p < b- (k + 1) such that it is not the case that for all j there is an [

with a;jq; > i—ﬁ implies that for all j there is an [ with a;4; > £~

B+

Proof of claim: Assume towards a contradiction that the opposite holds, i.e. for all natural numbers
p smaller or equal to b- (k + 1), we have that Q(p) implies Q(p + 1), where Q(p) is the IIJ statement
that for all j there is an [ such that a;1; > %. Since Q(0) holds trivially, we have by I19-induction that
Q(b- (k+1)+1). But that states that for all j there is an [ such that a;; > b, clearly false. |

Take p as in the Claim. Then 0 <p < b- (k+ 1) and:

(i) for all n there is an m such that a,4m, > i%&, SO Apim > 7E7 — k%rl,

(i) there is a j such that for all [, aj; < 25,50 aj4 < 15 + ﬁ,
le. Ay isa k—}H—limsup of (an). O

Remark 4.4. One can even show, as mentioned in the Introduction, that this statement is equivalent
to II%-induction. To do that, we tweak the argument used in the proof of [33, Theorem 6.1], whose
statement affirms that the existence of limsup’s (without function parameters) implies I19-induction, to
also work with rational approximate limsup’s, i.e. in the form given in Proposition 4.3. The limsup
hypothesis is used two times: once in Claims 1-3 and once when it yields X{-induction as the first stage
of a bootstrapping process. The second application does not pose any serious problems, while the first
one is a bit more involved, since the statements of Claims 1-3 must be adjusted. Set, for any k € N*,
L(k) := 4k(k + 1) > 0. One then requires in Claims 2 and 3 from a to be a rational ﬁ—limsup and

a rational ﬁm—limsup of (q!), respectively, while the new Claim 1 states that for any k,p € N* with
p < k and for any rational a € [0, 1] which is a ﬁk)—limsup of (¢!), the following are equivalent:

(i) a= 3~ G

S =

(i) a> 55 + oy
(iii) for all n there is an m > n with f(m) < p.
The proof then goes through.

It is not sufficient that one can prove the existence of approximate limsup’s, we must also show that
they can play the role that is required of them. The following lemma is crucial in this regard, as it proves
that one can extract specific sequence ranks that are needed in a later analysis of a proof, whereas the
values of the approximate limsup’s may be discarded.

Lemma 4.5. Let e > 0. Let (ay,), (bn) and (c,) be sequences of reals and q, ¢' and r be §-limsup’s of
them, respectively. If ¢ <r+ 5 and ¢’ < v+ 5, then for all N there is a k such that anyr < cnyr +€
and by < cyyk €.

Proof. By the definition of the approximate limsup, we have that:
e there is a j such that for all [, a;1; < ¢+ F;
e there is a j' such that for all [, by < ¢' + %;

e for all n there is an m such that ¢, 1., > 7 — §, and in the following we denote this m depending on
n as My,

17



Let N € N. We set k := j + j' + mn4j4,,. Then we have that

€ 3e
AN+k = ON+j+gmy gy S 4T 7 STH 7SOm0 T €= CN4k 6,

and similarly, that by < eyir + €. O
We will be using the following weaker forms of the above lemma.

Corollary 4.6. Let ¢ > 0. Let (a,) and (c,) be sequences of reals and q and r be $-limsup’s of them,
respectively. If ¢ < r+ 5, then for all N there is a k such that anyr < cnyr + €.

Corollary 4.7. Let e > 0. Let (ay), (b,) and (c,) be sequences of reals and q, ¢' and r be §-limsup’s of
them, respectively. If ¢ <r+ 5 and ¢’ <r+ 5, then there is a k such that ap < c, +¢ and by < ¢ +¢.
4.2 Replacing limsup’s by approximate limsup’s

We consider, in this section, o : N — N and v : N — N* such that:

e for all n and all m > a(n), t,, > 1— n%rl;
e forallm, ¢, <1— —L..
7(n)
In the case that for all n, t, =1 — %ﬂ’ we may take, for all n, a(n) :=n and y(n) :==n + 1.

New proof of the theorem. Again, we divide the proof into a series of claims.

Claim I. Let (s,) € (0,1) and € > 0. Then there is a y € C and a ¢ € Q such that ¢ is an §-limsup of
(|l#s, —y|*) and such that for all z € C and r € Q with r being an -limsup of (||z,, — 2[|?), ¢ < r + 5.

Proof of claim: Denote, for all n, z,, := x5,. Assume towards a contradiction that for all y € C and

q € Q with ¢ being an 5-limsup of (||z,, — y||?) there is a z € C and an r € Q such that r is an =-limsup

of (|lzn — 2||*) and 7 < ¢ — 5. Let now z, € C be arbitrary and 71 be an £-limsup of (||z,, — z1[|*). Put,
2

for all n < [%—‘ + 2, zp+1 and r, 41 be the z and the r obtained by applying the assumption to z, and

rn, playing the roles of y and g, respectively. Then, since r; < b + 5, and by the assumption, for each

n < [2”2—‘ + 2, we have that r,41 <7, — §, we get that for all n < [?] +3, 1 <0 — (n—2)5. If we

€

choose n := g—‘ + 3, we obtain that b*> — (n — 2)5 < —£, contradicting the fact that r,, is an £-limsup
of a sequence of nonnegative reals. |
Denote, for all n, x, := z;,. We shall prove the Cauchyness of the sequence in its “metastable”

formulation, namely: for all e > 0 and all g : N — N there is an N such that [[zy — 2nygn)| < €. Let,
therefore, € > 0 and g : N — N. From this point on, we shall use the following notations (where n,c,d € N
and p € C):

e i ) — 2 < 1l
P9 n+ g(n), otherwise.

P .
T = Tsp g(n)

4 2 2

. £ 5 5 €

= —_— b —_— —
va(e) mm{9216b2’w7 < ’96b> ’ 16}

d(e) := min W,

A~




va(e) == %Wy,n (wT (b, pé?))

_ ple)
Ble,e) = 2by(c

)
Q(pa ¢, d, 5) := min {6(0’ 5)7 5(5P79(d)7 5)}
Vl(p7 C, da 8) = %7%, (~(q(pac7 d7 E)))

Claim II. There are w, w’, v, v’ € C and k, k', I, I', h, h' € N such that:

o llzi — wlf? = flox —w = ()@ — w)|%, 5
w w 2v.
it — w2 =l — w' = (o) (@ — w)|? < PG

b

2 2
o llan—wll® = flar = =527, = o) = [lou =232
||$l’ . w/||2 _ Hxl' _ v’_gw/ ’ 7 ||.%'l/ o ’U/||2 _ Hxl, — q/_gw/ < 1/2(5);
’ 2b 8b> .
b h’ h Z @ (lrmax { \/I/l(w7k‘7k’/75), vi(w,k,k' ) }—‘ )’
2
o [lon — 'UH2 _ Ha?h B WH{ llen — ,U/HQ _ Hxh' _ v’-t,-}QITU’ < lll(U’7§1k’,5).

Proof of claim:

A. The construction of w and k.

We apply Claim I for (¢,,) and w := min {%7 vy (5)} We obtain w € C and ¢, € Q such that ¢,

is an %-limsup of (||lz, — w||*) and for all z € C and ¢. € Q with ¢ being an %-limsup of (||z,, — z||?)
we have that g, < ¢, + 5.

By the above applied to z := w + 6(¢)(z — w) and ¢ an %-limsup of (||z, — z[|?), we get after using
Corollary 4.6 that there is a k such that

2k —w||* — ||z —w — d(e)(x —w)||* <u < w.

. The construction of w’ and &'.

We apply Claim I for (tsw,g(n)) and u. We obtain w’ € C' and ¢, € Q such that g, is an §-limsup of
(Jlz2 — w'||?) and for all z € C' and ¢. € Q with ¢, being an %-limsup of (||z% — z[|?) we have that
Qu < ¢z + 3.

By the above applied to z := w’ + 6(¢)(z — w’) and ¢, an %-limsup of (||z¥ — z[|?), we get after using
Corollary 4.6 that there is a k’ such that

s — |~ s — '~ 8(e)a —w)|P? < w < 2AENE

. The construction of v and h.
We apply Claim I for (¢,) and v := min {”l(w’fk’k/@ﬂ@(s)}. We obtain v € C and ¢, € Q such

’ ’
u

-limsup of (||z,, — v||*) and for all z € C and ¢. € Q with ¢. being an “--limsup of

u
4
(Il — 2I|?) we have that g, < ¢, + .

that ¢, is an

By the above applied to z := “*22% and ¢, an “Z/-limsup of (||, —z||?), we get after using Corollary 4.6

that there is an h > « | | max 2b , 8b> . such that
\/u1(w,k7k’75) vy (w,k,k’ &)

v+ hrv 2

2

I < Vl(w> kK, 5)

Th SU >
2

[
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D. The construction of [.

Since g, is a %-limsup of ([lz, — w||?), it is also a VQT(E)—limsup of (||z, — wl|/?). Similarly, ¢, is a

VQT(‘E)—limsup of (|xn — v||?).
Put z := “£% and take ¢. to be a %“’",}—hmsup of (|lxn — 2]?).
Since g is also a %4-limsup of (||z,, — z||?),

(A
< — <
waQz+2qu+ 9

and similarly

12} (E)

Also take note that ¢. is a “2=-limsup of (||z, — z[[?). By Corollary 4.7, we get that there is an I
such that

2
|

2
v+ w

2

v+ w
2

Ty — Ty —

< y(e).

v = wl* =

E. The construction of v' and h'.

We apply Claim I for (¢,  (n)) and u’. We obtain v" € C' and g,» € Q such that g,s is an %—limsup of
(Jlz¥ — v'||?) and for all z € C and ¢, € Q with ¢, being an “Z/—limsup of (||z% — z||?) we have that
Qv < g2+ %

By the above applied to z := % and ¢, an “Z/—hmsup of (JJz¥ — z||?), we get after using

Corollary 4.6 that there is an hj > « <[max { \/ul(jf)k,k/,a)’ o (W§ka,’s) }—D such that

"4 b 2 kL
”x;i;i)_,UIHZ_ l,z}é_v +2 TV _’U/S Vl(wﬂ27 76)'
- 2b 8b>
Put 1/ := sy, 4(hy) > hi > « <max { T k) }) Then
2
||'Th’ i UIHZ My — v+ hpo! < Vl(wak; k/75)
2 - 2 '

F. The construction of {’.

Since ¢y is a 4-limsup of (||z% — w’||?), it is also a ”i&s)—limsup of (||[z¥ — w'||?). Similarly, g, is a

VQT(E)—limsup of (||lz¥ —v'[|?).

Put 2 := Y% and take g, to be a %"’“l}—limsup of (||lz% — 2?).

Since ¢ is also a %-limsup of (||z¥ — z||?),

u va(€)
< — <
waqZ+27qZ+ B

and similarly
va(e)
5
Also take note that ¢, is a VQT(E)—limsup of (||lz¥ — z||?). By Corollary 4.7, we get that there is an [},
such that

v’ < q. +

v+ || o 4w ||
e — w2 = e~ L2 gy -2 oty - ] < e,
Put I’ := s4,4(l(). Then
v 4w 2 o 4w 2
e e e e < vae).
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We are now done. |

Claim III. Let w, w’, v, v' € C and k, k', I, I', h, b’ € N be as in Claim II. If we put N := k’, then
lzn — 2n1gvy|l < e (One notices here that the part of the proof corresponding to this claim will not
need further inspection, as it is enough to obtain a value for &’ in an analysis of Claim II.)

Proof of claim: We will further divide the proof of this claim into sub-claims.

Sub-claim 1. We have that:

v+hrv H2 2
2

9

v+hrv |
2

o llon — vl = |lan — N = hro]2 = [l —

v +hrv' v +hrv’ /
2T 2T < Vl(w7kak ’8)'

i B Nz = ') = |[an -
Proof of sub-claim: First, we remark that:
lzn — Tapll = [[thTxn + (1 = th)z — Tapl| = [(1 = tp) (@ — Tap)|| < b(1 = ta),

so, using Corollary 2.32.(ii),
lzn — hrap|| < b(1 —tg)

and, by Corollary 2.32.(i),
|zn — hov|| < [|hrv — hran|| + [|on — hran|l < |lzn — ol + (1 = th).
Now we may write:

|z — hrol|? < [lop — ]|? + % (1 — t4)* +2b-b(1 — t,)

2
v+ hrv vi(w, k, k', ¢) b? 2b2
< ||zn — D) + B) 152 + 8b2
vi(wkR ) vi(w, kR )
v+hpo|P v(w kKL e)  vi(w kK e)  vi(w, kK €)
< —
< ||z 5 + 5 + 1 + 1
h 2
B xh_v+2 T+ v (w, b, K ).

2
/||2_ % Syl(w7k7kl7g)' n

Similarly, one may show that ||z — hrv Hth —

Sub-claim 2. We have that:
Ihrv = of|, [[hrv” =[] < 0(q(w, k, k' €)).
Proof of sub-claim: Suppose that ||hpv — v > 0(q(w, k, k’,€)). Then

I(en —v) = (@n — hev)|| = lhro — ol = 0(q(w, k, K, €)),

S0
= P Blat ', 2) < Sl = ol + 2~ o
< flon = P L it b ),
which is a contradiction, since v, ,,(0(g(w, k,K',€))) > 0.
Similarly, one shows that ||hrv’ — 0’| < 0(q(w, k, k', €)). |

Sub-claim 3. We have that:
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o (ap—xj(zp —w)), (zf -z, j(zf —w')) <

. . 2
o (zi) —x,j(z)) —w)), (xp —z,j(zx —w')) < &5

Proof of sub-claim: Since ||hrv — v| < 0(q(w, k, k' €)), we have, using Corollary 2.32.(iii), that
|Tv —v|| < g(w,k,k',e). We now compute:

(we — @, j(zr —v)) = (te(Top — x), j(zr —v))
= tp(Tar — Tv, j(zr — v)) + t(Tv — v, j(zK — v)) + te(v — 2, j(zK — )
< tellze —oll* + 1 Tv = vz — vl + tilv — 2, j (21, —v))
< tellze — o+t (v — @, j (@ —v)) + b Tv — ||
< tefwe — v, j(@e —v)) + (v — @, j(zx — v)) + 0| Tv — 0|
= ti(wr — 2, j(zx — v)) + b[|Tv — vl],

from which we obtain

. b
(xr — 2, j(21 — V) < T |Tv — v
—t
b
< . !
S q(w, k. K e)
b b pe) _ ple)
< - B(k = . < —=.
T 11—t Blk,e) 11—t 2by(k) — 2

Suppose now that ||w — v| > w; (b, pz(i))- Then

or =) o1 = o)l = o = o 2 wr (5.5 )

and so

v+ w

A

xry —

2
pe) Lo e Ly e
+ Yoy <wT <b, 2b)>_2||xz oIl + 5l — w]

2
o o ()

which is a contradiction, since (wT (b, péi))) > 0.
Therefore

IN

@ —w) = (@ —v)]| = lw — ol < wr (b, pf)) ,

SO

; , p(e)
15 = w) = gk = v)| < 5

We have then

(z — 2, j(zp —w)) < (zp — 2, (28 — 0)) + (T — 2, j(Th — W) — j(zk —V))
Similarly, taking into account, when needed, that

Q(w7 k, klv 5) < B(Suhg(k/)’ 5)’

we obtain the other three inequalities. |
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Sub-claim 4. We have that:
e, — w]?, [lzg — '] < va(e).

Proof of sub-claim: By Lemma 2.7, we have:
lz —w = d(e)(z — w)|* < [l — w]|* + 2(=d(e) (v — w), j(zx —w = 5(e)(x — w))).

Given that, as before, d(g) € (0,1) and so w + 6(e)(x — w) = (1 — §(e))w + d(¢)z € C, and that

o= 0) = (o = w = 3N~ w)| = 18N e ~ W] < 6(e) -0 < (1,245,

we get that
va(e)
3b

l7(zx = w) = j(zr —w = () (x —w))|| <
Therefore (using the first item in Claim II),

2k — w]? = (zr — w, j(z) — w))
<Az — 2, j (21 —w)) + (& —w, j(zg —w) — jzr —w—6(e)(z —w)))
+ (z —w,j(zr —w—6(e)(z — w)))

va(e) v4(€) 1 2 2
< b- - - —w—9 —
< A5 B s — wl = = w = ()@~ w)])
2uv4(e) 1 2uy(e)d(e)
< . = .
=73 t%e 3 va(e)
In a similar way, using the fact that (z}} — z, j(z}, —w’)) < Z”4T(E), we obtain the other inequality to
be proven. |

Sub-claim 5. We have that ||z — w|| < 5.
Proof of sub-claim: We know that ||z}, — w’'|| < 5—;}. Since

52
w ) — (' —w)|| = |28 — w']| < wy (b, —
e =) = (' =) = fap = '] <r (b 55 ).

we have that

3 (2l — w) = j(w' —w)|| < ——
and so

(' =z, j(w —w)) < (W' =2, j(w —w)) + (2} — 25w —w) - jap —w)

+ (p —x,j(zp —w))

82 52 82 52
<bo—— b =
=96 " 960 o6~ 32

52

Similarly, using x, as the “pivot”, we get that (w — =, j(w — w")) < &5, so

2

. €
(w =, jw - ) < T,
ie. c
!
—w| < =.
o —w') < 5
We can now compute:

e € €
o — wll = llai — w] <z — ' + - v/ < S + 5 =5,
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which is what we wanted. |

It follows immediately, by the definition of x%;, that max{[|zy — w||, |zNten) — w|} < 5. To finish
the proof of the claim, we see that
e €
len = oxegonl < o = wll + langn —wll < 5+ 5 =,
which also finishes the proof of the theorem. ]

5 The extraction of the witness

5.1 The logical analysis of Claim I

The first proposition in this section, Proposition 5.1, is the (partial) functional interpretation of
Proposition 4.3, i.e. of the existence of e-limsup’s using only functionals definable in the fragment
Ty (which only contains the recursor constants Ry and R;) of Godel’s T. This analysis was obtained with
the crucial guidance of the functional interpretation of induction from [58].

We then give in Proposition 5.2 the (partial) functional interpretation of the proof of Claim I, i.e. the
existence of e-infima for approximate limsup’s, by functions definable in T5 (as now also Ry is used). Since
the functional interpretation of the Claim II, which only uses the existence of approximate limsup’s and
plain logic plus elementary arithmetic, can be interpreted already in 77, this guarantees the extractability
of a rate of metastability definable in T5.

In the following we use, for any n,m € N, the notation n - m to denote n —m if n > m and 0
otherwise. We also use the usual conventions when defining higher-order functionals and write e.g.
‘CJUMGb - (k+1) = PUM) instead of ‘J(U,M,b- (k+ 1) = P(U,M))’. Occasionally, we also use the
A-notation A\zq,...,z,.t[x1,...,2,] from functional programming, for a term t[zq,...,z,] depending on
the variables z1,...,z,, to denote the function: (z1,...,z,) — t[z1,...,z5]

Proposition 5.1. Let b,k € N and (a,) be a sequence of reals contained in the interval [0,b]. Define the
following functionals:

WUMO :=n 0.
WUM(n+ 1) :=p Ay UWUMn,y,n).
JUMO :=y 0.

JUM(n+1) :=y M(WUM(b- (k + 1) = n), JUMn,b- (k +1) = n).
the least natural number p <b- (k 4 1) such that
PUM =y @JUM (b (k1) 41+ p)+ WU Mp(JUM (b- (k4 1)+1-p)) > oo

and @M (b-(k+1) = p)+ WUM (p+ 1) (JUM (b-(k+1)=p)) < 77, if there is one,
0, otherwise.

NUM =y WUM(PUM).
TUM =y JUM(b- (k + 1) = PUM).

Then, for all U, M : N¥ x N x N —= N, we have that 0 < PUM <b- (k+ 1) and:

. S~ PUM _ _1_.
(i) anr(NUM,TUM,PUM)+(NUM)(M(NUM,TUM,PUM)) = Erl 1’

y PUM 1
(i) arum+vwUMmTUMPUM) < G517 t T

Proof. We start with the following claim, analogous to the one in the proof of Proposition 4.3.

Claim. There is ap € N with 0 <p <b- (k4 1) such that it is not the case that

p—1

LIUM (b (k1) +1-p)+ WU Mp(JUM (b-(h+1)+1p)) > 7
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implies that
p
kE+1
Proof of claim: Assume towards a contradiction that the opposite holds, i.e. for all natural numbers p
smaller or equal to b- (k + 1), we have that Q(p) implies Q(p + 1), where Q(p) is the statement that

AJUM (b-(k+1)=p)+ WU M (p+1)(JUM (b-(k+1)=p)) =

p—1
AJUM (b-(k+1)4+1=p)+WUMp(JUM (b-(k+1)+1=p)) = il

Since Q(0) holds trivially, we have by induction that Q(b- (k + 1) + 1). But that states that

aJU MO+WUM (b-(k+1)+1)(JUMo) > b,

which clearly is false. |

Take p to be minimal with this property. Then p = PUM, by the definition of the latter, so clearly
0 < PUM <b-(k+1). We prove the remaining conclusions.

(i) Since PUM <b-(k+1)+ 1, we may writeb- (k+1)+1=PUM =(b-(k+1) =~ PUM)+1, so
JUM®b- (k+1)+ 1= PUM) = JUM((b- (k +1) =~ PUM) + 1)

— M(WUM(PUM),JUM(b- (k + 1) = PUM), PUM)
= M(NUM,TUM, PUM)

and
WUM(PUM)(JUM®- (k+1)+1=PUM))=NUM(M(NUM, TUM, PUM)).
Thus,
PUM -1 PUM 1
AM(NUM,TUM,PUM)+(NUM)(M(NUM,TUM,PUM)) > [ = rrl kil
(ii) Since
JUM@O-(k+1)=-PUM)=TUM
and

WUM(PUM + 1)(JUM(b- (k + 1) = PUM)) = WUM(PUM + 1)(TUM)
— UWUM(PUM), TUM, PUM)
= U(NUM,TUM, PUM),

we have that
PUM < PUM 1

< .
I e I
The proof is finished. O

ATUM+U(NUM,TUM,PUM)

The following is a logical analysis of Claim I in the second proof (using approximate limsup’s) of
Theorem 3.1 and uses as an ingredient the functional interpretation of the existence of approximate
limsup’s. Here, and in the remainder of the paper, we shall frequently use numerical indices to refer to
components of tuples.

Proposition 5.2. Let b € N*. Let X be a Banach space, C C X be a set of diameter at most b and
(n) CC. Lete > 0. Let z1 € C be arbitrary. Define the following functionals (where any O denotes a
constant zero function):

(M(,0),U(2,0)) := (0, 0).
(M(Q,z+1),U(Q,z+1)) :=Ap,y, L,m.(Qs5,6(M(Q, ), U(Q, x),p,y, L,m)).
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M(Q) == AL, m, p.(M(Q,1 +1))(p, 21, L, m)).
U(Q) := AL,m,p.(U(Q, I +1))(p, 21, L, m)).
W(0,0) == (M(Q,1),U(R, 1), PT(Q), M(9)), 21, N(T(Q), M()), T[T (), M(2))).
V(2 + 1) = (M(Q, T = (x+1)),U(Q, T = (z+ 1)), Q1 _4(¥(Q, 2))).
In the above, P, N and T are the functionals defined in Proposition 5.1, customized by instantiating their
free parameters with b — b2, kv [2] and (an) = (|2, — 21]|%). We continue to use in the following the

notation k := [%]

Then, for any  there is an i < I such that if we denote
(U,N,p,y, L,m) := ¥(Q, 1)

and

we have that

p € p €
0<p<b (k+1), [[Turrw —yl* = Frl 2 and || Tmin — y)* < Pl 37
and that if
r ) T 13
0<r<b?(k+1), %5 (12 T ) E (T (o Eoii)) — (= r11 2 and || T 5§ By — 1> < rrl 1
then
P T 13

F+l o ktl 2
In order to obtain a true realizer, we now put, for any Q, () to be the least i < I which realizes the

above (in order to define it properly as a functional, we put it to be 0 in the “impossible” case that there
isn’t one, as in the definition of P in Proposition 5.1) and U(Q) to be ¥(Q,i(Q)).

Proof. Assume towards a contradiction that the opposite holds, i.e. there is an 2 such that if we denote
for all x < I, _ B B
(UI—:E) Nl—zapl—;m Yr—z, LI—w; m[—z) = \Ij(Qa J})

and B B
(P12 21—z, Li—gy Mi—g, Uz, N1—5) 1= Q(Y(Q, z)),

then for all z < I, if

Pr— € Pr— €
0<pra <0 (k+1), [|Tu,_o4rrp(urn) — Y12l > k +x1 — 7 T —yr—l” < k +9; t1
then

OS?"[,w §b2(k:+1)a
~ _ _ ~ ~ 2 TI—x €
||xUI—z(7’I—zsz—:cgLIfa:»T’hlfa:)“rl/l—x(Ulfa:(Tlfa:gzlfz’LI—zy"’ﬁlfcc)) A1 I” = k_|_ 1 Z’
_ _ _ 2 o M—= | €
||x7’7~741—z+N171(Tlfzyzlfzylll—zaml—z) ZI*x” < k+1 + 4
and

TI—x Pr—z _ €

E+1 k+1 2

Remark that for all x < I,

(Ur—a, Nr—s) = (¥(Q,2))12 = (M(Q,T — 2),U(Q, ] — ).
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In addition,

pr=PU(Q), M), yr=z, Li

We now derive that for all z < I,

(7‘14, 2z, Zlfam mlfa:)

= NU(Q), M(Q)),

=0 _4(T(Q, )

= (T(Qx+1))3

= (Pr—a—1,Yr—o—1, Li—a—1,mr—z_1)

and

Ulfz(rlfa:; Z[—xy LIfanmIf:r) =

ﬁlfw(plfzfly Yr—a—1, Li—g—1,Mr—z_1)
Qs (U(Q, x4+ 1))
(QT(Q,z+1)))s

=U[—z—1,

together with the corresponding statement ]\71_9;(7“1_30, 21—z, Z,_w, Mi—z) =Nj_z—1. Therefore, what we

know is that for all z < I, if

Pr— PI— £
0 < Pl—z < b2 . (]{;—|—1)7 ||a:u17w+L171(u,71) _yI—wH2 > A _’_j - Z and ||xm1—z+’ﬂ1—m _yI—acH2 < L +x1 +1
then
0<prg1 <b* - (k+1),
2 Pr—z—1 £
||xu17171+L17171(u17171) - yI—o:—lH 2 ki_:l - Z?
Pr—z—1 €
||xml—w—1+n17171 - yI—m—lH2 < E+1 Z
and
Pr—z—1 PIl—=z . E
k+1 E+1 27
We shall now prove by induction that for all z < I,
pI Pr— €
0<pr < b2'(k+1)v ”qufz-i-szz(qum) yr- T” — k +ml 4 and ”zml_ﬁ_m_’ 7y1_£||2 = k +Il +Z'

It remains to show the base case (z

MQ)(N(U(Q), M(Q),

and - similarly -

U@Q)(N(U(Q), M(Q)), T(U(Q), M()), P(U(Q), M(2))) =

we see that what we obtain is that

T(U(Q), M(2)), P(U(2), M(Q)

= 0): we apply Proposition 5.1 for U(2) and M(Q). Using

)

Q)(Lr,mr,pr)
QI+ 1) (pr,yr, Li,mr)

M(
M(
s(M(Q,1),U(, 1), pr.yr, Lr,my)
(
(

5 UlaNI pI7y17Llaml)
5(7(2,0))

Q
Q
Q
ur

1 Pr 1
0< < b2 . k 1 ” wr) — 2 br _ d S 2 _—
<pr< b (k) o rns @ —url”™ 2 277 = g and lompgn, —will” < 227+ 0
Using that == < £, we obtain that
PI pbr £
0 < I < b2 . (k; -+ 1), qu1+L1(uI) - y1||2 > E+1 — Z and mez-i-nl - y1||2 = kr1 + 17
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i.e. what we wanted. The induction case follows immediately by our assumption. Therefore we have that
for all x < I,
Pr-az—1 _ Pr-a ¢
E+1 " k+1 2

SO

bo pr__ ;. ¢
k+1 k+1 2
Since by construction p; < b2 - (k+1) and 0 < k’fﬁl, what we obtain is
€
0<b:—1T1--,
2
contradicting the fact that I = [g—‘ O

5.2 The logical analysis of Claim II

In the sequel, we shall denote by (here x stands for the sequence (z,,))
A(.’L‘, 57 ﬁ? N’p7 y7 L7 T7 Z’ Z? ﬁl/? u’ t)

the statement that (where we write k := [$])

6
0<p<t (k+ 1), [wsrom —ol2> —P— - and [lz —y|2 < 2+ 2
=r= » PutL(w) “k+r1l 4 t “k+1 4
and that if
2 2 T d 9 T 5
0<r <t (k+ 1) egg. b myr i@ty ~ A 2 557 =7 04 10 e im — A7 S o7 7
then
D r )

L < —
k+1_k+1+2

We will also make the parameters (x,,) and € > 0 (though not ) in the ¥ from Proposition 5.2 explicit
in what follows. Thus, Proposition 5.2 states that for any (x,) C C, e > 0, g and f, if we put

(Ma k) = \I/(I,E, (97 f))a

i.e., in particular, w is a 5-tuple — corresponding to ((7, Zv,p, y, L) in the above definition — whereas k is
a number (and also, we add for clarity, g returns a 5-tuple — corresponding to (r, z, L, m,u) — while f
returns a number), then

Az, e,w, g(w, k), k + f(w, k)).

5.2.1 Preparation

In the proposition below, the eight items correspond to the eight inequalities involving the sequence (z,,)
that must be satisfied in Claim II.

Proposition 5.3. Let X be a Banach space, b € N* and C' C X be a set of diameter at most b. Let
(xn) € C. Then there is a ® such that for any VU having the property that for any (y,) C C, 6§ >0, g and

f, if we put
(M, k) = \I/(y> 9, (97 f))

then one has
Aly, 0, w, g(w, k), k + f(w, k)),

we have that for any u, v, g, ¢, f, i’, L, and @, if we put
(wa kawla k/ayay/7 l7 l/a h, h/) = (I)(\I/)(u’ u/72797/a i7 i/a 2 SO)

we have that
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(i) A(z,u,w, go(w, k), k+ folw, k));
(it) Alp(w),u,w’, go(w, k,w', k'), k" + fo(w, k,w', k'));
(111) A(zx, (w k, w k) v, 91(w, k,w' kK v, h),h+ f1(w, k,w' K, v h));

(“}) ( (’LU k ’LU k) QaQQ(w7k/’7M/7k/727l>al+fQ(Qa k7w/7k/727l));
(v) Alz,u,w, go(w, k,w', k' v,0),l + fo(w, k,w', k' v,1));

(vi) Alp(w), v (w, k,w' k"), v, g1 (w, k,w', k', v, h'), W + fi(w, k,w' k' v, h'));
b > (w, k,w' K);

(vii) A(o(w), v (w, k,w', k"), v, gh(w, k,w', k', o' '), I + fo(w, k,w', k', v, 1'));
vitr) A(p(w),u,w’, gh(w, k,w', &', o' 1), I + fo(w, k,w', k', v/, 1)).

2 2
Take notice that:

1. By the discussion at the beginning of this subsection, we already have such a ¥, but its form is not
relevant for this proposition.

2. The exact form of the ® will be given over the course of the proof.

Proof. We shall first derive a purely qualitative version of the above. Namely, let u, u', g, ¢', f, f ,

t, ¢ be given. We will show that there exist w, k, w’, k', v, v/, I, ', h, b/ such that (i)-(viii) hold. It
will then follow, by the functional interpretation, that these objects can be explicitly constructed. The
first step will be to prove the “non-metastable” version of our hypothesis, which we do in the following claim.

Claim. For all (y,) C C and ¢ > 0, there are w and k such that for all z and m,
Ay, d,w, 2,k +m).

Proof of claim: Suppose the opposite, so there are (y,) € C and § > 0 such that for all w and k there
are z and m, such that it is not the case that

Ay, 0,w, 2,k +m).
Put, for any w and k, (g, f)(w, k) to be such a z and m. Then, for all w and k,
-A(y, 6, w, g(w, k), k + f(w, k)).

If we now put (w, k) := ¥(y,9, g, f), we contradict our hypothesis. [ |

If we apply the Claim to (x,u), we get w and k such that for all z and m,
Az, u,w, z,k +m), (8)
from which we get (i). Apply then the Claim to (p(w),u) to get w’ and &’ such that for all z and m,
Alp(w), u,w', 2, k" +m),

from which we get (ii). Now apply the Claim to (z,u (w, k,w’, k")) to get v and hg such that for all z
and m,
Az, o' (w, k,w', k'), v, 2, ho +m). (9)

Put h := hg + t(w, k,w’, k’). Then we have that for all z and m,

Az, v (w, k,w' k'), v, 2, h+m),
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and so we get (iii). Let [ := k + hg. From (9), we have that for all z and m,
Az, v/ (w, k,w', k'), v, 2,1+ m),
from which we get (iv). Similarly, from (8), we have that for all z and m,
Az, u,w, z,1 +m),

from which we get (v). Afterwards, v’, I’ and b’ — and thus (vi), (vii) and (viii) — are obtained in a similar
manner. |

Now we proceed to the construction of ®. Since the above proof used only pure logic and the basic
properties of the operation of addition, it follows by the soundness theorem of the functional interpretation
that ® can be constructed out of just A-terms, 4+ and case distinction. When we shall majorize ® to get
our final bound, the case distinction will disappear, being replaced by the maximum. This is why we do
not need to solve the case distinction further (which we could, by using suitable rational approximations,
in order for the ® to be fully constructive).

For conceptual clarity, we shall split the proof analysis into two distinct parts, the purely logical one
and the “mathematical” one (which uses addition). Define the following functionals:

2(&,8) (9, N(z) = (g(z1-5,26 + £(2)), &' (2) + f(21-5, 26 + £(2)))

(
Solz) =26 &i(z):=u(ria)  &(z):=22 &)=
=E2(,8)(91, 1) (G2, f2) = E(&, &) (92, f2)  (G3. f3) = 5( 2,60) (92, f2)
(@5, 1) =E(&. &) 1) (35 F2)

)
pary
~
—
~—
I
(1]

E(févgé)(géa.fé) ( i/’) é) 25(52750)(927f2)

Claim. There exist w, k, w’, k', v, h, v/, b’ such that

s 9o(w, k), k + fo(w, k));

p(w), u, w', go(w, k, w', k'), k' + fo(w, k, w', k'));

z, 0 (w, k,w' k), v, g1 (w, k,w' K o h), b+ fr(w, kw' K v, B));
z, 0 (w, k,w' k), v, G2 (w, k,w' K v, h), b+ fo(w, kyw' K, v, B));

o(w), v (w, k,w' k'), v, 3 (w, k,w', k', o' B, B+ fi(w, k,w' K o' 7))
o(w), v (w, k,w' k'), v, (w, k,w', k', o' B, W+ fy(w, k,w' K v B);

(

(

(

(

(z,u,w, gs(w, k,w', K, 0, h), k + f3(w, k,w', K, v, h));

(

(

(p(w),u, 0, g(w, k,w', k', 0/, b), K + fy(w, k,w', kK, o', 7).

Proof of claim: Define w, k,w’, k', v, h,v’, i’ in the following way:

), if it is not the case that A(z,u'(q1-4),495,91(q), g6 + fi (@),
), otherwise.

) if it is not the case that A(@(Q1)7 U/(Q1—4)7 g5, gll (g)a qs + f{ (g))a
, otherwise.

)(Q
)(Qa Ay’ (Q))7 Otherw1se.
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(90, Jio)(g), if it is not the case that A(x,u,q1,90(q), 2 + fo(q)),
(g?n f3) (Qa Qo (Q)7 Gy (Qa Qoy! (g)))’ otherwise.

) = V(2, u, (Gu, fuw))-
(W', k') == aw (w, k).
)

= ay(w, k,w', k).

B/) = Ay (Qa kawlv k/)

(Gus fu)(@) = {

We first apply the hypothesis on ¥ to (x, u, (gw, fw)). Since (w, k) = ¥(x, u, (gw, fw)), we have that
Az, u,w, guw(w, k), k + fu(w, k). (10)

Suppose that it is not the case that
Az, u,w, go(w, k), k + fo(w, k)). (11)

Then, by the definition of (gu, fuw), we have that (g, fu)(w, k) = (g0, fo)(w, k), so, by (10), we have that
(11) holds, which is a contradiction. Therefore (11) holds, so (g, fuw)(w, k) = (g3, f3)(w, k,w', k', v, h)
and

Al u,w, g (w, by w', K0, h) b+ fs(w, k,w' K 0, ). (12)
We have thus proven the first and fifth item on our list. The other three pairs of items are proven in the

same way, by applying the hypothesis on ¥ to

(p(w), 1, As.(Guwr s fur)(w, k, 5)),

(p(w), v (w, k,w', k"), As.(gur, for)(w, k,w', k', 5)),

and
(z, 0 (w, b, w', k'), As.(gus fo) (w, k, W', K, 5)),

successively. |

To finish the proof, we need only to use the w, k, w’, k', v, v’ already obtained in the claim and then
to put

hi=h+uwkw k), B :=h+i(wkw, k),
li=k+h, U':=K+N.
Then the items (i)-(viii) follow from the corresponding ones in the claim by a simple verification using
the above definitions and the earlier ones of g, g’ , f and f. O

Remark 5.4. The case distinctions made in defining the various functions in the proof of the claim
above (and also in some proofs below) serve to achieve that the value produced simultaneously satisfies two
requirements. This is reminiscent of the treatment of the logical contraction axiom A — AN A in Gddel’s
functional (‘Dialectica’) interpretation [30]. In the end, when computing the bound we are interested
in by a process of majorization (monotone functional interpretation, see [10]), we can always just take
the maximum of the two values and so the case distinctions are not needed to be computed but serve
to justify why the bound is correct. Alternatively, the correctness of taking the maximum can also be
argued for by using the so-called bounded functional interpretation [24] which globally changes the whole
interpretation whereas we prefer our local verification as this does not require to actually spell out the
general interpretation.

Lemma 5.5. Let b € N*, X be a Banach space, C C X be a set of diameter at most b and (z,) C C.
Assume that there are suitable 0, ¢, §, w, w', ¢, m, n, z, N, T, P, k, U, M such that:

(1) Az, 6, w, gm+ n); A(z,d', wlvg’ m+mn);

(i) 0 <8<6;0<68 <0;
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(iii) z = qo;
(iv) N, T and P are the functionals defined in Proposition 5.1, customized by instantiating their free

parameters with b b2, k [ﬁ—‘ and (an) = (|lzn — 2|1%);

() k= |mtses |

(vi) (U, M), for an arbitrary argument v, has the following value: if it is not the case that

V3 1 V3 1
0<wv3<b® (k+1 = - d —z|? < —
S U3 S ( + )v me+v1(m) Z” “k+1 k+ 1 an ||xv2+v1(m) Z” Skt + ki-i—l’
then (vi(m), m), else if it is not the case that
V3 1
0<wv3 < b2 : (k + 1)7 ||1:w1(v37z7v1,U2)+v1(w1(v3,z,v17'02)) - 2”2 2 E+1 - m

and

2 V3 1
< -
=Tt

Ty 4wz (v3,2,01,02) — 2
then (wa, wy)(vs, z,v1,v2), else (wh,w})(vs, z,v1,v2);
(vii) (q1,43,94) = (P, N,T)(U, M);
(viii) g5 = 0;
(ix) n = NUM(m).
Then we have that
|Zmin = wall® = [@msn — 2|* <& and [|[min — Wi|* = [@min — 2> < 6.

Proof. By the definition of A, we have that

ws ws 0
0<ws <b* (k+1), 1 Zws(0) — wy? > Pl 4 and ||Zpm 4 NUM(m) — wy)? < ) + 1
and that if
PUM ¢
0<PUM<V-(k+1), | T, (PUM, 2, NUMTUM)+(NUM)(wy (PUM,2,NUM,TUM)) — z|? > i1 1
and
||x _ ZH2 < M + é
TUM +ws(PUM,z,NUM,TU M) <3 r1 T
then
w3 PUM ¢
<24
k+1~ k+1 2
The second instance of A shows that
wh o' wh &
0<wy <b - (k+1), [|zu 0 —wil* > kjl — 4 end Tt NUM () — Wi < k+31 +t7
and that if
PUM ¢
0 < PUM < 0% (k4 1), |Zw,(PUMNUMTUM)+(NUM)(w,(PUM,z,NUM,TUM)) — 2]|* > Tl 4
and
. PUM ¥
||$TUM+w;(PUM,z,NUM,TUM) —z||" < ey + 1
then

wy _ PUM ¥

k+1_k+1+2
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By Proposition 5.1 and the condition on (N, T, P), we get that

0< PUM <b*-(k+1),

PUM 1

2
_ > _
||iUM(NUM,TUM,PUM)+(NUM)(M(NUM,TUM,PUM)) 2|I* > E+ 1 Er1

and
PUM 1

2
x | — .
|z rurm+u(NUMTUM,PUM) [ < ] + ol

By the condition on (U, M), if it is not the case that
E PUM 1

> - -

“k+1  k+1

and (14)
PUM 1

2
_ < 27 4=
leruvnumm) — 2)° < ] + R

then (U, M)(NUM, TUM,PUM) = (NUM(m),m). By (13), it follows that (14) holds, contradicting
our assumption. Therefore, indeed, (14) holds. Suppose now that it is not the case that

0< PUM <V (k+1), |@msnNuni(m) — 2|

0<PUM <V - (k+1),
, _ PUM 1
||xw1(PUM,z,NUM,TUM)+(NUM)(w1(PUM,z,NUM,TUM)) - Z|| > 71
E+1 k41
(15)
and
| 2 < PUM 1
x —Z ErE— —_— .
TUM+wo(PUM,z, NUM, TUM) =k +1 k +1

Then (U, M)(NUM,TUM, PUM) = (w2, w1)(PUM, 2z, NUM,TUM). By (13), it follows that (15) holds,
contradicting our assumption. Therefore, indeed, (15) holds. In particular, since 1+ < %

[
PU 1)
0<PUM <b*- (k+1), 1T w, (PUM,2,NUM,TUM)+(NUM)(w, (PUM,2,NUM,TUM)) — z|]? > Il 1
and
" pe UM 6
TUM+ws(PUM,z,NUM,TU M) <3 i1 T

Thus, (U, M)(NUM, TUM,PUM) = (wh,w})(PUM,z, NUM,TUM). Yet again, by (13), it follows
that

PUM 1
0<PUM <V - (k+1 / / — 22> —
S S (k+1), [[Tw; (PUM,z NUMTUM)+(NUM)(w|(PUM,z,NUM,TUM)) — 2||° = k+1l kel
and
|z — z||2 < iM + 1
TUM+w,(PUM,z, NUM,TUM) S%+1l ke

so, since L= < &
) B+l = 4

PUM &
0< PUM <V - (k+1), | Tw! (PUM, 2, NUM,TUM)+(NUM)(w,|(PUM,2,NUMTUM)) — z|? > iy
and
| 2o PUM
x ’ —Z - —.
TUM+wl(PUM,z,NUM,TUM) STl

Therefore, we have that

and




We may now compute:

| Zm+n — w4|\2 = ||»’Um+NUM(m) - w4||2
< ws |9
“k+1 4
PUM 36
<

— k+1 + 4
, 30 1
|Zm+ N M) — 2] +Z+k7+1

IN

ST NUM (M) — z||* 46,

= [|#msn — 2> + 6,

and similarly we obtain _
|Zmtn — wii”2 < Nzman — ZHQ +9,

so we are done. O
The following corollary is simply the instantiation of Lemma 5.5 above for §’ := 4, §:=6and w' == w.
Corollary 5.6. Let b € N*, X be a Banach space, C C X be a set of diameter at most b and (z,) C C.
Assume that there are suitable 0, w, q, m, n, z, N, T, P, k, U, M such that:
(i) A(z,d,w,q,m~+n);
(i) 6 > 0;
(iii) z = qo;
(iv) N, T and P are the functionals defined in Proposition 5.1, customized by instantiating their free
parameters with b b*, k — [$] and (an) — (||an — 2|?);
— [47.
(U) k= ’VS-I;
(vi) (U, M), for an arbitrary argument v, has the following value: if it is not the case that
U3 1 V3 1
0 S V3 S b2 . (k —+ 1), me-i-m(m) — ZH2 2 k‘—l— 1 — k‘—|— 1 and ||xv2+'u1(m) - Z||2 S k T 1 + m,

then (vi(m), m), else (we,wy)(vs, z,v1,v2);
(vii) (q1,43,94) = (P, N, T)(U, M);
(viii) g5 = 0;
(ix) n = NUM(m).
Then we have that
@m0 = wall? = |Zmin — 2] < 0.
5.2.2 The extraction of the quantities in Claim II

We will now show how to prove Claim IT in the second proof of Theorem 3.1 (the one that uses approximate
limsup’s). We use the notations introduced before the statement of that claim.
We will now define u,v’, g,9', f, f', 1, ¢.
I. The definition of v and .
These quantities are defined analogously to the corresponding ones in (the proof of) Claim II. First
put

NN EACLC Y

For the ¢, we just have to extract the point w (i.e. the fourth component) from w and then form
the sequence (z) as before.
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II.

I11.

Iv.

VI

The definition of gg and fj.
Consider some arbitrary (ﬁ, N , D, Y, L,m) for their arguments.

Let z be y + §(e)(z —y) and N, T and P be the functionals defined in Proposition 5.1, customized

by instantiating their free parameters with b+ b, k — [4] and (a,) — (||, — 2[|*). We continue
to use in the following the notation k := [ﬂ. We define (U, M), for an arbitrary argument v, in the

u
following way: if it is not the case that

V3 1
and ”xvz+v1(m) - Z||2 <

1
<ws < b (k1 " T
0<v3 <V (k+1), [|Zmiv,m) — 2| S TS|

“ k41 k+1

then put their value as (v1(m), m), else put it as (N, U)(vs, z,v1,v2). Finally, put the value of go to
be (PUM,z, NUM,TUM,0) and the value of fy to be (NUM)(m).

The definition of g, and f§.
Consider some arbitrary (ﬁ, N,p,y,L,m,U ,N',p,y, L, m') for their arguments.

Let z be y' +6(e)(z — y') and N, T and P be the functionals defined in Proposition 5.1, customized

by instantiating their free parameters with b+ b2, k+— [2] and (a,) — (||z% — z[|*). We continue
to use in the following the notation k := [ﬂ. We define (U, M), for an arbitrary argument v, in the

u
following way: if it is not the case that

(PP g .

2 y L2 U3 1 _—
0<wvs<b”-(k+1), [z 2|7 = vatvr (m) Srrl TErd

m’+v1(m’) - k—|— 1 - k7—|— 1 and ||.’,E

then put their value as (vy(m’),m’), else put it as (]\7', ff')(vg, z,v1,v2). Finally, put the value of g,
to be (PUM, z, NUM,TUM,0) and the value of f} to be (NUM)(m').

The definition of v’ and ¢.
Consider some arbitrary (w, k,w’, k') for their arguments.

Put
k:=k+ fo(w, k) and k' := k' + fo(w, k,w', k).

T T
min{yl(w%kak ’5),V2(€)}

Now put the value of v’ to be
2
and the one of ¢ to be

2b 8b?

V1(w27E7E',€) vi(wo, k, K, €)

(67 max

The definition of ¢g; and f;.

These are defined similarly to (go, fo) and (g(, f}), with the caveat that we need access to (w, k, w’, k)
in order to work with the value v’ (w, k, w’, k') when defining the corresponding N, T and P.

The definition of g, and fs.

These will play a role in the application of Lemma 5.5, so we step carefully through their definition.
Consider some arbitrary ((77 N,p,w,L,m,U,N'.p/,w' L' ,m', U",N",p" v, L", 1) for their arguments.
Let z be ”"’T“’ and N, T and P be the functionals defined in Proposition 5.1, customized by

instantiating their free parameters with b — b2, k [ 4 —‘ and (a,) — (||, — 2||?).

min{u,u (w,k,w’,k")}
—‘. We define (U, M), for

We continue to use in the following the notation k := T (W k)T

an arbitrary argument v, in the following way: if it is not the case that
U3 1

K+l kot

V3 1

0<vs Sb2'(k+1)7 ||'Tm+v1(m)_ZH2Z k1 k1

and ||xv2+'ul(m) - Z||2 <
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then (vi(m),m), else if it is not the case that

H2> V3 1
“k+1 EkE+1

0 S v3 S b2 ’ (k + 1)’ Hxlj(vg,z,vl,v2)+vl(lj(v3,z,v1,v2)) -z

and

_~_7

(s B
“k+1 k+1°

Hxvg+ﬁ(vg,z,1)1,v2) -z

then put their value as (N, ﬁ)(’l}g,Z,’Ul,’Ug), else put it as (Kf”, ﬁ”)(vg,z,vl,vg). Finally, put the
value of g to be (PUM,z, NUM,TUM,0) and the value of fo to be (NUM)(m).

VII. The definition of gj and f.
These are defined similarly to (g1, f1).

VIII. The definition of g4 and f3.
These are defined similarly to (g2, f2).

Now that we have defined u,v’,g,9¢’, f, i’, L, , put

and apply Proposition 5.3.

Claim IT then follows by applying Corollary 5.6 four times and Lemma 5.5 two times, and then
performing some simple computations similar to the ones in the original proof of the claim. The relevant
fact here is that the NV that witnesses the metastability property is equal to

K+ fo(w, k,w' k).

6 The rate of metastability

When one has reached the end of the previous section, one can rightfully say that one is in the possession
of a formula witnessing, for any ¢ and g, the rank corresponding to the metastable reformulation of the
Cauchy property (depending on additional parameters of the problem). It is however not an effective
formula and not uniform at all as it depends on all the data of the problem. However by a process of
majorization one easily obtains a bound (called a rate of metastability in the Introduction) which is both
effective and highly uniform in the sense that it — in addition to € and g — only depends on the norm
bound b and the moduli n, 7, ©, a, and 7 but not on X, C, T, or (t,) themselves. In order to explain
this approach, however, we need to first make a detour into the details of the calculus of functionals in
which our final bound will be expressed.

The system T of Hilbert-Godel, mentioned in the Introduction, is a system of functionals of finite
types. Those finite types are defined inductively in the following way: there is a primitive type of natural
numbers, and if we have two types p and 7, we have a type denoted by p — 7 of functions from elements

of type p to elements of type 7. Therefore, there is e.g. a type of functions f : NN — N, Product types
are not built into the system, but they can be emulated by currying, i.e. the identification of AB*C with
(AB)C. The functionals themselves are given by terms in this system, which are built up inductively by
repeated application of variables and of constants for zero and successor, for basic combinatory operations,
and lastly for recursion over natural numbers.

The crucial notion that we will make use of in the following is the one of majorization, introduced
by Howard [35]. Majorization is a family of binary relations, i.e. on elements of each type p one has a
relation >=,. It is defined inductively and, moreover, hereditarily: for two natural numbers n and m one
has n =y m iff n > m and if f and g are of type p — 7 then f =, g iff for all m, n of type p with
m =, n one has f(m) =, g(n). For example, to any f: N — N, we associate the function f™ : N — N,
defined for any n € N, by

and it is immediate that fM > f — we say of fM that it majorizes or is a majorant for f. Not all
elements of higher types admit a majorant, but all the constants of T do, and by heredity this extends to
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all terms (containing only variable of types NN — N) of 7. As an illustrating example, if f is defined
recursively by a schema like the following (suppressing the type information and ignoring the definitions
of a and g):

f(0):=a
f(n+1):=g(n, f(n))

then if ¢* and g* are majorants for a and g, respectively, it is easy to check that the function f* defined
by

£(0) == a’
J*(n+1) == max(a, g* (n, *(n))

majorizes f, where max between functionals is defined pointwise.

There is one further issue we need to take care of. In order to formalize arguments involving e.g.
Banach spaces, one needs to extend (as was first done in [39]) the type system with a new primitive type
X corresponding to elements of such a space. To any such extended (‘abstract’) type p one can then
associate an ordinary type p simply by replacing all the X’s with N’s. Majorization is then defined in [27]
on each abstract type p as a binary relation between elements of type p and those of type p, as follows:
first we have that for any x € X and n € N, n >x z iff n > ||z|| and then one continues in the same
hereditary manner as on the ordinary types.

As a consequence of all this, if one would majorize all the functionals that play a role into the definition
of the witness obtained earlier, one would get a chance at finding a purely numerical (and thus uniform)
rate of metastability in the sense defined above, after all the case distinctions are removed in favour of
taking the corresponding maximum. This is what we will now proceed to do in a stepwise fashion.

First, we majorize the functionals introduced in Proposition 5.1. Those have three hidden parameters:
the sequence itself, which is only used directly when defining P, and so it completely disappears by
majorization, the k, which we show here explicitly, and the upper bound, which we instantiate with
b2, since that is the greatest possible bound on the sequences for which the approximate limsup’s are
obtained. Since the P is trivially majorized by b?- (k* +1), we omit it, since we can replace it by this value
in its further appearances. Note that only the N* and the T™ will play a role in further developments.

w*U 0 := 0.
WU (n+1) := \y.U (W*U"n,y,n).
JUM*E*0 := 0.
JU*M*k*(n+ 1) :== M*(W*U*(b? - (k* + 1)), J*U*M*k*n*, b - (k* +1)).
N*U*M*k* .= W*U*(b* - (k* +1)).
T*U*M*k* == J*U*M*k*(b? - (k* +1)).
We now do the same for the functionals in Proposition 5.2. Remark the added explicit parameter [*.
We specify that the variables p*, y* and m* are of type N, L* is in N and the fifth and sixth components
of Q* take values in N (this will be relevant for the calibration of the exact level of recursion that is

needed to define these objects). Again, the only functional which we will use later is U*, the rest of them
only serve to define it.

(M*,U*)(27,0) := (0,0).
(M U@ 4 1) = X'y, L m (5, (M*, U@ ), 7,47, L ).
(%) = 2b (z*+1)
(LTI, %) i= AL ™, p (M, U) (@, (%) + 1)(p°, b, L, m")).
B (17, 0,0) 1= ((M*,U7)(QF, 17 (17)),462 - (I + 1),b, (N*, T*) (T, M) (1, 7)) (41" + 3)).
B (00,0 1) i (B (7,20, 0), (M U)(2 (17), 0o (8° (1, 0 2)).
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(17, Q%) = T (1%, QF, T (1)),

where max between tuples is defined coordinatewise.

Now we begin the most intricate portion of the majorization procedure, namely the treatment of the
functions defined in the final part of the previous section. We make some remarks in order to convince
the reader of the plausibility of the solution given below. First of all, since ¢ yields a sequence which is
bounded by b, it is trivially majorized, so we may omit it, like before with the P. In that same vein, we
may omit some parameters if the majorant does not actually depend on them. For example, a majorant
for g{, will now no longer depend on w, and moreover it can be replaced by the same majorant as for go,
provided that w* and k* are replaced in applications by w* and k*. A case distinction may be replaced
by a (pointwise) maximum (the verification is as immediate as for the recursion example given before),
whereas when majorizing small real numbers § > 0 the maximum is, obviously, replaced by a minimum.
For all undefined quantities below, see sub-section 5.2.2, as well as the notations introduced before the
statement of Claim II in Section 4.

4
(N7, THU*M* := (N* T”)U’Al*[uw

P

(U7, M) (w*, k", r) := (max(ri(k*),w; (rs, b, r1,72)), max(k*, wi (rs, b,11,72))).

o) o= (0 ([ 3] 1) o 0 )07 M ). 0N (7 M) K )
}

vi(m,n) = min Uon(0(B(c, ). RH(w", k) = K+ fi(w*, k7).

2 c<max(m,n+gM (n))
1~ ~
u/*(w*’ k*7wl*7k/*) -— min <2Vf(k*(w*,k*),k*(w/*, k/*)),yg(5)> )

2b 8b?
\/yiﬂ(g*@*,k*) T (wr ko)) ViR (k) e (', k)

L*(w*; k*7ﬂl*7 k/*) = aM max
4
u! (’U) k* I k/*) !

4
* * * * * * * *\ . 2
(glvfl)(w 7k vwl ak/ U ah ) T <b <’7u/*(w k’* 1% k./*)—‘ +1> ’b’
(N;aTQ)(w 7k*af/*ak/*)((Uf’Mf)(y*vh*))’

(N;7T2*)(w*,k*,w/*,kl*)U*M* = (N*,T*)U*M* ’V

O,Nf(w*,k*,w”ﬂk’*)((UiZMf)(v*,h*))(h*)) |

4
min (u, u* (w*, k*, w'™ k’*))—‘
(U;»M;)(M*7k*»ﬂ*»l*,ﬁ) = (max(rl(k*)vw;(r37b7 ?"1,’]"2) 02(/’1371)7 7’1,7’2)),
max(k*, wi(rs,b,r1,72),0] (r3,b,71,72))).
4
* * * k* /% k/* * l* = b2 1 b
3w e 1) = (0 (| s )

(N§7T3 )(w 7]{*’&/*7 k/*)((UZ7M2)(w*7k*vy*vl*))707

(N§<7T§)(w*,k*,w,*,kl*)U*M* = (N*,T*)U*M* ’7

Ns‘(w*,k*,w’*,k’*)«U;M;><w*,k*,v*71*>>u*>) .

We now majorize the functionals appearing in the proof of Proposition 5.3. First, we treat the
arithmetical shuffling stage.

2(&,E) (g, f)(z) == (9(x1-5, 6 + &(2)), ' (2) + f(21-5, 26 + E(2)))
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folz) =26  &(z) =" (m1-0)  &ola) =z &(a) =14
EELEGT 1) (35 F5) = E(&e, &)(95, f3) (35, F3) = E(62,£0) (95, f3)
(G55 f2") == (0, &) (g5, f3) (35, F37) = E(&5,€0) (95, f3)
Finally, we may treat the purely logical stage, where taking the maximum replaces the case distinctions.

What we need to take care of is that the instance of (g§, fi) majorizing (g, f§) is applied to its proper
arguments, namely (here) ¢; .

K

e
*
N
Il
o
<
—~
—
N}
= %
)
=%
N
—~
*
S~—
—
R}
o
eyl
N
N
B
S~—
S~—

(95, £3)(

q

} ,As.<g:;,f:><r*,s>) .
(g8, £2)(a") = max(@ F2) (@), (35, F)(@))-

q

Al £3)(2",9))
G FG @),
i) = (2] At e 0).
(G FNG) o= max((gds £3)(a"), @5, FONG 0l (@), @3(a" 0l (6))-
w o= (|1 ).

(w/*, k/*) = a;/(ﬂ*,k*).

As before, one obtains the final bound of
K™+ f(w'™, k™),

which, taking care of the dependencies in the formula just produced, we may denote as

;7,77,7',9,(,!,7 (6’ g)

This, however, is not a rate of metastability in the sense that the notion was defined in the Introduction,
but it may be easily converted into one. We remark that (suppressing the indices) ©" depends on the g
only via ¢™ and, moreover, the only property of g™ that is used is that it is a majorant for g. Therefore,
for any h such that for any n, h(n) < g(n), since then g™ is also a majorant for h, ©’(e, g) is a bound on
the (least) N such that ||zxy — 2x4h(n)l| < €. The uniformity of the bound having been already taken
care of, we may allow the h to depend on the sequence itself, and so

h(n) := arg max ||€n4i — Zn ||
0<i<g(n)
is a valid choice (note that this h can be made constructive by using suitable rational approximations).
We may then simply put

€
@b’"’T’eﬂx’Y(E?g) = @;),W’T,Gaﬁ (5’9)
to obtain our main result, which is expressed as follows.

Theorem 6.1. Let X be a Banach space which is uniformly convex with modulus n and uniformly smooth
with modulus 7. Let C C X a closed, convex, nonempty subset. Let b € N* be such that for all y € C,
lyll < b and the diameter of C is bounded by b. Let T : C — C' be a pseudocontraction that is uniformly
continuous with modulus 6 and x € C. For allt € (0,1) put x; to be the unique point in C such that
xy =tTxs + (1 —t)x. Let (t,) € (0,1), @« : N —= N and v : N — N* be such that:

e for alln and all m > a(n), t, >1— n%i_l;

1
Oforalln,tngl—m.
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Denote, for all n, x, = x,. Then, for alle >0 and g : N = N there is an N < Oy, r0.0,~(€,9) such
that for all m,n € [N,N 4+ g(N)], [|zm — za|| < e.

Thus, we have obtained a rate of metastability which is definable in the subsystem of T' containing
at most type two recursion, which we denote by T5. Note that in order for our bound to be properly
said to be defined in that calculus, one must take care that only natural numbers and functionals thereof
are used in the definition. The most prominent examples of this sort are that one cannot work with an
€ > 0 and must instead use a natural approximation k standing for ¢ := %ﬂ’ and also that the moduli of
convexity, smoothness and continuity must also operate with and return natural numbers having this
interpretation. This is straightforward to arrange (see also the metatheorems in [40, 46] which use the
respective moduli in this form).

A closer look at the bound shows that type two recursion is only used in the definition of (M*,U*)
needed in defining U* because of the argument L* which is in turn used by Q* . The concrete instances
of 2* to which ¥* is applied in the final stage, however, do not depend on that parameter, as it may be
gleamed from a very careful examination. To see this, it is crucial to note that the functionals (U}, M)
do not depend on the fifth components of w*,v* which play the role of L*. (That these functionals
depend neither on the third nor the fourth component of w*,v* is not surprising since these can be easily
majorized in terms of b and b/e for the respective error € which corresponds to the definition of the first
and second components of the g;’s.) Therefore one may replace that recursion by a (simpler) type one
recursion’. Note also that the primitive recursion of e actually only concerns the components 3-6 (the
first two ones have constant values) which are of types N, N, N¥ and N — so that this is a recursion of
type NY. Actually, using again that the Q%_,’s to which this recursion is applied do not depend on the
type NN component \if’g of U*, one can see that in the case at hand it reduces to a recursion of type N.
We also remark, that in the situation at hand, the functional M* (and hence M*) actually is constantly
0 since the respective Qf functionals, namely the fifth components of the g;’s, are 0.

Corollary 6.2. The bound Oy r9.0,~(1/(k+1),g), providing a rate of metastability for the resolvents
of continuous pseudocontractive operators in Banach spaces which are uniformly convex and uniformly
smooth, is definable in Ty as a functional in the parameters b, n, 7, 0, «, v, k, g.

Remark 6.3. A detailed analysis of the structure of our rate of metastability might actually reveal — in
line with Lemma 4 in [57] — that the remaining type-1 recursions (to define N*,T* and U*) are applied
to type-2 functionals which are so simple (w.r.t. their dependence on the function argument) that our
bound could be defined already in Ty. We have to leave this for future research.

Remark 6.4. In the special case where the mapping is nonexpansive and has a fixed point, we may
trivially remove the boundedness condition as follows: let G C X a closed, convex, nonempty subset. Let
U : G — G be nonexpansive with a fized point p and x € G. Let b € N* be such that ||z — p|| < b/2
and ||p|| < b/2. For allt € (0,1) put z; to be the unique point in G such that xy = tUxy + (1 — t)x.
Let (t,,), o, v be as before. Denote, for all n, x,, := x4, . Then, for alle > 0 and g : N — N there is
an N < Opy rid,a~ (€, 9) such that for all m,n € [N,N + g(N)], ||xm — z,|| < e. To see this, put C to
be the intersection of G with the closed ball centred on p with radius b/2. Clearly C is closed, convex
and nonempty. Set T to be U restricted to C, whose image is by nonexpansiveness also in C. Clearly,
the diameter of C is bounded by b, all elements of C are bounded by b and x € C, so we may apply
Theorem 6.1.

We now argue that the quantitative metastability of the sequence (z;,) is indeed a finitization in the
sense of Tao of the following theorem (which is a somewhat restricted form of the main result in [60]).

Theorem 6.5 ([60]). Let X be a Banach space which is uniformly convex and uniformly smooth, C C X
a closed, convex, bounded, nonempty subset, T : C — C be a uniformly continuous pseudocontraction and
x € C. Forallt € (0,1) put x; to be the unique point in C' such that xy = tTxy + (1 — t)x. Then for all
(tn) C(0,1) such that nh_}n;o tn, =1 we have that (z:,) converges to a fized point of T, which we denote by

Qx. In addition, the map @Q : C — Fix(T) thus defined is a sunny nonexpansive retraction (and therefore
the unique such one).

10n the other hand, in the applications of ¥ that were used to obtain the actual realizer, the parameter L played a
nondisposable role in the case distinction, but one can also make the remark that L cannot play another role because in the
proof of Lemma 5.5, the corresponding ‘>’ statements within the A’s were never used.
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For this we now show that the metastability of (x; ) implies in an elementary way the above theorem:
using just logic (and quantifier-free choice from N to N) the metastability of (x;, ) implies that (x¢, ) is
Cauchy, and therefore, since X is complete and C is closed, it is convergent (in the context of reverse
mathematics, the latter fact uses arithmetical comprehension — in fact a single use of I19-comprehension —
to get a fast converging subsequence as required to obtain the actual limit). It is clear that the limit
does not depend on the (t,), so we can unambiguously dub it Qz. For the rest of the proof, we fix a (¢,)
and denote, for all n, x,, := x,. That Qz is a fixed point follows from the continuity of T" and the fact
(proven already in the beginning off Section 3) that

lim |z, — Tz,| =0,
n—0o0

whose trivial proof we recall here:
[#n = Tapl| = [[tnTn + (1 = tn)r — Tan|| = [|(1 = tn)(x — Txn)|| < (1= tn)b.

If x is already a fixed point, then clearly for all n, z,, = z and therefore Qz = x. We have thus shown
that @ is a retraction. To show that @ is sunny and nonexpansive, we seek to apply Proposition 2.16.
Let p € Fiz(T). Then

Tpn—p=t,Txn+ 1 —ty)z—p
= tn(Txn - p) + (1 - tn)(iv *p)
=t (Txy, —Tp) + (1 —t,)(z — p).

Now we reuse parts of the argument from Claim 3 in the last proof from Section 3. We have that

”xn *sz = tn<T$n - Tpaj(ajn 7p)> + (1 - tn)<x 7paj(xn 7p)>
S tn”xn _pH2 + (1 - tn)<x _p?.j(xn _p)>7
SO
2 = pl|* < (& —p, (0 — D))

and therefore, using that j is homogeneous,

(x — T, j(p — zn)) < 0.

By passing to the limit, using the continuity of j, we get that

(z - Qx,j(p—Qx)) <0,
which is what we needed to show.

Remark 6.6 (for logicians; we use the terminology from [10]). As mentioned already, the proof of the
metastability of (z:, ) in Section 4 shows that it can be carried out in the formal system WE-PA“[X] || -
I, 7, Jx,wx, C]. Note that the noneffective definition of the function s, , can easily be avoided by using
suitable rational approximations of ||Z, () — p|| and ||z, — p||. From this, the proof above of the
convergence of (z,) only requires classical logic, a fixed (in the parameters T', z, (t,,) needed to define
(lz¢, 1)) sequence QF-AC®° of instances of QF-AC®9 (in the terminology of reverse mathematics: A%-CA)
and (a single use of) I19-CA. Both QF-AC®% and II{-CA can (with classical logic) be combined into
mY-ACO:0,

Let us now specify the amount of classical logic needed when using the intuitionistically unproblematic
principle AC%?. By applying negative translation to the above proof of the Cauchyness of (x;, ) we obtain
in WE-HA“[X, || - ||, 7, Jx,wx, C]+QF-AC"+M°

Vk € No=3n € NVm,m > n (||ze, — x| < 1/(k+1))
(here M denotes the Markov principle for numbers). Hence,

Y9-DNE: —=3n € NVm € NA,;(n,m) — In € NVm € NA,;(n,m) (Ays quantifier-free)
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(which also covers M?) suffices. Using the closure of WE-HA“ X, || - ||, 1, Jx,wx, C]4+AC*? + $9-LEM
under the rule of £9-DNE (proven similarly as in [17, Section 3]) one can conclude that even (a fixed — in
the parameters mentioned — sequence XV-LEM _ of instances of)

SO-LEM : 3n € NA,p(n) V-3In € NAy(n)

suffices (when added to WE-HA“[X, | - ||, 0, Jx,wx, C]+AC*?) to prove the Cauchyness and — in turn —
the convergence of (x4, ) and the variational inequality (characterizing sunny nonexpansive retractions)
from Proposition 2.16.

7 Applications

The convergence of the resolvents, which form an implicit iteration schema, plays a role in proving the
strong convergence of some explicit iteration schemas designed to compute fixed points of some nonlinear
operators.

One such schema is the Halpern iteration [33]. If T': C'— C is a mapping, =, u € C and (A,) C (0,1),
the Halpern iteration corresponding to this data is the sequence (z,,), defined by:

To =2, Tpy1 = Appru+ (1= A1) Tan.

The convergence of this sequence for nonexpansive self-mappings of closed convex bounded nonempty
subsets C' of uniformly smooth Banach spaces was obtained by Shioji and Takahashi [62] under Wittmann’s
[67] conditions on (),) and analyzed from the point of view of proof mining by the first author and
Leugtean [16], modulo the resolvent convergence. We are now in a position to complete this analysis
under the additional hypothesis that X is uniformly convex.

Theorem 7.1 (cf. [16, Theorem 3.2]). Let X be a Banach space which is uniformly convex with modulus
n and uniformly smooth with modulus 7. Let C' C X a closed, convex, nonempty subset. Let b € N* be
such that for all x € C, ||z|| < b and the diameter of C is bounded by b. Let T : C'— C' be a nonexpansive
mapping and x, u € C. Put 6 := idy and put o and « to be the functions defined, for all n, by a(n) :=n
and y(n) :=n+1. Let (A\,) C (0,1) be such that:

o >y A\ = 0o with rate of divergence [31;
e lim, oo A\p = 0 with rate of convergence Bo;
o > o [ Ant1 — M| < 0o with Cauchy modulus PBs.

Denote by (x,,) the Halpern iteration corresponding to this data. Let X be defined by [16, Theorem 3.2].
Then, for all e € (0,2) and g : N — N there is an N < X(e,wr, ,b,0p,9.7.0,a,v, B1, B2, B3) such that for
allm,n € [N,N + g(N)], ||zm — x| <e.

An explicit iteration schema that is in addition amenable to pseudocontractions is the Bruck iteration
[15]. If T : C — C'is a mapping, € C and (\,), (6,) C (0,1) such that for all n, A, (14 6,,) <1, the
Bruck iteration corresponding to this data is the sequence (z,,), defined by:

xr =, (L‘n+1 = (1 — An)l’n + AnTIn - )\non(mn - :I:)

The convergence of this sequence in some general framework containing the case of Lipschitzian
pseudocontractive self-mappings of closed convex bounded nonempty subsets C' of uniformly convex and
smooth Banach spaces was obtained by Chidume and Zegeye [18] under some conditions on (A,) and (6,,)
and then analyzed from the point of view of proof mining by Koérnlein and the first author [419], again
modulo the resolvent convergence. We now complete their analysis.

Theorem 7.2 (cf. [19, Corollary 2.10]). Let X be a Banach space which is uniformly convex with modulus
n and uniformly smooth with modulus 7. Let C C X a closed, convex, nonempty subset. Let b € N* be
such that for all x € C, ||z|| < b and the diameter of C is bounded by b. Let T : C'— C be a Lipschitzian
pseudocontraction of constant L and x € C. Let (\y,), (6,) C (0,1) satisfy the Chidume-Zegeye conditions.
Denote by (x,) the Bruck iteration corresponding to this data. Let x,h,g" and ¥ be defined as in [19].
Put 0 to be multiplication by L and for all n, y(n) := h(n) + 1. Then, for alle € (0,2) and g: N — N
there is an N < xM (Opy.7.0.xv (5.9)) +¥(e) + 1 such that for allm,n € [N, N+ g(N)], [|&m —zn| < e
and for alll > N, ||x; — Txy|| < e.
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Proof. The only issue that needs additional justification is that y and 7 are the required moduli for the
auxiliary sequence t, = 1/(1 + 6,,) used in the original relative metastability proof. This is shown in the
first lines of the proof of [19, Theorem 2.8]. [

Another application of the rate of metastability extracted in this paper is given in [141], where it is used
to construct a rate of metastability for the strongly convergent Halpern-type Proximal Point Algorithm
in uniformly convex and uniformly smooth Banach spaces from [4].
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