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ABSTRACT. We utilize a proof-theoretically tame approach to the dual of an abstract Banach
space in systems amenable to methods from proof mining, as recently introduced by the author,
to provide similar such systems with accompanying logical metatheorems on the extraction of
uniform quantitative information from proofs pertaining to the theory of monotone set-valued
operators on Banach spaces as introduced by Browder. With that, we finally extend proof
mining methods to this important class of objects which are at the heart of many seminal
results from nonlinear functional analysis and the metatheorems presented here in particular
provide the first logical basis for a range of recent applications of proof mining methods to this
branch of mathematics. Further, we provide a characterization of the extensionality principle
for these operators using the analytical notion of maximality, extending previous analogous
results for accretive operators on Banach spaces and monotone operators on Hilbert spaces,
and with that further illustrate the central importance and special position of extensionality
issues in proof mining applications dealing with set-valued operators.
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1. INTRODUCTION

The quest for describing the computational content and strength of a mathematical theorem
and developing tools to exhibit such content has been and is one of the main driving interests
of proof theory. The program of proof mining, which emerged as a subfield of mathematical
logic in the 1990s through the work of Ulrich Kohlenbach and his collaborators (rooting in
Georg Kreisel’s program of “unwinding of proofs”, see in particular [51, 52]), aims at answering
exactly this question and so is concerned with exhibiting the computational content of a math-
ematical theorem by analyzing its proofs as they are found in the mainstream mathematical
literature using proof-theoretic tools. As such proofs are prima facie noneffective, e.g. involving
full use of classical logic as well as many non-computational principles, this is a highly non-
trivial task. However, relying on a comprehensive theoretical underpinning developed using a
wide range of methods from proof theory like functional interpretations and majorizability, this
research program has been very successful in a wide variety of areas of mathematics, and even
more noticeably so in the area of nonlinear analysis and optimization. We refer to [36] for the
comprehensive monograph on proof mining and its applications until 2008 and we refer to the
survey article [47] for details on the earlier development of proof mining as well as the more
recent survey articles [37, 39] for more current developments.

While the case studies of this research program are presented using the usual mathematical
means of the area of application in question and without any apparent use of logical methods,
they nevertheless all rely on central logical results explaining and governing these extractions.
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These substrata of proof mining, often called logical metatheorems or bound extraction theorems,
utilize a composition of various proof-theoretic devices like negative translations (see e.g. [54]),
Kreisel’s modified realizability [53] or Godel’s functional (Dialectica) interpretation [24] and
their variants to provide both a logical system and a general theorem, the so-called logical
metatheorem, about that system so that

(1) the system tethered to the metatheorem is suitably designed so that it allows for the
formalization of large classes of objects and proofs from the core mathematical literature
of the intended area of application;

(2) the associated logical metatheorem guarantees that for large classes of proofs (e.g. poten-
tially involving a wide range of non-computational ‘ideal principles’ and using classical
logic) carried out in this system, one can extract effective, tame and highly uniform
computational information for the theorem proved thereby.

Even further, the proof of the logical metatheorems provides an algorithm to (in principle)
extract this information from a given proof. Also, the complexity of this extracted informa-
tion will faithfully represent the logical strength of the key principles used in the (formal) proof.

On the basis of these metatheorems, the research program of proof mining has lead to hun-
dreds of new results in the respective areas of application over the last three decades, in partic-
ular substantiating item (1) above that the systems designed in the context of such metatheo-
rems really are practically usable. Examples of such metatheorems can in particular be found
in [21, 23, 25, 35, 36, 46, 55, 56, 65, 66, 69, 72, 73, 84].

As mentioned before, one main focus for the applications in the proof mining program in the
recent years has been on proofs from nonlinear analysis and optimization that utilize so-called
monotone set-valued operators in Hilbert spaces. These operators go back to the fundamental
work of Minty [63, 64] and are today one of the main cornerstones of a modern operator-
theoretic approach to convex analysis on Hilbert spaces as is particularly well illustrated by
the seminal monograph of Bauschke and Combettes [6]. Notable examples of proof mining case
studies concerned with these operators in particular are [38]," providing a low-complexity and
highly uniform rate of asymptotic regularity in the context of Bauschke’s solution [2] to the
zero displacement conjecture, and the many case studies on (variants of) the influential prox-
imal point algorithm (going back to the seminal work of Martinet [62] and Rockafellar [80])
as e.g. treated in [18, 19, 41, 42, 43, 45, 57, 58, 67|, among many others. If one moves down
from Hilbert to Banach spaces, the notion of a monotone operator generalizes in distinct ways
based on the multiple variants of equivalently phrasing monotonicity in the context of Hilbert
spaces. One such generalization leads to the notion of accretive operators which go back to
the seminal work of Kato [30] and are central e.g. to the study of differential equations and
semigroup theory (with a range of proof mining case studies dedicated to this class of opera-
tors already carried out, where we in particular want to mention the works [22, 44, 49, 68, 75]
besides some of the papers on the proximal point algorithm mentioned before that are actually
phrased in terms of these accretive operators). The other central avenue for generalizing the
concept of monotonicity leads to the notion of a monotone operator in Banach spaces in the
sense of Browder [14, 15] which are central e.g. to many parts of convex analysis over Banach
spaces.

'We refer to [48] for a discussion of the logical details of this proof mining application and to [85, 86] for
further extensions of that work.
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While the accretive operators on Banach spaces and the monotone operators on Hilbert
spaces have previously received a logical treatment in terms of associated metatheorems in the
style of proof mining in [72], thereby providing the first logical footing for all of the previously
mentioned case studies, the monotone operators on Banach spaces in the sense of Browder have
so far remained elusive from such a treatment, which is in particular due to the heavy use made
in their theory of the dual of the associated Banach space, an object that itself evaded any type
of proof-theoretically tame® treatment in the style of proof mining until it was recently treated
in [73].

It is now the aim of this paper to provide such a treatment in the style of proof mining
for the monotone operators on Banach spaces in the sense of Browder by defining associated
formal systems and proving a corresponding logical metatheorem, and in that way paving the
way for many further applications of methods from proof mining to this central area of modern
convex analysis on Banach spaces. This is achieved by carefully combining and extending the
ideas of the systems presented in [72] for the treatment of monotone operators in Hilbert spaces
with those presented in [73] for the treatment of the dual of a Banach space. In that way, the
present paper also further elucidates the naturalness and applicability of the methods devel-
oped in the above mentioned papers to treat set-valued operators of various types as well as
to treat the dual of a Banach space and that these approaches are indeed as flexible as hoped for.

Besides treating these operators, this paper also provides a proof-theoretic treatment of other
central surrounding objects that are crucial for developing their theory, like in particular the
so-called resolvents of such operators defined relative to a convex function f as first considered
in the seminal work of Eckstein [20] in the context of finite-dimensional spaces and then high-
lighted as a central tool of monotone operators in general Banach spaces in particular in the
work of Bauschke, Borwein and Combettes [5]. These resolvents can then in particular be used
for a characterization of maximally monotone operators similar as in Minty’s theorem which
will be crucial for the systems devised in this paper for these operator. Further, they also are
the essential objects for many central applications of these operators to convex analysis like
in approaches to iterative methods used in mathematical programming. In that way, to illus-
trate the usability of the defined systems for these objects, we show that the main properties
of the operator and the associated relativized resolvents are provable therein. Also, we show
that the equivalence between maximality of the operator and extensionality, which was one
of the central theoretical results established in [72] for monotone operators on Hilbert spaces
and which illustrates some theoretical limitations of such systems, extends to these new objects.

The applicability of the systems defined in the present paper is then in particular confirmed
from the practical perspective through the recent new case studies given in [71, 76],® situated
in the area of convex analysis on Banach spaces. However, we expect that these metatheorems
allow for many further new case studies to be carried out in the areas discussed above and
for that, we want to also in particular mention the works [1, 3, 7, 13, 16, 17, 29, 50, 83,

>The notion of proof-theoretic tameness is here understood in the sense of [40], i.e. referring to the fact that
although an area of mathematics could be subject to well-known Godelian phenomena, they nevertheless “seem
to be tame in the sense of allowing for the extraction of bounds of rather low complexity” (as phrased in [40]).
We refer also to [59, 60] for further discussions of these types of phenomenas and their implications for logic
and mathematics.

3We also want to note the work [70] here where the formal treatment of monotone operators on Banach
spaces presented here was instrumental for introducing novel analogous notions in a nonlinear setting.
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90] as promising future applications since, by inspection of the proofs, they also seem to be
formalizable in (suitable extensions of) the systems introduced here.

2. LOGICAL AND MATHEMATICAL PRELIMINARIES

In this section, we briefly survey both the mathematical and logical objects and results that
will play a key role in developing the new formal systems of this paper.

2.1. Monotone operators on Banach spaces and relativized resolvents. We begin by
discussing the (very minimal) mathematical background of the theory of monotone operators
in Banach spaces as well as of related objects relevant for this paper. Further definitions will
be given throughout the sections as needed and we refer to the standard works [79, 81, 89] for
further results and references.

2.1.1. A primer on convex analysis. Throughout, if not specified otherwise, let X be a Banach

space with norm ||-|| and dual space X* with the associated dual norm (also denoted by) |||,
defined via
2| := sup <z, 2%),
(B

for x* € X*, where we write (z, z*) for the function value of z* applied to x € X.

Let f: X — (—o0,400] be a given function with extended real values. In the following, we
will always at least assume three properties for f:

(1) f is proper, i.e.
domf :={re X | f(x) < +0} # &,

(2) f is lower-semicontinuous, i.e.
Vo e domfYy < f(x)3d > 0Vz € Bs(z) (f(2) > v),
(3) f is convex, i.e.
Vo,y e domfVAe [0,1](f Az + (1= N)y) < Af(z)+ (1 =X) f(y)).

Crucial to the study of convex functions in nonlinear analysis and optimization is the use of
so-called subgradients.

Definition 2.1 (Subdifferential). Let x € intdomf, where intdomf denotes the interior of
domf. We define df(x), the subdifferential of f at z, via

Of (x) :={a* e X*| f(z) + {y — x,2*) < f(y) for all y € X}.

A subgradient of f at z, i.e. a point z* € df(x), can in many places be substituted for a
gradient of the function when it is not differentiable. In this work however, the focus will be
on convex functions which are actually differentiable in the following ways:

Definition 2.2 (Gateaux and Fréchet differentiability). The function f is called Gateaux
differentiable at x € intdom f if there exists a V fx € X™* such that

flz +th) — f(z)
t
for any h € X. The function f is called Fréchet differentiable at x € intdomf if there exists a

V fx e X* such that
i Wz 0~ F@) — (b 9 f0]
Ial—0 jal

(h,Vfx) = lirgl
0+

0.
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The function f is called Fréchet (or Gateaux) differentiable on a set D < X if it is Fréchet (or
Gateaux) differentiable at every point € D and f is called uniformly Fréchet differentiable on
D if the above limit is attained uniformly in z € D.

Crucial for a formal approach to such derivatives later on will be an equivalent characteri-
zation of Gateaux and Fréchet derivatives presented in the following proposition that does not
rely on the use of limits per se.

Proposition 2.3 (see e.g. [89]). Let z € intdomf. Then, the following are equivalent:

(1) f is Fréchet (respectively Gateaux) differentiable at x.
(2) There exists a selection of Of that is norm-to-norm (respectively norm-to-weak) contin-
uous at x.

Further, it holds that if f is Gateaux differentiable at x, then 0f(z) = {V f(x)}.

Further, also the uniform Fréchet differentiability connects to a continuity property of the
gradient:

Proposition 2.4 (essentially [77]). If f is uniformly Fréchet differentiable on bounded sets and
Vf is bounded on bounded sets, then V f is uniformly norm-to-norm continuous on bounded
sets.

The main object for the duality theory of a convex function f in Banach spaces is the Fenchel
conjugate f*: X* — (—o0, + 0], concretely defined by

[t = sup (2, 2%) = f(2)) .

Crucial for a formal treatment of this derived object later on will be the following result that
characterizes when f* is bounded on bounded sets.

Proposition 2.5 (see e.g. [4]). Call f supercoercive if

LACO RS
e —+eo |||

Then, the following are equivalent:

(1) f is supercoercive.

(2) f* is bounded on bounded subsets.
In particular, both imply that domf* = X*.

We now introduce the main class of functions considered in this paper, first in the way as it

is commonly introduced in the convex analysis literature:

Definition 2.6 ([4]). A function f is called:

(1) essentially smooth if df is locally bounded and single-valued on its domain,

(2) essentially strictly convex if (0f)~! is locally bounded and f is strictly convex on every
convex subset of domdf,

(3) Legendre if it is both essentially smooth and essentially strictly convex.

Over reflexive spaces, the class of Legendre functions can be equivalently recognized via a
particularly nice differentiability property for both f and its conjugate f* which serves as the
central definition of this class of functions in this paper.

Proposition 2.7 ([4]). If X is reflezive, then f is Legendre if, and only if both

(1) It holds that intdom f # &, that f is Gateauz differentiable on intdomf, and domV f =
intdom f.
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(2) It holds that intdom f* # &, that f* is Gateaux differentiable on intdom f*, and domV f*
intdom f*.

Also crucial for the study of such functions and related objects, in particular regarding
analytical aspects of associated iterations, is the notion of the Bregman distance Dy : domf x
intdomf — [0, +00) as introduced in the seminal work [13] and which is defined by

Dy(z,y) = f(x) = fy) =<z =y, V(y))
Dual to this distance notion is the function Wy : domf x domf* — [0, +00) defined by

Wiz, z%) = f(x) = (z,2%) + f*(27).
For this function, we will rely later on a few further properties: If f is Legendre and if X is
reflexive, one in particular has that

Wiz, Vf(y)) = Ds(,y)

for all x € domf and y € intdomf as well as that W, is convex in its right argument and
satisfies the inequality

Wiz, z%) < Wy(z,z* +y*) = (VfH(@7) —z,y%)
for any x € domf and any z*,y* € domf* (see [61]).

2.1.2. Monotone operators, mazimality and relativized resolvents. We now introduce one of
the two main objects of concern for this paper, the so-called monotone set-valued operators.
Operator-theoretic monotonicity arose in the 1960’s with the work of Minty [63, 64] as a crucial
concept in the context of convex analysis on Hilbert spaces. Minty’s notion was subsequently
extended to Banach space by Browder [14, 15], where the use of the inner product in the
characterizing condition was replaced by the use of functionals from the dual space, and it
has since then become one the prime notions in convex analysis on Banach spaces (recall the
discussion in the introduction).

Definition 2.8 ([14, 15]). Let A : X — 2% be a set-valued operator. The operator A is called
monotone if
(x —y, " —y*) =0
for all (z,z*), (y,y*) € A.
Further, A is called maximally monotone if its graph is not strictly contained in the graph
of another monotone operator.

Monotone operators are generally studied through the use of a certain derived object called
the resolvent which in the case of a set-valued monotone operator A : X — 2% on a Hilbert
space X commonly takes the form of

Resy := (Id + A)~*.

In the context of monotone operators A : X — 2X* on Banach spaces X, where the image
space makes crucial use of the dual X* of X, one is lead to replacing the use of the identity in
the above definition by a suitable function mapping from X to X*. In the context of smooth
Banach spaces, such a function is often taken to be the (in this context single-valued) normalized
duality map

J(x) = {a* e X* | (o, a*) = |laf|* = ||2*||},
with the resolvent then defined as

Resy = (J + A)'old
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Abstracting from this concrete choice, one can consider a notion where J is replaced by the
gradient V f of a (mostly) general convex function f. This even has impact already in finite-
dimensional spaces where such resolvents where originally considered by Eckstein [20] as the
gradient of a suitably chosen function f may ease the computations required to evaluate the
resolvent. Subsequently, these relativized resolvents were also studied by Bauschke, Borwein
and Combettes [5] under the name of “D-resolvents” and Reich and Sabach [78] under the name
of “resolvents of A relative to f”.

Concretely, the f-resolvents of A (as we will also call them in this paper) are now defined as
follows.

Definition 2.9 ([5, 20]). Let A : X — 2X* be a set-valued operator. If f is Gateaux differen-
tiable on intdomf, the f-resolvent Resﬂ : X — 2% of A is the operator defined by

Res, (z) := (Vf+A) " oVf) ()
for 2 € intdomf and by Res’,(z) := & otherwise.
The following properties are essential for the resolvent relative to f:
Proposition 2.10 ([5]). Let f be Gateaux differentiable and strictly convex on intdomf and let

A be a monotone operator such that intdomf n domA # . Then following statements hold:

(1) dom(Res’,) < intdomf and ran(Res’,) < intdomf,

(2) Res', is single-valued on its domain,

(3) Fix(Res!,) = intdomf n A~0 where Fix(Res!,) is the set of fized points of Res?,,
(4) Resg is Bregman firmly nonexpansive on its domain, i.e. for any x,y € dom(Resﬁ):

<Res£x — Resﬁy, VfRest — VfRes£y> < <Res£x — Resﬁy, Vfr—Vfy.

Further, the classical result for monotone operators in Hilbert spaces established by Minty
[64] that maximal monotonicity is equivalent to the totality of the resolvents extends to these
resolvents relative to f under suitable assumptions on f:

Proposition 2.11 ([8]). Let X be reflexive. Let A be monotone and assume that f : X — R is
Gateauz differentiable, strictly convex and cofinite (i.e. dom f* = X*). Then A is mazimally
monotone if and only if ran(A + Vf) = X*.

Important for the study of resolvents are their corresponding Yosida approximates defined

by

Af(x) = (Vf(m) - VfResJ;A(x)>

2| =

for a given v > 0.
It follows essentially by the definitions of Res£ 4 and A7 (see e.g. [78]) that
(Resf:Ax, A?;x) e A

for any v > 0 and any z € dom(Resﬂ;A).
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2.2. A formal system for a normed space and its dual as well as uniformly Frechét
differentiable functions and conjugates. We now move to the logical preliminaries and in
this subsection discuss the central systems for proof mining relevant for the paper. The central
system for all of these considerations will be the system D“ as introduced in [73] that allows
for a simultaneous treatment of a normed space and its dual, as well as its extensions as also
discussed in [73] which allow for the treatment of a convex function together with its conjugate
and the associated Fréchet derivatives. In the following, we therefore sketch the key aspects of
these systems together with some of the other underlying formal background.

2.2.1. A system for classical analysis in all finite types. At first, as is the case for essentially all
other modern systems of proof mining, also the system D“ and its extensions rely on a suitably
strong system AY = WE-PA“ + QF-AC + DC for classical analysis in all finite types. In the
following, we first give a brief overview of this system and its main features relevant to this
paper but otherwise refer to [23, 35, 36, 88] for any further details. Further, we in particular
follow [36] in regards to our conventions for denoting types.

At first, the underlying set of types T is defined recursively via
0eT, &reT=1&eT

and the finite types are stratified by their degrees defined by

deg(0) := 0, deg(7(¢)) := max{deg(7),deg(&) + 1}.

Pure types, i.e. types 7 that either are 0 or are of the form 7 = 0(p) where p is another pure
type, are abbreviated as usual by natural numbers via recursively defining n + 1 := 0(n).

The language of the finite type systems WE-PA“ /A% is then a many-sorted language, with
variables and quantifiers for all finite types, that is extended with constants 0 for zero, S for
successor, X¢ ., Is ¢ - for the so-called combinators (which originate from Schonfinkel [82] as well
as Curry and Howard, see e.g. [28] for the latter) as well as constants R, = (Ry), ..., (I )¢ for
simultaneous primitive recursion in the sense of Godel [24] and Hilbert [26] (see also [36]) for
tuples of types &.

The only relation symbol is =( for equality at type 0 and new terms are formed only via
application: if ¢ is a term of type 7(£) and s a term of type &, then ¢(s) is a term of type 7.
Higher type equality is treated as a defined notion via

S =¢ L= vy?w"ayik(syl <Yk =0 tylyk)
for terms s,t of type £ = 0(&) ... (&).
The system WE-PA® then arises from a usual finite-type variant of Peano arithmetic (see
[36, 88]) together with only the following weak rule of quantifier-free extensionality

quﬂszgt

(QF-ER) Fyp — rls/af] =, r[t/zf]

where Fj; is a quantifier-free formula, s,t are terms of type &, r is a term of type 7 and r[s/z%]
denotes the simultaneous substitution of s for all occurrences of x in r (and similarly with ¢).
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Remark 2.12. As F,; in the formulation can actually be a formula with free variables, the rule
(QF-ER) actually allows one to derive the seemingly stronger rule

) Jy7Fyp(y) — s =¢ t
(X1-ER) Jyo Fyp(y) — 7[s/2€] =, r[t/z€]

with F¢,s,t,&, 7 as before and where o is an additional finite type and y is a variable of that
type that is not free in r, s, (see also [72]).

As is well-known, the combinators can be used to define A-abstractions in the sense that for
any term t of type 7 and any variable ¢ of type &, there is a term Ax%.t of type 7(£) such that
provably

(Az°.1)(s%) =, t[s/x].

The system A% then extends WE-PA® by the quantifier-free version of the axiom of choice

in finite types, i.e.

(QF-AC) VadyFop(z, y) — Y VeFop(z, Ya)

where Fy; is quantifier-free and the z,y may be of arbitrary type, and the axiom of dependent
choice DC = {DC® | { = T'} where

(DCé) on,géﬂgﬁF(a:,g, z) — Elié(O)onF(x,i(x),i(S(a:)))

and where F' is now of arbitrary complexity.

In the language of WE-PA®/A“| rational and real numbers are represented as usual by ob-
jects of type 0 and 1, respectively, where we follow the conventions of [36] and here only briefly
discuss the facts crucial to the presentation of the present paper. Concretely, using such codes,
the operations +gq, g, ()@1 and relations =g, <@ are easily definable, with the latter given by
quantifier-free formulas, and bootstrapped on that, one can introduce I1{/¥9-formulas =g /<g
on type 1 objects, which define the corresponding relations of the real numbers represented by
the inputs, as well as closed terms +g, ‘g, | - |r representing the usual operations of real arith-
metic on these type 1 objects. The reciprocal (-)~! on the reals, which crucially features in the
later theory of monotone operators, is slightly more delicate to deal with as there in fact is no
closed term of type 1(1) in WE-PA® which represents r~! correctly for all r # 0. Following [34],
we handle this by using a binary term (-)7! of type 1(1)(0) such that (r); ! correctly represents
r~! whenever |r| > 27! In the following, we omit the subscripts of the arithmetical operations
for R to avoid notational overload.

In the context of the bound extraction theorems established later, we associate a canonical
type 1 representation (1), with any real » € R.* We omit the precise details of this operation
and refer to e.g. [73] for the definition thereof, which anyhow is an immediate extension of the
analogous operation only defined on the non-negative reals as originally introduced in [35] (see
also [23, 36]). For the purpose of this paper, we only note the following lemma containing exactly
the properties that we later need for this notion to be useful in the context of majorizability
(trivially extending Lemma 2.10 from [35] to the full reals):

Lemma 2.13 (see e.g. [73]). Let r € R. Then:
(1) (r)s is a representation of r in the sense of the above (see again e.g. [36]).
(2) For s € [0,00), if |r| < s, then (r), <1 (s)o (with <1 as defined in e.g. [36]).

4Such an association will be non-effective but it will suffice for all intents and purposes that it behaves nice
enough w.r.t. majorization.
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(3) (r)o is nondecreasing (as a type 1 function).

Lastly, in the context of the metatheorems, we will write r,, for the real represented by some
type 1 functional o similar as in [36].

2.2.2. A system for abstract normed spaces. In this section, we briefly discuss the extension
A“[X, |]]]] of A“ as introduced in [23, 35] which provides a suitable system for the treatment
of abstract normed spaces, extended later to treat corresponding dual spaces and notions from
convex analysis. All these approaches crucially utilize the seminal paradigm of abstract types
introduced in [35] that is prevalent in all modern approaches to proof mining. Namely, while
the first logical metatheorems in proof mining relied on bare systems of arithmetic in all finite
types and consequently only covered applications involving representable Polish metric spaces,
these additional abstract types allow for the treatment of spaces which are not separable and
thus not representable in the (pure) language of finite type arithmetic.

As such, the system A“[ X ||-||] operates over an extended set of types T* defined by
0,XeT™, ¢(reT*¥=71¢)eT¥

where the additional abstract type X can then be utilized to represent an abstract and generic
(in general non-separable) normed space. For that, we add additional constants to the resulting
extended language to induce a linear and normed structure on X. Concretely, we add the
constants Ox, 1x of type X, +x of type X(X)(X), —x of type X(X), -x of type X(X)(1)
and ||-||y of type 1(X). It should be noted that = is still the only primitive relation and in
particular, identity on X is treated as a defined predicate via

v* =xy" = llr —x ylly == 0,

with equality at higher types defined similar to before. The theory A“[X ||-||] then arises from
A by formulating the latter over the resulting extended language by extending the constants
(if appropriate) to take arguments and produce values in those new types and by trivially
extending the axiom schemes and rules to allow formulas from the new language and then
adding the above new constants related to X together with the relevant defining axioms stating
that X with these operations is a real normed vector space with 1x such that ||1x|y =g 1 and
—x being the additive inverse of = (see [23, 35, 36] for further details on all of this). Note
that the extensionality of all those operations is provable in A“[ X, ||-]|].

2.2.3. Systems for dual spaces, uniformly Fréchet differentiable functions and conjugates. The
system D* introduced in [73] now extends the system A“[X,|-||]] with an additional abstract
type X* used to intensionally and abstractly specify the dual of the space represented by X.
We refer to [73] for a discussion of the underlying intuition and here only briefly present the
main technical aspects of the theory as they are relevant to the present paper. At first, the
system D* operates over a further extended set of types T°5X" defined by

0, X, X*eTXX"  ¢1eT = 7(¢) e T

and the resulting extended finite-type language is further enriched by a selection of constants
restoring the linear and normed structure of X*, similar as with X. Concretely, using this
new type, we add constants +yx of type X*(X*)(X*), —x« of type X*(X*), -xx of type
X*(X*)(1), Ox+ and 1x+ of type X* and ||-|| v« of type 1(X*) as before and, crucially, another
constant -, -)x= of type 1(X)(X*) which serves as an abstract application functional, restoring
the application character of X* relative to X (similar as in the theory of topological vector
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spaces, see [73] for a further discussion). We do not add further relations and so, still, equality
is a defined notion at types other than 0, with =x defined as before, = x+ defined via

ot =xx Yt =[] —xx Y e =R O
and the higher-type equality defined similar to before.

The system D¢, and all systems considered in this paper for that matter, result from
A“[ X, ]]]]] as formulated over that extended language by adding suitable additional axioms
and rules (and even further constants in the case of a few systems discussed later). In that
context, it should be noted that all the axioms that are being considered, and similarly all
conclusions of rules, are of a particular logical form that later guarantees that these axioms and
rules are admissible in the context of proof-theoretic bound extraction theorems in the style
of proof mining. Concretely, all axioms considered here are “at most” of type A as originally
introduced in [31, 32] (and then lifted to abstract types in [25]): A formula of type A is any
formula of the form

Va®3b <, ra¥clFys(a, b, )

where [y is quantifier-free, the types in d, ¢ and v are “low enough” (later made formal by
the notion of admissible types, see Section 5 for further details), which in particular includes
X and X™*, r is a tuple of closed terms of appropriate type and where < is defined by recursion
on the type via

(1) z<oy:=2 <o,

(2) = <xy = elly <elylx.
(3) =~ <x* y* = Hl’ s < [[y* [l
(4) & <oje) y = Vo5 (a2 <, y2),

and with z <g y being an abbreviation for x1 <,, y1 A -+ A 2 <, Yk Where z, y and g are
k-tuples of terms and types, respectively, such that x;, y; are of type ;. While encompassing
a multitude of highly nontrivial mathematical statements, as in particular also evidenced by
the axioms discussed in this paper, these sentences nevertheless have a very simple monotone
functional interpretation and hence are admissible as axioms as will also be discussed in further
detail later on.

In any way, the first crucial group of axioms for the system D“ that we consider is the
following pair

(*)1,2

VI*X:&L’X (Ko, x| < |2l = 12l ) 5
Vo X" kO 3r <x 1x (||2%]| e — 27% <g Ko, 2)xx])

which specify the norm of X* as coded by ||-||x« to be the actual supremum of {(z,z*)x* over
the unit ball.?

SThese axioms actually arise through a general approach to treating suprema over certain bounded sets as
introduced in [73] and we refer to that paper for a further discussion on the particularities and practicalities of
these axioms.
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For a second crucial group of axioms, we further specify the application functional to be a
bilinear map:

(+) VX, x*X*,y*X*,al, B ((x, ax* +xx By* xx =g alx, x*)xx + BT, y*)x*),
’ vaax*X*7y*X*7a17ﬁl (<£C,OZ.CU* —X* 6y*>X* =R Oé<$,.’]7*>X* - 6<xuy*>X*) ;

o Vo, y X, et ol B ((aw +x By, a*)xs =r alz, ) + Bl a%)xs)
*
v,y ¥, 2t ol B (Caw —x By, a¥)xr =k alz, a*)xx — By, 2%)x).

Also, as a third group of axioms (*)s5, we add the vector space axioms for X* formulated with the
operations + x#, —xx, -x*, Ox#, Lx* w.r.t. =x+ and we also axiomatically specify ||1x#|| v« =r 1.

The last additions to the system concern the relationship between the bounded linear func-
tionals represented in 1(X) (where elements of the dual of X, if naively specified, live) and
the elements of X*. While it will of course not be permissible meanwhile aiming for bound
extraction theorems to include an axiom that guarantees the existence of a representing element
in X* for every element of 1(X) which is a continuous linear functional (which is why the dual
X* was intensionally approached in the first place, see [73] for a further discussion), we resort
to the next best thing available in this situation by including a rule guaranteeing that at least
all terms of type 1(X) which provably are continuous linear functionals indeed are represented
by a corresponding element of type X* and thus consider the rule

Fiy — (V%0 B (o +x B) = ate + Bty) A Vo™ (te] <x M 2]x))
For — 3a* <xs M1x«VaX (tz =g (x,x*)x*)

(QF-LR)

where F is a quantifier-free formula and where ¢ and M are terms of type 1(X) and 1, respec-
tively. Also, to ease formal development of the theory of X*, we further axiomatically populate
X* by adding the crucial consequence of the Hahn-Banach theorem that the normalized duality
map J discussed previously has non-empty values, i.e. that J(x) # & for x € X, which we
achieve by the following axiom:

(+)6 Va¥3a* < [lzfly Lo (G a®)xs = Jlolly == llo*llxs) -

The system D¢ for the abstract dual space of an abstract normed space is now officially
defined as the extension of A“[X, ||-||], formulated over the extended language using the types
TXX* by the above constants, axioms and rules.

Various essential properties of the space X* are immediately provable in the system (includ-
ing simple but crucial aspects like that ||-|| v« is indeed a norm) and we refer to [73] for further
details.

Over this system, convex functions are then introduced as objects of type 1(X) and we in
particular consider a system where a constant f of type 1(X) is added to the language which
is axiomatically specified to be convex via the axiom®

() vaX L (F (R (1-3) 9) <e M @)+ (1-X) £w) -

In that way, for the system which we are in the process of specifying, and throughout this paper
for that matter, we will only consider convex functions that are total, i.e. where domf = X.
We refer to [73] for some discussions on how non-total convex functions might be approached

SHere, ¥ is defined as e.g. in [36], allowing for implicit quantification over [0, 1].
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formally.

Gradients of uniformly Fréchet differentiable functions are then introduced via introducing
suitably continuous selection functions of the subgradient, utilizing the characterization result
presented in Propositions 2.3 and 2.4. Concretely, we in that way treat a uniformly Fréchet
differentiable f with a (total) gradient by adding another constant V f of type X*(X) to the
system together with the axioms that V f is a selection of Jf, i.e.

(V)i VX yX (f(x) +y —x 2,V f(2)xx <r [(y)),

and that V f is uniformly continuous on bounded subsets, i.e.

(Vf)g V$X79X7boa ko( ||‘T||X ) ||y||X <R b A HZL’ X y”X <R 2—wvf(k,b)

= V(@) —x= VI xr <2 27"),

where wV/ is another additional constant of type 0(0)(0) representing the modulus of uniform
continuity.

We denote the theory resulting from D* by extending it with the previous constants and
axioms by D*[f, V f].

Crucially, we now also want to treat the associated Fenchel conjugate f* and if this map is
to be treated in any way amenable to the metatheorems, it has to be majorizable which means
that it in particular has be bounded on bounded sets. By the result collected in Proposition
2.5, this is exactly the case if, and only if, f is supercoercive in which case f* is total. In that
case however, as shown in [73], if f is supercoercive, then the supremum defining it is already
attained over a suitably large ball around on the origin and that corresponding radius can be
computed in terms of a given modulus witnessing the supercoercivity of f quantitatively:

Lemma 2.14 (essentially [73]). Let o : N — N be a modulus of supercoercivity, i.e.
VK eN,ze X ([zf| > a(K) — f(x) = K |[z]])
and let ¢ = | f(0)|. Then for z* € X* with ||z*|| < b, we have
fr@)=sup ((z,2%)— f(2))
IEBT‘(a,c,b) (0)

where r(a, ¢, b) = max{a(b+ 1) + 1,c + 1}.

This in turn allows one to utilize the abstract approach developed in [73] on the formal treat-
ment of suprema over certain bounded sets in systems amenable for proof mining to introduce
corresponding axioms that, given another constant f* of type 1(X*), specify that this constant

is really the conjugate corresponding to f (we again refer to [73] for a further discussion of
this): The first axiom specifies that f supercoercive with modulus o/ via

(f)2 VE®, 2 (|2]x >k o (K) — f(2) 2k K ||2]|x)

where o is an additional constant of type 1. The two further axioms specify that f* is actually
given by the respective supremum which is achieved by first specifying that f* is a pointwise
upper bound for all affine functionals g, (z*) = (x,z*) — f(x) via

(f"h vt e X (o, 2% xe = f(@) < f*(27)
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and another axioms specifying that f* is indeed the pointwise supremum of all these affine
functionals via

(f*): a7 00, k3 <x max{al (b+ 1) + 1, [|£(0)[](0) + 2}1x

(o™ llxs <eb— (f*(@*) = 27" <r (@, 2%)xx — f(2))).
Here, max{a’(b+ 1) + 1,[]£(0)]](0) + 2} immediately arises as a bound restricting the defining
supremum of f* via Lemma 2.14 since [|f(0)|](0) + 1 = |£(0)].

If f* is uniformly Fréchet differentiable on bounded sets as well, its gradient can now be
introduced as before by adding a constant V f* of type X (X*) together with the axioms that
V f* is a selection of Jf*, i.e.

(V) VT T () (V@) 5 —xe 2 <m [(Y7))

and that V f* is uniformly continuous on bounded subsets, i.e.

3
(V5 g (el Iyl <r b A e = 7 e < 2770
— V5" (@) =x VI ()l x <2 27F).

where wV/* is another additional constant of type 0(0)(0), coding the respective modulus of
uniform continuity.

As outlined in the previous section, in the context of the above axioms whereby the functions
f and f* are Fréchet differentiable, the function f is a Legendre function and thus the gradients
Vf and V f* are inverses of each other. Correspondingly, we add this fact as a last axiom

(L) Vo ot (VFV*(a*) =xx 2% A VIV f(z) =x 7).
We write D[ f, V f, [*, V f*] for the system D[ f, V f] extended with the above constants and

axioms regarding the function f* and its gradient V f*.

We finally just quote a few properties that are immediately provable in this system:

Lemma 2.15 ([73]). The theory D*|f,V f] proves:
(1) [ is uniformly Fréchet differentiable on bounded subsets, i.e.

VO, kP30 v ([l <e b A0 <g [lyllx <w 277
— |f(x +y) = f(z) =y, VI(@)xe] <z 27" lyllx ),
where in fact one can choose
j=wY(kb+1).
(2) Vf is bounded on bounded subsets, i.e.
W03V (ol x <e 0= [V f(@)llxx <m0,
where in fact one can choose
¢ = 0(b) = 5227 OV + [V £(0)]| ] (0) + 2.
(3) [ is uniformly continuous on bounded subsets, i.e.

VR, 1037072,y (el Iyl < b Al —x ylly <e 279 = 1f(@) — F@)] <a 27).
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where in fact one can choose
j=wl(k,b) =k+C(b).
(4) [ is bounded on bounded sets, i.e.
VB3 (felly <x b— |f(@)] < ).
where in fact one can choose
d = D(b) = 62" Y + [| £(0)[](0) + 2.

Correspondingly, the theory D*|[f, NV f, f*, ¥V f*] proves similar properties appropriately formu-
lated for f* and V f*. Also, this latter system proves that f* is convex.

Also, clearly, the Bregman distance

Dy(z,y) = f(x) = f(y) =z =y, V(y))
and its associated dual
Wiz, a®) = fz) — (@, 2%) + [*(z%).
can now just be given via closed terms in the language of D“[f, V£, f*, Vf*] and this system
immediately proves the three and four point identities:

Lemma 2.16 ([73]). The system D“[f,V f, f*,V f*| proves the three and four point identities
(see e.g. [5]):
) {vx—’ﬁ v, =X (Dy(a,y) + Dy(y.2) — Dy(x,2)
—r (& —x Y, Vf(2) =x+ Vf(y))x+).
2) {Vajx, y~, X wX (Df(y,w) — Dy(y,z) — Dg(w, z) + Dy(w, 2)
—r (Y —x W,V f(2) —x= V[f(x))xx).

3. LOGICAL SYSTEMS FOR OPERATORS AND THEIR RESOLVENTS

We now turn to the main aim of this paper which is to extend the previously discussed
systems for convex functions, their derivatives and conjugates over Banach spaces with their
duals with a treatment for monotone operators on Banach spaces in the sense of Browder as in-
troduced before, together with the relativized resolvents in the style of Eckstein, both of which
are approach similarly as monotone operators and their usual resolvents in Hilbert spaces as
developed in [72].

For that, as mentioned before already, we will assume that the function f is total and Fréchet
differentiable everywhere with a gradient that is uniformly continuous on bounded sets and
where additionally f is also supercoercive and f* is similarly Fréchet differentiable everywhere
with a gradient that is uniformly continuous on bounded sets. Presumably, many of the con-
siderations made here could be extended mutatis mutandis to the case where we only consider
partial convex functions f with an intensional treatment of the domain as discussed in [73] but
we do not discuss this any further.

Also, while the treatment for monotone operators over Hilbert spaces presented in [72] was
divided on whether the resolvents are partial or total, we in the following will only consider
systems for monotone operators on Banach spaces where the (relativized) resolvents are all to-
tal. In particular, we thereby exactly treat maximally monotone operators by Proposition 2.11
which is hence analogous to the approach to maximal monotone operators in Hilbert spaces
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taken in [72] which in that way leads to a proof-theoretically tame system for such objects
while direct considerations of maximality are in general not feasible (as will be explored further
in Section 4 later on). Also, we want to remark that if one would want to treat operators
with partial resolvents, then a similar approach as presented in [72] could presumably also be
followed here.

In the following, we will omit types of variables whenever convenient and omit types in proofs
almost always to make everything more readable.

3.1. Further considerations on convex functions. The basic system for all extensions
considered here will be D[f, V f, f*, V f*] from the preceding section, treating the dual of
the abstract normed space together with a convex function, its Fenchel-conjugate and their
uniformly continuous gradients. It will be convenient to slightly extend this system so that the
theory of monotone operators can be developed smoothly. Concretely, it will be convenient to
axiomatically include a few more properties of a convex function and its Fenchel conjugate into
the previous system. Namely, by the Fenchel-Moreau theorem (see e.g. [10]), we know that if
f is proper, lower-semicontinuous and convex, then f* is proper and f = f** where we define
f**: X — (—o0,4+w0] by
Fr (@)= sup (Gt = ().
rreX*

With this definition, we follow one particular approach to biconjugates as e.g. outlined in [10].
In other works, one finds f** introduced as (f*)* acting on X** and thus on X by its em-
bedding into X** which anyhow coincides with X in the context of reflexivity. As the spaces
considered in the context of D¥[f, V£, f*, V f*] are (super-)reflexive by the results of [11, 12],
these different approaches yield the same object but the above formulation will also influence
the types of objects considered later.

Naturally, a function f as axiomatized by the system D“[f Vf, f* V f*] satisfies the as-
sumptions of the Fenchel-Moreau theorem and the resulting fact that f = f** is crucial for the
development of the theory of monotone operators, so we need to deal with it formally. However,
we do not treat this fact by analyzing the corresponding proof and verifying that it indeed can
be carried out in D¥[f, V f, f*, V f*] and instead hardwire this fact into the system akin to how
f*is treated in D[ f, V f, f*, Vf*].

In more detail, note that, in the context of the above systems, f = f** = (f*)* is bounded
on bounded sets and therefore f* is supercoercive by Proposition 2.5. In fact, by analyzing
the proof of Proposition 2.5 as e.g. given in [4], we find that a corresponding modulus of
supercoercivity for f* can be computed from a function witnessing that f is bounded on
bounded sets which we briefly sketch in Remark 3.1 below. In any way, in the presence of a
modulus of supercoercivity af* for f*, the fact that f = f** can be wired into the system with
the following axioms which are analogous to the axioms (f*);, (f*)2 from the preceding section
(and which similarly instantiate the axioms schemes introduced in [73] for treating suprema
over certain bounded sets) where the corresponding bound in the axiom (f**), again is derived
via Lemma 2.14:

(f*)s f* is supercoercive with modulus a/™, i.e.
VE oY (a7l ye =5 0" (K) = [*(0*) 22 K [Ja* o)

Here, o™ is an additional constant of type 1.



A BOUND EXTRACTION THEOREM FOR MONOTONE OPERATORS IN BANACH SPACES 17

(f**)1 f is the pointwise upper bound for all affine functionals g,« (z) = {(z,z*) — f*(z*), i.e.
Vo, (G ) = f1(07) < f())
(f**)2 f is indeed the pointwise supremum of these affine functionals, i.e.
VaX b0 k03x* <y max{a’ (b + 1) + 1,[|£*(0)]](0) + 2} 1x=
(Il <md— (f(z) = 27" <p (@,2)xe = [*(27))) -

With D%« [FM] we abbreviate the system that arises from D“[f, V f, f*, V f*] by adding these
constants and axioms. As all these (new) axioms are again of type A as discussed before, they
are also admissible while aiming for bound extraction theorems in the style of proof mining.

Remark 3.1. As shown in the proof of [4, Lemma 3.2] (which is the central ingredient of the
proof of Proposition 2.5), given a > 0 and € R, one has « ||z|| + § < f(x) for any = € X if,
and only if, f*(z*) < 15, (z*) — B for any z* € X*, with B,(0) seen in X* and where (¢ is
the indicator function of a set C' defined by

0 if ze C,
te(z) = )
+oo if z¢ C.

If now D : N — N is a modulus for f = f** being bounded on bounded sets (as e.g. constructed
in Lemma 2.15), then we immediately have f**(z) = f(z) < 15, (z) + D(b + 1) for any non-
zero b € N and = € X so that the above equivalence yields b ||z*|| — D(b+ 1) < f*(«*) for any
x* € X*. In particular, for any K € N and z* # 0, we have

ool (1= 222 < o
so that, for ||z*|| > D(K + 2), we have K ||z*| < f*(2*). This yields that a(K) := D(K + 2)
is a modulus of supercoercivity for f* as in Lemma 2.14.

One crucial aspect of the theory of the conjugate function f* is that it provides alternative
characterizations of continuity properties of V f in terms of convexity properties of f*. These
play a crucial role in the context of the theory of monotone operators in Banach spaces and so,
before moving on to these, we first formally establish some of these corresponding convexity
properties of f*. As a byproduct, we also formally provide further quantitative properties of
the gradient V f.

Lemma 3.2. The system D*[f,V f, f*,V f*] proves:
(1) The “Fenchel-Young equality”™ for any subgradient u* of f at x, i.e.
VX, uw T (VN (Fly) Ze f(@) +Qy—x @, u)xe) = f(@) + (W) =5 (@ ut)xe).
(2) The “Fenchel-Young equality” for V fx, i.e.
Vo (f(z) + f*(Vfa) =g {0,V fa)x:).
(8) Approximate subgradients of f are close to the gradient of f, i.e.
Vo0, k0350, flf*X*(HxHX <g b A VY (<y —x z, 2% )xx + f(z) < f(y) + 27]')

= [|a" —xx V|l <2 27,

7By this expression, we mean in the following that the Fenchel-Young inequality is not strict, i.e. is satisfied
with equality.
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where in fact we can take
j=k+4+wV(k+3,b+1).
(4) The “Fenchel-Young equality” characterizes gradients of f, i.e.
Vo, a7 (f(2) + f1 (@) =k (02" = 2% =xx V),
where in fact it moreover holds that
Vo0, k0302, X (]| < b A f(z) + f5(2") — (o) xe <g 27
= [la* —xx V|« <z 27%)
where we can take
j=k+4+0V(k+3,b+1).
(5) V fx is the unique subgradient of f at x, i.e.
VX (VX (f(y) =r f(z) + Yy —x 2, u*)xx) > u* =xx Vfz).
(6) [* is uniformly strictly convexr on bounded subsets, i.e.
VR, 10, 003500y (a7 5 e <m DA 2T <pt < 127
AR () + (L= f*(y") = [ (" +xx (1= )y") <w 277
= [l —x y* [l < 27F)
where we in fact can choose
j=(k+4+w(k+4,FO)+2) +i

where F' is a modulus for V f* being bounded on bounded sets (which can be constructed
similar to Lemma 2.15).
(7) V f* is uniformly strictly monotone on bounded subsets, i.e.

RO, 00309a Xy (2 157 e < b A (2% = 47 e >0 27F
— (Vf*r* —x Vf*y* 2% —xx y*)xs =p 277).
where we in fact can choose
i =k+5+w(k+4,Fb)+2).
with all other constants as in (6).
Proof. (1) Let u* be such that Yy (f(y) = f(x) + {y — x,u*)), i.e.
W, u) = fly) < x,u”) — f(x)
for all y. Using (f*)q, we get that for any j, there exists a y; such that
Fr(w?) = Ko u®) = f(2)) < f*(u”) = Cyw") = fly;) <277

and thus we have f*(u*) < {(x,u*) — f(x). Using axiom (f*);, we get (x,u*) — f(x) <
f*(u*) and combined this gives the result.
(2) Follows immediately from (1) and (Vf);.
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Let 2* be such that

¥y (g — @, 2%) + f(x) < fly) +27)
for j defined as above. This yields

(y—w, 0" =Vfr)y={y—z2°)—{y—1zVf(r)
< fly)— fla) =y —=,Vf(z)+27.

Using Lemma 2.15, we get that for |jy — z|| < 27"/ ¢+,

fly) = f@) =y — 2, Vf(z)) <27 |ly — =]
and so (y — z,2* — Vfr) <277 + 27 ||y — 2| for all such y which in particular yields
(z,0* =V fr) <277 + 272
for all z with ||z < 27<"/@:*+1) given any I. For the given k, we now show that there is
a zj, such that 0 < ||z]] <1 and

(apoa® = Vfa) <2702 " — Vfz|| < 27"

To see this, suppose |z* — Vfz| > 27% = 2=*+D 4 9=(*+D_ Using axiom (*),, we get
that there exists a 2z, with ||z;]| < 1 and such that |(z;, 2* — Vfx)| > 27+ which
also in particular implies ||z¢|| > 0.

Now, using this zj, define

5 = 2—(wVf(k+3,b+1)+1)

Clearly ||5,|| < 27« (¢+341) and thus

Zk-

Gy x* = V) <279 + 27%3) 1 4|
which yields by definition of 7 that
<Zk, ¥ — fo> _ Q(WVf(k+3’b+1)+1)<Z/;€, ¥ — Vf$>
< Z(wvf(k+37b+1)+1)(2—j 4+ 9~ (k+3) ||2;€||)
_ 2(wvf(k+3,b+1)+1)2—j 4 2—(k+3)2(wvf(k+3,b+l)+1) ||ZAI<;||
< 2—(k+4+wvf(k+3,b+1))2(wvf(k+3,b+1)+1) + 9—(k+3)
_ 27(k+2)
which implies ||z* — V fz| < 27% by the properties of z.
Let 2* be such that f(x) + f*(a*) — (x,2*)x+ < 277 with j defined as above. Then we
get f*(2*) < 279 + {(x,2*) — f(z) which yields through (f*); that

for all y. This is equivalent to (y — x,2*) + f(z) < f(y) + 277 for all y. Then item (3)
yields the result.

This follows immediately from (3).

Suppose

ltf*(2*) + (1 =) f*(y*) — fHta* + (1 —t)y*)| <g 277
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for j as above. Then write z* = tz*+(1—t)y* and pick x = Vf*2* i.e. Vfr = z* by (L).
Then by item (2), the extensionality of f* (recall Lemma 2.15) and the extensionality
of (-,-), we get
0= () + f(=*) — (o, 2
> fz) +tf* (@) + (1 =) f* (") =277 =z, 2%),

i.e. we have

277 = t(f(2) + f*(@") = (o a) + (L= )(f (@) + f* (") — (2, 97))
and thus, using ¢,1 — ¢ > 27" and that f(z) + f*(z*) — (x,2*) > 0 as well as f(z) +
f*(y*) — (x,y*) = 0 by the Fenchel-Young inequality (which follows from axiom (f*)),
we get

2792 = f(x) + f*(x*) = (w2, f(2) + fF(y") = (o y)
By definition of j, we get
2—(k+4+wvf(k+4,F(b)+2)) > f(x) + f*(ac*) _ <307x*>7 f(gc) + f*(y*) — <x,y*>.

Noting that ||2*[| < t]|z*|| + (1 — ) ||y*|| < b and thus ||z]| < F(b) + 1, item (4) implies
that
lz* =V fz||, [ly* — V fz|| < 270
which yields ||z* — y*|| < 27",
(7) Using item (6), note that for t = 1/2, we have

F(550) < vare) e -2
= )+ 12 ) - P ) -2

if [|2* —y*|| > 27%. As

<vf*w* Z*> < f*(w* +0zz*) _f*(w*)

«

for any o > 0 (using (Vf*)1), we get
(Vs y* —a®) < fHy") = f*(a") —2-27.
Similarly, we get
(Ve =y < fH (%) = f*y) —2- 27
and this implies
<Vf*y* - Vf*l’*,l’* o y*> < _4 . 273'
which gives the claim.

O

Now, the additional axioms in DY ;»[FM] can be used to carry out the above proof with the
roles of f and f* exchanged. We collect this in the following lemma.

Lemma 3.3. The system D} ;[FM] proves:
(1) The “Fenchel-Young equality” for any subgradient u of f* at x*, i.e.

VT N (VT () 2 () + (gt —xe 7))
= [H(@%) + f(u) =k (u, 2%)xx).
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(2) The “Fenchel-Young equality” for V f*z, i.e.
Vo (%) + f(Vfra¥) =g (V2" a%)xe) .
(8) Approximate subgradients of f* are close to the gradient of f*, i.e.
w00, k03002 X (|4 gu <m b
AT Gy —xr ) + FR (%) < fHy") +277)
= |lo —x Vff "]y <g 27°),
where in fact we can take
j=k+4+w(k+3,b+1).
(4) The “Fenchel-Young equality” characterizes gradients of f*, i.e.
vt 2N (f*(2%) + f(2) =2 (@, a)xe — 7 =x V2Y),
where in fact it moreover holds that
VB, koﬂjOV:E*X*,xX(Hx*HX* < b A f5(2*) + f(z) — (o, 2%)xs <p 277
= [l —x Vf*a*|x <z 27")

where we can take
j=k+4+w(k+3,b+1).
(5) NV f*x* is the unique subgradient of f* at x*, i.e.
Vo u (v () Zr (@) + Gyt = 2xe) o u=x V).
(6) [ is uniformly strictly convex on bounded subsets, i.e.
VE?, 0 00350yt (x|l s lyllx <e bA2 i <pt<gl-—27"
Atf(x) + (1 =) f(y) = fte +x (1~ t)y) <e 27
= lo —x yllx <w27")
where we in fact can choose
j=k+4+wV T (k+4,00)+2)+i

where C'is a modulus for V f being bounded on bounded sets (which can be constructed
as in Lemma 2.15).
(7) NV f is uniformly strictly monotone on bounded subsets, i.e.

VR, 00350yt (el vl <e b o —x yllx >r 27"
— (& —x Y,V —xx Vfy)x =g 277).
where we in fact can choose
J=k+5+w(k+4,00)+2).
with all other constants as in (6).

In particular, in the system D} f*[FM] we can now formally establish some of the central
properties of Bregman distances used extensively throughout the applications given in [76] and

which are also crucial for the development of the theory of the relativized resolvents. We begin
with the fact that Wy(z, Vf(y)) = Ds(x,y):
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Lemma 3.4. The system D% ([FM] proves:

Vo, y* (Dy(,y) == f(2) + f*(Vfy) = {2,V yxs).
Proof. By Lemma 3.2, (2), we have
[V fy) =<y, Viiy — fy)
and thus
f@)+ 7 (Vfy) =<, Viy) = flz) = fly) =@z =y, Vfy) = Ds(z,y).
O
Lemma 3.5. The system D «[FM] proves that Dy is uniformly bounded in the sense of [76],
1.€.
V0, a%30"a ™,y (7l x < 0 A Dy(z,y) <g @ — |lyllx <r 0)
and o can be realized by
0= o(a,b) = F(max{a" (a + D(b) + b),1} + 1)
where D, F are moduli of f, Vf* being bounded on bounded sets, respectively, and o™ is a
modulus of supercoercivity for f* as before.
Proof. First, note that f*(z*) — (x,z*) is also supercoercive. For this, let ||z| < b. If ||z*| >
of* (K + b), from axiom (f*)s we derive
fr@®) = (o2®) = f5a") = |zl =¥ = (K + b — |l=]]) [|*]] = K |||
Now, we have
F*Vfy) =<, Vfy) = De(x,y) — f(z) < a+ D(b)
using the above Lemma 3.4. Therefore, we derive
IV fyll < max{a’™ (a + D(b) + b), 1}
and thus we get ||ly|| = [|Vf*V fy|| < F(max{a’"(a + D(b) +b), 1} + 1). O
3.2. Monotone operators and their relativized resolvents. We now move to the central
new objects, the monotone operators in the sense of Browder and their relativized resolvents.
Initially, generic set-valued operators of the form A : X — 2%X* are, in similarity to [72], modeled
via a constant for their characteristic function. In the context of the system DY ..[FM], we in
that way add a constant x4 of type 0(X*)(X) and write z* € Az, (xz,2*) € A or (z,2*) € graA
for xaxz™ =¢ 0. The first natural axiom is
(I)* VX o (yaza* <o 1)

which witnesses that x4 is a characteristic function.

Also, the treatment of the resolvent is conceptually similar to that work. For this, let A
be monotone (in the sense of Browder, recall Section 2.1) and recall Definition 2.9 for the

f-resolvents of such monotone operators whereby Resic 1 X — 2% is defined by

Resf:Ax = ((Vf+~74)" o V) ()
for any x € X and v > 0. It follows by our assumptions on f and Proposition 2.10 that this
map is single-valued, satisfies Fix(Resﬁ 1) = A7'0 (noting that domf = X in this paper) and
that it is Bregman firmly nonexpansive.
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So, for treating an operator A with total relativized resolvents, we add a constant Resf‘ of
type X (X)(1) and write Res§  for Res’;y. The natural axiom for the resolvent now can be
derived similar as to [72]: If seen as a set-valued operator, the resolvent satisfies

pE ResﬁAx e pe (Vf+yA)'Vf(x)
= Vf(z)e Vf(p) +~vAp
<y (Vf(z) = V(p) € Ap.

This naturally leads us to consider the axiom scheme
(I1)* ¥t 2 (7 55 0— 7 (Vfz—xx V/(Res! 2)) € A(Resf;Ax))

in similarity to axiom (II) considered in [72], stating that Res£ 4 1s a selection map of the (a
priori set-valued) relativized resolvent. In fact, this axiom (together with the axiom specified
previously and the two axioms specified further below) will be sufficient for developing all the
main parts of the theory of relativized resolvents (e.g. immediately entailing the uniqueness
and Bregman firm nonexpansivity of the above selection map) as we will later discuss.

Remark 3.6. As in the context of the systems from [72], note that also here, the above axiom
(I1)* is actually an abbreviation for the following sentence where the dependence of y~! on a

lower bound of v is made explicit:
vt X kO (7 >p 27 — ()N (Vi —xx Vf(ResﬁAx)) € A(ResJ;Am)> .

However, also similar to [72], we will still in general employ the above shorthand style of writing
where the parameter £k is omitted as in this paper, the context will always make it clear how
a given statement in that style has to be expanded to yield a proper formal variant so that no
issues arise.

Also the monotonicity of A is easily specified by a universal axiom:
(]‘[I)* va’yX7x*X*’ y*X ((x,x*), (yvy*) €A — <l’ —-XY, z* —X* y*>X* 2R O) .

Lastly, all uses of the relativized resolvent in proof mining applications presented so far (see
in particular [76]) are made in the context of the assumption that A™'0 # ¢f and we will also
assume this here as it in particular will allow us to majorize the resolvent rather immediately.
For this, we add a constant px of type X together with a corresponding axiom stating that px
is a zero of A:

(IV)* Ox+ € Apx.
This leads us to the following system:

Definition 3.7. The theory B* is defined as the extension of the theory D% ..[FM] with the
above constants and corresponding axioms (/)* - (IV)*.

*

Remark 3.8. Alternatively to adding a precise witness px for a zero of the operator A, we could
also have added only a constant b, of type 0 representing a norm upper bound on such a zero,
which is the only numerical data on which bounds extracted through the metatheorem later
depend, together with the corresponding axiom Ip <x b,1x (Ox= € Ap) which is of type A and
hence admissible in our systems.

Now, in similarity to the systems from [72], also B% is sufficient for formalizing the first main
aspects of the theory of monotone operators in Banach spaces and their f-resolvents as the
following proposition shows.
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Lemma 3.9. The system B proves:
(1) ResﬁA is unique for any vy > 0, i.e.
vl pX X (fy >r 0 Ay YV fr —x+ Vfp)e Ap — p=x ResJ;A:c) :
(2) ResﬁA is Bregman firmly nonexpansive for any v > 0, i.e.
vyt 2yt (y > 0 — <Res,’;Ax —x Resf;Ay, VfResiA:B — X VfResiAy)X*
<R <Res£A3: —x ResﬁAy, Vfir—xx Vfyyxs).

(3) ResﬁA satisfies the alternative notion of Bregman firm nonexpansivity for any v > 0,
1.€.

vyt 2 ¥ (y > 0 — Df(ReS,];ACU, Resf:Ay) + Df(Resf;Ay, ResﬁA:v)
<R Df(Res,J;A:c, y) + Df(ReSﬂ;Ay, T) — Df(ResJ;Ax, x) — Df(ResﬁAy, Y)).

(4) A7'0 < FiX(ResﬁA) for any v > 0, i.e.
vpX, 4t (’y >R 0A0eAp - p=x Res@m) .

Proof. (1) Suppose that v > 0 and that v (Vfz — Vfp) € Ap. Axiom (II)* gives
v YV fr — VfResf/Ax) € A(Resfmx). Axiom (I11)* then implies that
0< <Res§Ax —p, v N(Vfr - VfResf/Ax) —~y YV fx —Vfp)
= (Res] 2 —p, 7 (Vfp — VfRes! y2))

where we have used extensionality of (-, ) and of the arithmetical operations in X*. In
particular, since v~ > 0 as v > 0, we get that

(Res! yo — p, V fRes! jo — V fp) <0.

Thus, as Vf is provably strictly monotone (Lemma 3.3), we get HResﬁAx — pH =0, i.e.

ResﬁAa: =p.
(2) Let v > 0. Axiom (I1)* gives

vV fz — VfResJ;Ax) € A(ResﬁAx) and v 1(V fy — VfResﬁAy) € A(ResﬁAy).
Axiom (III)* and v~! > 0 gives
<Res£Ax - ResﬁAy, Vfrx—Vfy-— (VfResﬁAx — VfRes,’;Ay» >0
which implies
<ReS,];A[E - Resf;Ay, Vfr—-Vfy > <Resf;A:13 - Resﬂ;Ay, VfRes,’;Ax - VfResﬂ;Ay}
(3) By the provability of the three-point identity for Dy (Lemma 2.16), we get
<RGS£AZL‘ - ResiAy, VfResﬁAx - VfResf;Ay>
= Df(Resf;Ax, ResJ;Ay) + Df(Resf;Ay, ResJ;Ax) — Dy (ResZ;Aw, ResﬁAw)
= Df(Res’;Ax, Res’;Ay) + Df(Res];Ay, Resf/Aa:).
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Further, by the provability of the four-point identity for D; (Lemma 2.16), we get
<ReS,];A[E - Resf;Ay, Vfr—Vfy
= Df(ReS.J;AJU7 y) — Df(Resf;Ax, x) — Df(Resf;Ay, y) + Df(ResﬁAy, x).
Thus, using item (2), we get the claimed inequality.

(4) Let p be such that 0 € Ap. Then provably with the only assumption being v > 0, we

have v~} (V fp — Vfp) = 0 and thus, using X;-ER (recall Remark 2.12), we have that
0 € Ap implies

vV fp—Vfp)e Ap.
Using item (1), we get p = Res’;Ap.
0

Also the boundedness and continuity properties of maps that are Bregman firmly nonexpan-
sive, already emphasized in [76] as crucial for the practice of proof mining for these objects,
can now be formally replicated in the context of the system B (where we here formulate these
properties just for the resolvents):

Proposition 3.10. The system B“ proves:
(1) ResﬁA is bounded on bounded sets for any v > 0, i.e.
VAt 593X <7 >r 0 A loxll s 2]l x <k b — HResiAxH <gr e) :
X
where in fact one can choose
e = E(b) =0(2D(b) + 2bC(b), b)

where C,; D are moduli witnessing that V f, f are bounded on bounded sets, respectively,
and o is defined as in Lemma 3.5.

(2) ResﬁA is uniformly continuous on bounded sets for any v > 0, i.e.
Vot KO 00350V (y >k 0 A fIpxllx s Dzl Iyl <m D

AMr—xyly <g277 — HResﬁAx —x ResﬁAy‘

<z 27"
b's
where in fact one can choose
j=w(k,b) =w(k+1+ E®),b)

fork=k+5+ WV (k4 4,0(b) + 2) with C being a modulus witnessing that V f is
bounded on bounded sets and where E is defined as in (1).

Proof. For item (1), note that by Lemma 3.9, (3) and (4), and with p = px from axiom (IV)*,
we have (using the extensionality of Dy which follows from that of f, V f and (-,-)):

Dy(Res! ,x,p) + Dy(p,Res] y2) < Dy(Res! 2, p) + Dy(p, ) — Dy(Res! 4z, 2) — Dy (p, p)
< Df(ResZ;Ax,p) + Ds(p, x)
and thus
Dy(p,Res! yx) < Dy(p,x) < 2D(b) + 2bC/(b).
Thus, by Lemma 3.5, we get

HResJ;AxH < 0(2D(b) + 2bC (D), b).
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For item (2), by Lemma 3.9, (2), we have
<Res£Ax — ResZ;Ay, VfResJ;Ax — VfResi;Ay>
< <Res£Ax — ResJ;Ay, Vix—Vfy
< HResf;A:c — Resﬁ;AyH IV fx—Vfy|
< 2B(0) |V fz - Vfy|.

using also additionally the above item (1). So, for ||z — y|| < 277 with the j defined above, we
have
|Vfz =V ify| <27t
and thus R
<Res£Ax - ReséAy, VfResﬁAx - VfResf/Ay> <27k
Thus by Lemma 3.3, (7), we get

HResﬁA:c - ResJ;AyH <27k

Notice that therefore the system B“ proves that Resﬂ: 4 1s extensional.

4. MAXIMALITY AND EXTENSIONALITY

Naturally, the system B can not prove the extensionality of A since we also deal with
potentially discontinuous operators A semantically. As mentioned in the introduction, a central
theoretical result from [72] connects this extensionality of A with the maximality statement for
A in the setting of monotone operators on Hilbert spaces. We can now extend this result to
the monotone operators over Banach spaces. In particular, as all the results are considered in
the context of a Legendre function where f and f* are Fréchet differentiable with gradients
that are uniformly continuous on bounded sets, we find by Proposition 2.11 that the totality of
the resolvent (as encoded in the system B“) implies that the operators A which are considered
semantically are maximally monotone and so this maximality can then not be provable due to
this equivalence either.

Theorem 4.1. Over B¥, the following are equivalent:
(1) Extensionality of A, i.e.

X _xX* X xX*
V'CC 71" ’y 7y

(r=xynra’=xxy* rzx*eAr —y* e Ay).

(2) The strong resolvent aziom, i.e.

VX pX A4t (fy >R 0AD=x Resf{Ax — NV fr —x= Vfp)e Ap) .
(3) Mazimal monotonicity of A, i.e.
Vo, X7 <VyX,y*X* (y*e Ay > (& —x y, 2% —x» y*)x» 2r 0) > 2™ € A:c) :
Proof. For the direction (1) = (3), let ,2* be such that
(x —y,x* —y*) =0 for all (y,y*) € A.
We consider z = V f*(2* 4+ V fz). Then
17V fz — VfRes!,z) € A(Res/,z).
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by axiom (I7)*. Thus by the assumption on z, z*, axiom (L) and the extensionality of (-, ) we
get

0 < {x — Res! 2z, 2" — (Vfz — VfRes!,2))
= (x — Res,z, VfReshz — V fz)
which is equivalent to
(x — Res’ 2, Vfr — VfRes!z) <0

and this yields 2 = Res’,z as V f is (provably) strictly monotone. Further, we have
1! <sz — VfRest) =a2*+Vfr—Vfr=2*
using (L) and the extensionality of V f and thus the extensionality of A yields z* € Ax.

For the direction (3) = (2), assume that v > 0 and p = Resf; 4. Then at first
vV fr — VfResiAm) € A(ResiAx)

by axiom (I7)*. By monotonicity (axiom (I11)*) together with the extensionality of (-, ) and
Vf, we get

Y(y.y*) € Al —y,y (Vfz =V fp) —y") = 0).
By (3), we get
v (Vfr —Vfp) e Alp).
For (2) = (1), let x = y and z* = y* with 2* € Az. Define
2=V (y +Vfy).
By (I1)*, we get
17V fz — VfRes,z) € A(Res/,z).
Axiom (I11)* together with the extensionality of {-,-) and V f* as well as using (L) yields
0 < {x — Reshz,2* — (Vfz — VfRes!,2))
— (y — Res!,z, VfRes! z — V fy)
and this is equivalent to
(y — Res!yz, V fy — V fRes!,z) <0
which yields y = Resﬁz by provable strict monotonicity of V f. Using (2), we have
17NV fz—Vfy) e Ay

which yields by the quantifier-free extensionality rule that y* € Ay as 174V fz — Vfy) = y*
holds without any additional assumptions. 0

Similar to [72] however (see Theorem 3.2 therein), the system B“ does support a weakened,
so-called intensional, maximality principle as in the following theorem:

Theorem 4.2. The system B* proves the following intensional maximality principle:
v, (VT (Yt e Ay — (@ —x 5,2 —xx Y )xx 28 0)

X *X* * *
— 32" 2 (x =xv 2 Azt =x«2" AT eAx')).
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Proof. As in the proof of the direction (1) = (3) from the above Theorem 4.1, we get that
17Y(Vfz — VfRes!,z) € A(Res,2)

together with x = Resflz and 174V fz — VfRes’:lz) = z* for z = Vf*(2* + V fz) without
any use of extensionality. This gives the claim by setting 2’ = Resﬁz and 2’ = 17Y(Vfz —
V fRes’, 2). O

We end this section by presenting a result analogous to Theorem 4.1 but phrased specifically
for the zero set of the operator A. At first, recall Lemma 3.9, (4), by which the system B“
proves

VaX <0 e Az — VAt <7 >p 0 — Resﬂ;Ax =x x>> .
Further, we even provably have

VxX,ZX* (ze Az A 2 =xx 0 — V71 <7 >r 0 — Res’;Ax =x a:))

To see this, note that by the quantifier-free extensionality rule we have from z € Az that
v Y VIV f*(yz + Vfr) — Vfr) € Az and thus

T =x ResﬁA(Vf*(vz + Vfr)) =x ResﬁAx
using uniqueness and extensionality of the resolvent as well as z = 0.
As we will see now, the converse assertions are connected to the extensionality of the set of

zeros of A.
Theorem 4.3. Over BY, the following are equivalent:

(1) VX, 2X* (Resﬁx =xTAz=xx0—>z€ Ax),

(2) VX, 2X* (V’yl (’y >p 0 — ResJ;Ax =x x) ANz=xx0—>z€ Ax),

(8) VaX, yX, 25" X (r=x y Az =xx 2 =xx 0 A z€ Az — 2/ € Ay).

Proof. The implication from (1) to (2) is clear. For (2) = (3), let z = y and let z = 2/ = 0
with z € Az. Then using (2) and the provability of

VxX,zX* (z €Az Az =xx 0 — Vvl ('y >r 0 — ResﬁAx =y :L‘>>
as established above, we get

zeAx<—>V7(7>0—>Res£Ax=x>
<—>V'y<

7>0—>ReS£Ay=y>
7' e Ay
by the extensionality of Res£ 4 (recall Proposition 3.10). Lastly, for (3) = (1), assume that
Resﬁx =z and z = 0. Then by axiom (I/])*, we get
174V fz — Vf(Res,z)) € A(Res’, ).
By (3) and 1"} (Vfz — Vf(Res,z)) = 0 = z, we get z € Az. O

Further, as we will see now, this form of the extensionality of the zero set of A is even
equivalent to a corresponding fragment of the maximality principle:

Theorem 4.4. Over B¥, the following are equivalent:
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* X*
(1) YoX, yX, 2% 27 (w=x y A 2" =xx 2 =xx 08 2% € Az — 2" € Ay),

(2) VaX, X (VyX,y*X* (y* € Ay = (v —x y, —x+y*)xx 2r 0) A 2% =xx 0 > 2% € Ax).

Proof. For the direction (1) = (2), assume V(y,y*) € A ((x —y, —y*) = 0). By axiom (I1*), we
have 171 (V fz — Vf(Res!,z)) € A(Res’,z). Therefore, we have

(x — Resha, Vfr — Vf(Reshz)) <0

and since V£ is strictly monotone (recall Lemma 3.3), we get = Res/yz as well as 17'(V fz —
Vf(Res)z)) = 0. Thus (1) yields z* € Az for any 2* = 0.

Conversely, for (2) = (1), assume that z = y and z* = 2’* = 0 as well as z* € Az. Then by
(111)*, we have for all (y,y*) € A:

(@ —y,—y*) =z —y,z"—y") =0
Thus (2) yields that 2" € Ay. O

Naturally, also the extensionality of the zero set of A as formulated above, and hence the
other principles equivalent to it, can not be provable in B by virtue of the upcoming bound
extraction theorems. However, akin to Theorem 4.2 above, we have the provability of the
following intensional representation of the inclusion of the fixed point set of the resolvent in the
zero set of the operator:

Theorem 4.5. The system B proves the following principle:

vaoX (Resﬁx —xr -3 X (@ =xxAz=xx0nzE A:z:’)) :

Proof. By axiom (I1)*, we get that 1°1(Vfz — VfRes,z) € A(Res’,z). This gives the claim
by setting 2’ = Resﬁx and z = 17 Y(Vfx — VfResf:lx) as by Resix =z, we have 2’ = r as well
as z = 0 using the extensionality of V f. U

Remark 4.6. Similar results as the above for the zero set of the operator A naturally also hold
for the systems and operators considered in [72].

5. A BOUND EXTRACTION THEOREM

We now prove the central results of this paper, the bound extraction theorem for the theory
B“. As discussed before, this bound extraction theorem arises from and extends those for D“
and its extensions proven in [73] as well as those proven in [72] for the systems dealing with
monotone operators in Hilbert spaces. In that vein, we keep the proofs short and only briefly
discuss the key ingredients, it being implied that all considerations thus abbreviated and that
regard the dual space can be made similar to [73] and those that regard the operator A can be
made similar to [72].

The high-level outline of the proof of the metatheorem for B“ given here is now very much
standard, following that of essentially all other such metatheorems: At first, one extracts
realizers from proofs of (essentially) V3-theorems using a combination of Gédel’s functional
interpretation with a negative translation. The resulting realizers have types from 7°%X" and
we then use majorizability to construct bounds with types from T for these realizers, depend-
ing only on majorants of the parameters, which are validated in a model based on M“*X*
the structure of all strongly majorizable functionals defined using a Banach space X and its
dual X*. In a final step, we can then recover to the truth in a model based on the usual full
set-theoretic structure SXX* if the types occurring in the axioms and the theorem are “low
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enough” (later called admissible).

We now discuss the first major ingredient of this approach, the functional interpretation and
its corresponding soundness result. Originally introduced in Godel’s seminal paper [24], the
functional interpretation assigns to every formula F(a) another formula F'P(a) = J2VyFp(z,y,a),
where Fp(x,y,a) is quantifier-free (and the length of the tuples z, y and their types depend on
the structure of F'), via the following recursive definition (where we for simplicity omit the free
variables a):

Definition 5.1 ([24]). The Dialectica interpretation F'” = 3zVyFp(z,y) of a formula F' in
the language of A“[X,||-||]] (and its extensions) is defined via the following recursion on the
structure of the formula:

(1) FP := Fp := F for F being a prime formula.
If FP = HQVQFD(QC y) and G = JuvvGp(u,v), we set

(2) (FAG)P =3z, uvy,v(F A G)p

where (F AG)p (m w,y,v) := Fp(z,y) A Gp(u,v),
(3) (F v G)P:=32%2,uvy,v(F v G)p

where (F v G) (2% z,u,y,0) := (2 = 0 — Fp(z,y)) A (z # 0 = Gp(u,v)),
(4) (F - G)P := U, YV, o(F — Q)

where (F — G)D(U Y,z,v) := Fp(z,Yav) > Gp(Uz,v),

(5) (3P ()P = 3% 29y(35 F ()
where (327 F(2))p(z,2,y) := Fp(z,y, 2),
(6) (V2"F(2))P == 3XV¥z, y(V="F(2))p

where (V2"F(2))p(X, 2,y) := Fp(Xz,y, 2).

==

As mentioned before, we will consider this interpretation in combination with a negative
translation that serves to translate from a classical system to its intuitionistic counterpart over
which the Dialectica interpretation can then be applied. For that, we fix the following negative
translation first defined by Kuroda:

Definition 5.2 ([54]). The negative translation of F is defined by I’ := ——F* where F* is
defined by the following recursion on the structure of F'

(1) F*:= F for prime F};

(2) (FoG)*:=F*oG* foroe{n,v,—};

(3) (Ja7F)* := 3o F*,

(4) (Va™F)* := Va™——=F"*.

The main result for the combination of both of these interpretations is then the following
soundness result:

Lemma 5.3 (essentially [35]). Let P be a set of universal sentences and let F'(a) be an arbitrary
formula in the language of A“| X, ||||], the latter with only the variables a free. Then the rule

ALX ]+ P = Fla) =

A“LX |17 + (BR) + P = Va,y(F)p(ta, y, a)
holds where t is a tuple of closed terms of A“[X, ||-||]” + (BR) which can be extracted from
the respective proof, (BR) is the schema of (simultaneous) bar-recursion of Spector [87], here

extended to the additional abstract types (see e.g. [36]) and A“| X, ||-||]]” is the respective system
without the aziom schemes QF-AC and DC.
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This result extends to any suitable extension of the language of A[X, ||||] (e.g. by any kind
of new types and constants) together with any number of additional universal axioms in that
(extended) language.

We now introduce the essential type and formula classes for the formulation of the metathe-
orem (essentially following [23, 35]): We call a type & of degree n if £ € T and it has degree
< n in the usual sense (see e.g. [36]). We call & small if it is of the form £ = £,(0)...(0) for
& € {0, X, X*} (including 0, X, X*) and call it admissible if it is of the form & = &(7%) ... (1)
where each 7; is small and & € {0, X, X*} (also including 0, X, X*). Correspondingly, a formula
F is called a V-formula (respectively 3-formula) if F' = VatF,;(a) (respectively F' = 3acF,;(a))
with F,; quantifier-free and all types & in £ = (&, ...,&;) are admissible.

As mentioned before, besides Godel’s functional interpretation, the other central notion used
in the bound extraction result is that of majorizability, going back to the fundamental work of
Howard [27]. Besides of Howard’s notion, we here also in particular rely on the subsequently
extended notion of strong majorizability due to Bezem [9] which crucially, as shown by Bezem,
provides a model of bar-recursion. The corresponding type structure of all strongly majorizable
functionals, suitably extended to new abstract types, also forms the basis for the modern bound
extraction theorems of proof mining as developed in [23, 35] and subsequent papers and thus
also takes a central role here. We therefore discuss this model explicitly for our theory B* based
on the types TXX" (essentially defined as in [73], but practically just derived from [23, 35]):
At first, majorants of objects with types from T°X" are objects with types from T according
to the following projection:

Definition 5.4 ([73], essentially [23]). Define 7 € T, given 7 € TX" by recursion on the
structure via R R . - R

0:=0, X:=0, X*:=0, 7(§) :=7(&).
The majorizability relation for the types TX** and the accompanying structure M«X*
of all (strongly) majorizable functionals over a given normed space X with dual X* is then

defined recursively as follows:

Definition 5.5 ([73], essentially [23, 35]). Let (X, ||-||) be a non-empty normed space with dual
X*. The structure M“X* and the majorizability relation > , are defined by
(My:=N,nzym:=n>=mAnmeN,
My :=X,nzxz:=nz2=|z| AneMy,ze My,
Mxs = X* n2xx 2% :=n = ||z*]| Ane My,a*e Mxs,
4 ZT(g)xzzfeM;_ngxeMyg
AVgeMgye M(g=ey— fg2ray)
AYg,y € Mg 2zy — fg 2= fy),
My 1= {we M 3f € My * (f o0 x)}-

\

Correspondingly, the full set-theoretic type structure S X" is defined via Sy := N, Sx := X,
S X* 1= X* and
ST(@ = ng.
These structures later turn into models of the system B“ when they are equipped with suitable
corresponding interpretations for the additional constants.
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This, for modern proof mining essential and fundamental, idea of combining the Dialectica
interpretation with the notion of majorizability goes back to [32] and was subsequently for-
mally encapsulated through a novel type of functional interpretation, the so-called monotone
functional interpretation, in [33]. In that way, also the present approach is thus “in spirit”
of the monotone functional interpretation, where we write “in spirit” as we actually do not
use a monotone variant of the Dialectica interpretation but treat the functional interpretation
part and the majorization part of the combined interpretation separately, following the formal
approach to proof mining metatheorems of [23, 35].

In any way, as is crucial for the applicability of this approach, many highly nontrivial mathe-
matical statements nevertheless have a very simple monotone functional interpretation and one
class of such principles is the so-called class A as already discussed in Section 2.2 before, which
in particular accommodates all of the axioms of our system B“. Since we treat the majorization
part separately from the functional interpretation part, we need a slightly modified approach
to the treatment of statements of type A (where we essentially follow the approach given in
[25], see also the recent [73]) and treat axioms of type A by employing a construction that
converts a theory with axioms of such a type into a theory using only additional purely uni-
versal axioms formulated using the Skolem functions of these axioms. Concretely, we proceed
as follows: Write B* for B“ without any of its axioms of type A (which in particular covers all
of the previous non-universal axioms (x)a, (*)g, (f*)2, (f**)2) and without the rule (QF-LR)
(which produces conclusions of type A). Given a set 3 of sentences of type A, we transform
B + 3 into a new theory B; by adding to B* the Skolem functionals B for any axiom of type
A in B¥ + 3, say of the form

Va’3b <, ra¥elFyp(a, b, c)
where the types in 9, ¢ and 7 are admissible and F}; is quantifier-free, as new constants to the
language and adding its ‘instantiated Skolem normal form’, i.e. the sentence
B <5 1 A Va®Vc2Fy¢(a, Ba, c)
as a new axiom. Further, we do the same with all conclusions of the rule (QF-LR): for any
provable premise

B+ 3+ Fyy — (Vo¥,y%, o', B (Hlax +x By) =r atz + Bty) A Va™ (|tz| <g M ||z]y))

with terms ¢ and M, we add a new constant zy,, of type X* to the language of E; together
with the corresponding axiom

||xZ‘MHX* <g M A (qu — VX (ta: =R <x,xf’M>X*)) )

Now, note that this new theory B4 extends A“[X, ||||] only by new types, constants and univer-
sal axioms. Therefore, Lemma 5.3 extends to this theory E; where the conclusion is proved in

BS +(BR) where BY is again the same theory with the principles (QF-AC) and (DC) removed.

The main result on the majorizability part of the metatheorem is now the following model-
theoretic lemma:

Lemma 5.6. Let 3 be a set of additional sentences of type A. Let (X, ||-]|) be a (nontrivial)
Banach space with its dual X*. Let f be a convex, supercoercive and Fréchet differentiable
function f : X — R where Vf, Vf* are uniformly continuous on bounded subsets and where
f* is supercoercive. Let A be a monotone operator A : X — 25 with A='0 # & such that the
corresponding resolvents Resﬂ;A are total for v > 0.
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Then M“XX* is a model of B5 + (BR), provided S**X* = 2 (with M»XX* and §XX*
defined via suitable interpretations of the additional constants). Moreover, for any closed term
t of BS~ + (BR), one can construct a closed term t* of A“ + (BR) such that

MXXE = YOO ;000 5,0 (w > WV WV AW 2 ol ol

~n zg [fO)L VO xn s [ O IVl s lIpxlx = #(w,0',n) 2 t>.

Proof. The proof is completely analogous to that of Lemma 7.7 in [73] (af * can be treated
as o/ in [73]) after making the necessary additions for the treatment of A and its resolvents
and zero which can be made similar as in the proof of Lemma 5.3 in [72]. But, for a more
comprehensive and self-contained proof, we briefly detail these additions here: Concretely, we
have to give interpretations of the additional constants y 4, Resﬁ and px concerning A that were
added to the system DY ,« [FM] to form B“ and then verify that these interpretations indeed

have majorants to check that they belong to M“X** The interpretations are immediately
defined as follows (writing M as a shorthand for M@-XX");

0 if z* e Ax,

(1) [xalm = Are X, 2% e X*. -
1 otherwise,

! "
(2) [Res’Jp := dae NV, z e X. {Resran if ro > 0,

0 otherwise,
(3) [px]a =,

where p € A710 is some zero of A as fixed in the formulation of the lemma. Take n,w and w’ such
that w 2 w¥/, WY and ' 2 o, 0’ as well as n = |F(0)[, [V F(O)[, [f*O)], [[VF*O)], [Ip]l
Corresponding majorants for (1) and (3) are then easily given via

(1) Az, 4°.1° 2 [xa]m,
(3)" n z [px]m-

We now focus on item (2). For this, take b 2 x as well as « 2 v (although the majorant will
be independent of « here). By Proposition 3.10, we have

HResf{Aa:H < 0(2D(by) + 2b,C(by), by)
where b, = max{b,n} + 1 for the fixed n, where
o(a,b) := F(max{a’" (a + D(b) + b),1} + 1),
is defined as in Lemma 3.5 and
C(b) == 527 OD 4 [[IV F(0)1(0) + 2,
F(b) == 627700 4 [T £(0)]](0) + 2,
D(b) :=12°"*Y + [|£(0)]](0) + 2,

are defined as in Lemma 2.15. Since we have

C(b), F(b), D(b) < b2°®Y 4 n + 3 =: E(b)
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it immediately follows that
HRes;”AxHX < 0(2D(by) + 26C(by), by)

(W' (BE(bn) + 20, E(by) + by) + 1)
(W'(6b,E(by)) + 1)

and therefore we obtain
A B (W' (6b, E(by)) + 1) = [Res!, |
O

Theorem 5.7. Let 7 be admissible,  be of degree 1 and s be a closed term of B of type
o(9) for admissible o. Let 3 be a set of sentences of type A. Let Fy(x,y, z,u)/G3(x,y, z,v) be
V- /3-formulas of B with only z,y,z,u/x,y, z,v free. If

B* + 1 V2'Vy <, s(z)Vz" (VuOFV(x,y, z,u) — °Gs(x, y, 2, v)) ,

then one can extract a partial functional ® : NN x NN x N x S5 x Sz — N which is total and
(bar-recursively) computable on NYV*N x NN x N x Ms x M; such that for all x € S5, z € S,
2* € Sz with 2* = z and for allw e NVN o/ e NN, n e N with w = wV/, V", ' = of, o/*
and n = [fO)[, [V O, [f*O) IV O, ]l
SXXF EVy <, s(x)(Vu <o ®(w,w’,n, z, 2%)Fy(x,y, 2, u)
— Jv <o D(w,w',n,x, 2*)G3(z, Y, 2,v))

holds whenever S¥X* =3 for SUXX* defined (via a suitable interpretation of the additional
constants similar to [73] and [72], recall Lemma 5.6) using any (nontrivial) reflexive Banach
space (X, ||-||) with its dual X* and using a convez, supercoercive (with modulus o ) and Fréchet
differentiable function f : X — R where V f, V f* are uniformly continuous on bounded subsets
(with moduli w¥',wYI* | respectively) and where f* is supercoercive (with modulus o™ ) and
using a monotone operator A : X — 2X° with p € A0 # & such that the corresponding

resolvents ResﬁA are all total for v > 0.
Further:

(1) If T is of degree 1, then ® is a total computable functional.

(2) We may have tuples instead of single variables x,y, z,u,v and a finite conjunction in-
stead of a single premise Yu' Fy(z,y, z,u).

(8) If the claim is proved without DC, then T may be arbitrary and ® will be a total functional
on NNVN 5 NN x N x S5 x Sz which is primitive recursive in the sense of Gadel [24]
and Hilbert [26]. In that case, also plain majorization can be used instead of strong
magjorization.

Proof. The proof now is completely analogous to that of Theorem 7.8 in [73] and we just briefly
sketch it: Assuming the premise, one first realizes that the same statement is also provable in
E; Using the functional interpretation, i.e. Lemma 5.3, for this system, one extracts realizers
for (the V3-prenexiation of) this statement which are then majorized in the model based on
M“XX* through Lemma 5.6. Utilizing that the types in the statement are admissible, one can
then in turn conclude that the resulting bounds are also valid in the model based on S¥~XX*,
The additional statements (1) — (3) can also be concluded similarly as in [73]. O
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