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Abstract: Taking as a starting point (a modification of) a weak theory of arithmetic of
Jan Johannsen and Chris Pollett (connected with the hierarchy of counting functions),
we introduce successively stronger theories of bounded arithmetic in order to set up a
system for analysis (TCA?). The extended theories preserve the connection with the
counting hierarchy in the sense that the algorithms which the systems prove to halt
are exactly the ones in the hierarchy. We show that TCA? has the exact strength to
develop Riemannian integration for functions with a modulus of uniform continuity.
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1 Introduction

The formalization of mathematics in systems of second-order arithmetic has
attracted eminent mathematicians, including Richard Dedekind, Hermann Weyl
and David Hilbert, among others. More recently, the field has been revitalized
with contributions of Harvey Friedman, Stephen Simpson and their co-workers.
Their program of reverse mathematics seeks to find the exact correspondence
between theorems of ordinary mathematics and axioms, calibrating the strength
of specific mathematical results. A survey of the state of the art on this subject
can be found in [Simpson 1999].

In [Fernandes and Ferreira 2002], the efforts to formalize mathematics within
second-order arithmetic are extended to weaker (sub-exponential) theories, in
an area known as weak analysis. More precisely, some very basic notions of
analysis are developed within BTFA, a second-order system of 0-1 strings related
with polynomial time computability (see [Ferreira 1994]). On this regard, see
also [Yamazaki 2005] and [Fernandes and Ferreira 2005]. The following quote
is from [Fernandes and Ferreira 2002]: “BTFA is [...] insufficient for developing
Riemannian integration for (general) continuous functions with a modulus of
uniform continuity.” In the present paper, we pursue this line of research and
present a system of weak analysis with the exact strength to develop the Riemann
integral.
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We know from [Ferreira and Ferreira 2006] that counting is a consequence
of integration over the theory BTFA. Therefore, if we take BTFA as our base
theory, the formalization of the Riemann integral has to be carried out in a
system which allows counting. We show in this paper that counting is exactly
what is needed for developing Riemannian integration. This explains our interest
in the hierarchy of counting functions (FCH), a computational complexity class
lying between PTIME and PSPACE.

The links concerning bounded theories of arithmetic and computational
complexity classes are a good example of the rich interaction between math-
ematical logic and computer science. There are several examples of sys-
tems introduced because of their connection to some complexity classes.
We already mentioned BTFA characterizing PTIME, but could also refer to
(for instance) Buss’ theories S, Ul and Vi [Buss 1985] characterizing pre-
cisely PTIME, PSPACE and EXPTIME as the class of functions provably to-
tal in these systems (with appropriate graphs). For related work in the
area, see also [Krajicek 1993], [Krajicek and Pudldk 1991], [Johannsen 1996],
[Johannsen and Pollett 1998] and [Clote and Takeuti 1995].

After the introduction of FCH, by Wagner in 1986 [Wagner 1986], some
machine independent characterizations of the class were developed (for in-
stance in [Vollmer and Wagner 1996]). Johannsen and Pollett introduced in
[Johannsen and Pollett 1998] a second-order bounded theory of arithmetic DJ
and proved that it is related to FCH. This is our departure point. Based on
DY, we introduce TCA a second-order theory in binary notation, compatible
with Ferreira’s theories of feasible analysis, and still connected with FCH. The
second-order variables of this theory (as well as those of the original theory DY)
are intended to range over bounded sets. We expand this theory to a bona fide
second-order system for analysis TCA?, with second-order variables intended to
range over arbitrary subsets of the first-order domain. If we compare TCA and
TCA? with the theories X-NIA (see [Ferreira 1994]) and BTFA, we are led to
the following informal correspondence:

BTFA TCA2
SP-NIA TCA

Since BTFA C TCA?, the portion of real analysis already developed in BTFA
(see [Fernandes and Ferreira 2002]) can also be developed within TCA?. We pur-
sue these efforts in order to formalize the Riemann integral for functions with
a modulus of uniform continuity in TCA?. We verify some properties of the
integral; in particular, we prove the fundamental theorem of calculus.
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2 Theory for counting arithmetic (TCA)

The purpose of this section is to present a second-order theory of bounded arith-
metic in binary notation, called TCA, whose class of provably total functions is
FCH. The intent is facilitated because Johannsen and Pollett have already de-
veloped a number system D§ and proved its relation to the counting hierarchy.
Apropos bounded arithmetic theories related with counting see also the sys-
tems C3 and C§ [Johannsen and Pollett 1998] by Johannsen and Pollett and the
system VTC° [Nguyen and Cook 2004] by Stephen Cook and Phuong Nguyen.
However, we do not work in D and work instead with a reformulation of this
theory in the binary string setting. This has the advantage of building upon the
work in weak analysis already done in such setting. Following [Ferreira 1994], we
start by quickly recalling the basic concepts concerning second-order systems in
binary notation.

Consider £} a second-order language with equality which has three constant
symbols, viz e (for the empty word), 0 and 1; two binary function symbols ~
(for concatenation — the symbo is usually omitted) and x (where = X y
refers to the word z concatenated with itself length of y times) and three binary
relation symbols =, C (for initial subwordness, i.e., string prefix) and € that
infixes between a first-order term and a second-order variable. The language has
first-order variables denoted by x, ¥, z, ... and second-order variables denoted by
Ft G4, ... with t, q first-order terms. The standard structure for this language
has domain (2<%, Pf(2<w )), i.e., the first-order variables are interpreted as finite
sequences of zeros and ones, and the second-order variables are subsets X! of
2<% satisfying z € X! — x < t, where x < t abbreviates 1 x z C 1 x ¢ (this
means that the length of x is less than or equal to the length of ¢; we also use
the notation, x <tV z =1t).

The class of formulas in L% is defined as the smallest class of expressions
containing the atomic formulas t; C tg,t; = to,t; € F*t, with ¢, t5 terms and F*
a second-order variable, and closed under the boolean operations =, A, V, —, the
first-order quantifications Vx, 3z, the bounded first-order quantifications Vx =<
t,3x <t and the second-order quantifications VF*,3IF*.

The theory that we present below is a reformulation in binary notation of
the theory DY, introduced in [Johannsen and Pollett 1998].

1 wry

Definition 2.1 TCA (Theory for Counting Arithmetic) is the second-order the-
ory in the language LY, which has the following axioms:

— Basic axioms: ze = x; x(y0) = (2y)0; x(yl) = (zy)l; x X e = ¢; x x y0 =
(xyz;zxyl=(zxylz;z Ce—sxz=¢zCy0—axCyVae =yl
rCyl sz CyvVe=yl;20=9y0 - x =y; 21 =yl — z = y; 20 # yl;
20 # €; 21 #€;
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— VYVF'(y € F' —y 3 t);

— Induction on notation for Eé’b—formulas:
A(e) ANVx(A(z) — A(x0) A A(x1)) — Ve A(z),

with A a Z‘é’b—formula (i.e., with no second-order quantifications and where
all first-order quantifications are bounded). In the standard model, if the
second-order parameters are in the Polynomial Hierarchy (a.k.a. Meyer-
Stockmeyer Hierarchy) then these formulas define predicates in this hier-
archy;

— Bounded comprehension: IFYy < t(y € Ft < A(y)), where t is a term in
which y does mot occur, and A is a Z‘é’b—formula that may have other free
variables other than y and where the variable F* does not occur;

— Substitution for X *-formulas: Vo < t3F9 ¢(z, F9) — 3G"Vz < t@(x, G7),
with ¢ a Eé’b-formula, t a term where x does not occur, and @ results from
@ by replacing all the occurrences of “s € F17 by “x,s) € G"” (where (, )
is a pairing function and r is a certain term depending on t and q). We are
omitting the exact term r in order to facilitate reading (the term depends
on the particular definition of the pairing function — see [Ferreira 2006] for
a concrete implementation of these matters). This is a technical axiom that
permits a kind of “permutation” between bounded first-order universal quan-
tifications and second-order existential quantifications;

— Counting axiom: VE*3C?Count(C", F*'), where v is a certain term (we omit
it) which depends on t, and Count(C”, F*) abbreviates the conjunction of
Vo < t3'j < v(z,j) € C — a clause which states the functionality of CV —
together with

(e Pt — (e,e) € CY) A (e € Ft — (¢,0) € CV),
and

Vo <1 1xt((S(x) ¢ Ft > Vj < v((z,§) € C* — (S(x),) € C?)A
(S(z) € F* = Vj 2v((x,j) € C" — (S(x),5(j)) € CV))),

where < is linearly ordered according to increasing length and, within the
same length, lexicographically (0 before 1), S is the successor function in-
duced by <;, and t is a term in which x does not occur. (Again, the term v
depends on the particular definition of the pairing function; [Ferreira 2006]
presents a concrete implementation.)

In the last scheme, the idea behind the formula Count is that C'” counts the
number of elements in F*': given x < ¢, we have (z,j) € CV if and only if there
are j elements less than or equal to z (with respect to the order <;) in F*.
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A XVP-formula (vesp. II)"-formula) is a formula in L3 of the
form: IF{ . 3EF o(Ff, . FF 2, GT) (vesp. V[ LYEX o(F, ..., Fi*, 7, GT)),
where ¢ is a 23 -formula. A X)"-extended formula (respectively IT}"°-extended
formula) is a formula that can be built in a finite number of steps, starting
with Eé *_formulas and allowing conjunctions, disjunctions, bounded first-order
quantifications and second-order existential (respectively universal) quantifica-
tions. A formula is A%’b (respectively A%’b—extended) if it is equivalent in TCA to
both a X} "*-formula (respectively a X7 -extended formula) and a IT; *~formula
(respectively a IT 11 *_extended formula).

Proposition 2.1 The following is provable in TCA ([Ferreira 2006] or
[Johannsen and Pollett 1998]):

substitution for Ell’b-extended formulas
— bounded comprehension for A}’b—e:ﬂtended formulas
— induction on notation for A}’b—e:ﬂtended formulas

— minimization scheme for Ai’b-extended formulas, i.e.,
JrA(x) — 3x(A(z) AVy <1 2-A(y)),

with A a AY’-extended formula.

Similarly to [Johannsen and Pollett 1998], it can be proved that FCH is the
class of functions provably total in TCA with 211 ’b—graphs. The proof uses the
free cut elimination theorem, after formulating the theory TCA into Gentzen’s se-
quent calculus (the details can be found in [Ferreira 2006]). Here we just present
that formulation, denoted by LKgch.

Besides the initial sequents of the form A = A, with A an atomic formula,
and the sequents for equality, LKrcy has also the following axioms:

1) = A(S), with A a basic axiom of TCA and § terms;
2) seF'=s=<t;

3) = A(e) AV < s (A(z) — A(z0) A A(z1)) — Vo < sA(x), with A a X"-
formula, and x does not occur in s;

4) = IFVy < s(y € F* < A(y)), with A a X -formula where the variable
F? does not occur;

5) = IC?Count(C", F'), the term v as in the counting axiom,

and all the second-order inference rules (like the ones presented in [Buss 1985]
with the obvious modification to our language), complemented with the following
substitution rule:
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I'a <t=3F%(a, F?)
I'=3G"Vz < tp(z,GT)’

where a is a proper variable, ¢ a Z‘é’b—formula , and r and ¢ are as in the
substitution scheme.

Of course, the point of this sequent calculus formulation of TCA is that all
of its axioms are given by sequents consisting only of 211 *_formulas.

3 Enriching TCA

In this section, we enrich TCA and set up a system for analysis (with second-order
variables intended to range over arbitrary subsets of 0-1-strings), still character-
izing FCH. Firstly, we need to add to TCA a suitable collection scheme.

A XLb_formula is a formula that belongs to the smallest class of expressions
in £4 that contains the Z‘é’b—formulas and is closed under —, A, vV, 3X ¢ VX, Jx <
t and Vz < t. Consider the following scheme, denoted by B! XL?:

VX' Iy oy, X') — 32X Ty < zp(y, X*)

with ¢ a XL’-formula which can have free variables other than y and X?.

This bounded collection scheme, although somewhat technical, is of
paramount importance for the introduction of some principles of recursive com-
prehension. Observe that this is a true scheme in the standard model because
(for a fixed 0-1-string t) there are only finitely many values for X!. Even
though we may be collecting exponentially many elements, adjoning the col-
lection scheme does not entail the totality of exponentiation. In point of fact,
one obtains a theory which is suitably conservative over the original theory
(see the next proposition). This conservativity is argued below via an analysis
within a sequent style Gentzen calculus. For a recent new angle on this issue see
[Ferreira and Oliva 2007].

The theory TCA + B1XL? can be formulated in Gentzen’s sequent calculus
by LKEcy, which results from LKgcy adding the following inference rule:

I' = ye(y, C")
I'= 32VX13y < zo(y, Xt)’

where C! is a proper variable, ¢ is a term where y does not occur and ¢ is a
Y Lb_formula which can have other free variables.

The characterization of the provably total functions in the enlarged theory
TCA + B! XL is obtained via the following conservation result:

Proposition 3.1 The theory TCA 4+ B XL is V3XL_conservative over TCA,
i.e., whenever TCA + B! XLY proves a sentence of the form Ya3yp(z,y), with ¢
a XLb-formula, then TCA already proves it.
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Proof. The proof uses the cut elimination theorem and is based on a proof, in
a different context, presented by Buss (see [Buss 1998]).

Suppose TCA + B'XLY  vz3yp(z,y), with ¢ a L1 -formula. So, there
is a LKgcy-proof of the sequent = 3y¢(Z,y). The free cut elimination theo-
rem ensures that there is a LKgcy-proof P of = Jyp(z,y) without free cuts,
which means that we can assume that every formula in P is a XL-formula
or is a formula of the form 3x0(x,z, X?), with § a XL -formula. We prove,
by induction on the number of lines of the proof P, that for every sequent
I' = Ain P (consider I' := Jx1¢1, ..., Inpn and A = Fy1q, ..., Jyrix,
with ;,10; XLb-formulas), we have TCA F YuFovz < uvVXP@) (= — AZY),
where I'S% abbreviates Jz; < upy A ... A Jx, = up, and A=V abbreviates
Jy1 < vhr V...V Iy, = v, Once we apply it to the last sequent of P, the result
follows immediately. We illustrate the proof by induction on the number of lines
of P with the cut rule. Suppose I' = A is obtained by cut, i.e., the line immedi-
ately above is formed by the sequents I' = A, A and A, " = A. If A is a XLb-
formula it is enough to choose v as being the concatenation of the v’s that exist
by induction hypotheses for the two sequents in the line above. Suppose A :=
3260(z, 7, XP®)), with 0 a £ L.0-formula. By induction hypothesis we have that (1)
TCA F YuIovz < uVXP@E (P3¢ - ARV v Jz < (2,2, XP(®))) and (2) TCA F
YuFvz < uVXP® (32 < ub(z, 7, XP@) A D3 — AZY). We want to prove that
TCA - YuIovz < uVXP@ (I3 — A=), Let us work in TCA. Given u, by (1)
there is vy such that ¥z < uVXP@ (M= — AZv v 3z < 00(z, 7, XP®))). We
can suppose that u = v1, because if it is not the case we replace v; by v; “u. By
(2), there is vy such that ¥z < v VXP®) (32 < v10(z, 2, XPE)) A I3 — AZv2),
So Vi = uVXP@ (32 < v10(2,z, XP@) A =% — AZ2), With v = v; "vp we
have Vz < uVXP@ (1'% — AZv). The other rules follow in a similar way. O

It follows immediately that the provably total functions in TCA + B 12,
with graphs 211 ’b, are exactly the functions of FCH.

We are now ready to define the theory TCA?, which includes the previous
systems and is stated in a language that permits variables ranging over infinite
sets. Let L5 be a second-order language with equality which differs from £% only
by the presence of second-order variables, denoted by F,G, ..., X,Y instead of
the previous second-order “bounded” variables F'*, G, ... The formulas of £, are
defined as in £}, replacing X* by X. The definitions of Eé’b (respectively Ell’b,
i 11 b A%’b, YLb)formulas in £o (and its extended versions) are given by obvious
modifications, namely replacing VX!, 3X! by the second-order quantifications
VX <t, 3X < ¢ where X <t abbreviates Vz(z € X — z <X t).

A structure for £2 has domain (M, S), with the first-order variables taking
values in M and the second-order variables varying over S, a given subset of
P(M). The standard model is (2<%, P(2<¢)). Note that although we work in
a second-order language, our logic is of first-order kind (first-order logic in a
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two-sorted language): our semantics only specifies S to be a subset of P(M), not
necessarily all of P(M).
Consider the following axiom, known as the recursive comprehension scheme:

Va(Jye(z,y) < Yyy(z,y)) — IXVa(r € X « Jyp(z,y)),

with ¢ a 211 *_formula and v all 11 ’b—formula, possibly with other free variables.
In the standard model, this scheme ensures that all recursive sets exist. There-
fore, it may seem that adding this scheme to weak theories like ours would
increase its computational power. We will prove that this is not the case. NB
the existence of a set X is guaranteed only in the case the theories have enough
resources to prove the equivalence in the antecedent of the scheme, i.e., enough
“power” to prove that some algorithms do halt.

Definition 3.1 TCA? is the second-order theory, in the language Lo, with the
following axioms: basic axioms, induction on notation for Eé’b-formulas, substi-
tution for Zé’b—formulas, counting axiom, bounded collection and the recursive
comprehension scheme mentioned above.

Note that £5 C Lo, in the sense that every expression in £} can be formulated
in L. Note also that every model of TCA? satisfies the axioms of TCA + B! XL?
by definition. In order to proceed, we need in some sense the inverse, i.e., to get
models of TCA? from models of TCA + B! XLb.

Lemma 3.1 Let M be a model of the theory TCA+B XL with domain (M, S).
Then there is S C P(M) such that M*, with domain (M, S), is a model of TCA?
and Sp = {X*: X € SANa € M}, where X collects the elements of X with
length less than or equal to a.

Proof. In order to get M* from M we have in some sense to “close” M for
recursive comprehension. Let S be formed by the subsets X C M for which
there is a Ell’b—formula v, a Hll’b—formula ¢ and elements a,b in M and AP, B*
in S, such that X = {x € M : M F Jyp(z,y,a, AP@¥)} = {z € M :
M E Yy (z, y,b, B*®¥9)} The proof that S, C {X*: X € S Aa € M} fol-
lows immediately because whenever C¢ € S, we have C¢ € S. For the other
inclusion consider C' € S and ¢ € M. We want to prove that C° € S,. By
definition of S there are formulas ¢, and elements @, b, A, B (to simplify no-
tation we omit the bounded term in the second-order parameters) such that
M E Vx(3ye(z,y,a, A) < Yyi(z,y,b, B)). We claim that there is d € M such
that Vo < c¢(3y =< do(z,y,a, A) « Yy =< dip(z,y,b, B)). The existence of this
d uses the fact that from Vo =< cJyf(z,y), with § a YLb-formula, we have
Jdv¥z < 3y < df(x,y), which is a consequence of M being a model of B1 XL0.
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Therefore, by bounded comprehension in TCA + B!XLb for A}’b—extended for-
mulas we have that F¢ = {x < ¢: 3y < dp(x,y,a,A)} is an element in Sy. Since
F¢ = (C¢, we have C° € S.

The proof that M* is a model of TCA? is done axiom by axiom. The case
of the basic axioms is trivial, because the interpretation of the constants, the
function and relation symbols is the same in M and M* and both models
have the same first-order domain. The study of the other axioms follows more
or less in a straightforward manner from the following technical fact (which
can be proved by induction on the complexity of ¢): Given p(u,U) a XL°-
formula, there is a term q(u) with the following property: given ¢ elements in
M and C subsets in S then M* E p(¢,C) & M E ¢(¢, C®) whenever q(¢) < b.
We illustrate the application of the fact studying the counting axiom and the
recursive comprehension scheme. For the counting axiom, givena € M, fix F € S
such that F' < t(a). We want to prove that M* E (@, F) with ¢(u, U) the X1:b-
formula defined by 3C < vCount(C,U). Since F*(@ ¢ S, and M is a model of
TCA, we know that M E o(a, F®). Applying the technical fact above, there
is a term ¢(@) such that M* F (@, F) < M F ¢(a, F®) whenever g(a) < b. If
q(a) = t(a) the result is immediate. If ¢(a) < ¢(a), then F*® = F4(@) because
F < t(a). Therefore, M* E ¢(a, F).

For the recursive comprehension scheme, suppose that M* E
Va(Jyp(z,y,a, A) « Yyy(z,y,b,B)) with ¢ a Ell’b—formula and ¢ a Hll’b—
formula. We want to prove that M* F 3IXVz(z € X « 3Jye(z,y,a, A)).
Note that the formulas o(z,y,%,U) and v(z,y,u,U) are, in particular,
YLb formulas. Applying the fact above to the formula ¢, there exists
a term q(x,y,u) such that given s,r,a € M and A € S we have (%)
M* E o(s,ra,A) & M E @(s,r,a,A’) whenever q(s,r,a) < b. Applying
the same fact to 1, there exists a term p(z,y, %) such that given s,7,b € M
and B € S we have M* E ¢(s,7,b,B) & M E ¢(s,m,b, Bb/) whenever
p(s,m,b) = b. Since M* E Vz(Jyp(z,y,a, A) < VYyi(z,y,b, B)) we know
that M E Vz(3yp(z,y, a, AY@YD) o Yyh(x, y, b, Bp(””’y’g))). Take X = {z €
M : M E Jyp(z,y,a, A1) = {z € M : M E Vyy(z,y,b, BP=vD)}. By
the definition of S, X € S. From (x) we know that M* F Jyp(s,y,a, A) <
M E Jyp(s,y,a, A1vD) so X = {z € M : M* E Jyp(x,y,a,A)}. Thus

M* EIXVz(x € X < Typ(z,y,a, A)). O

Theorem 3.1 If TCA? + Vz3yp(Z,y), with ¢ a ZLP-formula, then TCA +
VZyp(Z,y).

Proof. Suppose that TCA t/ VZ3yp(z, y). Therefore, by Proposition 3.1, we also
have TCA+B! XLt I/ Vz3yp(z, y). By the completeness theorem, there is a model
(M, Sy) of TCA+ B! XLt and @ € M such that (M, Sp) = Vy—¢(a,y). Using the
previous lemma, take S C P(M) such that S, = {X* : X € SAa € M}.
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Clearly, XL.0-formulas are absolute between (M, S,) and (M, S). Therefore, we
also have (M, S) = Vy—p(a,vy). Since (M, S) is a model of TCA?, by soundness
we conclude that TCA? V Vzdyp(z,y). O

As a consequence, the provably total functions of TCA?, with 211 ’b—gmphs7
are still the functions of FCH.

4 Analysis in weak systems — background

In this section, we briefly review the formalization of the basic an-
alytic concepts given in the paper Groundwork for Weak Analysis
[Fernandes and Ferreira 2002]. The formalization was worked out within BTFA
and, consequently, it also applies to the stronger TCAZ. All the elementary
notions that we will need, such as that of a real number or of a continuous
real function are briefly introduced. Some basic concepts not dealt with in
[Fernandes and Ferreira 2002] are also stressed. For a more detailed study see
[Fernandes and Ferreira 2002], [Yamazaki 2005] and [Ferreira 2006].

In TCA? we consider two sorts of natural numbers:

- The tally numbers, N1, which are the sequences satisfying xt = eVax =1 x x.

The idea is that a natural number y corresponds to the tally 1° ... 1.
—

y times
- The dyadic natural numbers, Ny, which are the sequences satisfying = =

eVa = ly (with y a word). The idea is that if z is lzqas - - x,_1 where each
x; is 0 or 1, then we should view z as the number E?;Ol ;2" with xp = 1.
The empty string € represents the number zero.

We define Oy, 1n,, <n,, +n, and -, as €, 1, C, * and x (resp.), and obtain
a structure of ordered semi-ring in Nj. It is also possible to define On,, 1n,, <n,,
+n, and -y, in order to reproduce the usual operations of the natural numbers
and verify that Ny is an ordered semi-ring (see [Ferreira and Oitavem 2006]).
The indexes N7 and Ny are omitted whenever it is clear from the context which
operations are being used.

Remark 4.1 - By the counting axiom it is possible to do the counting in No as
well.
- The induction scheme along Ny is valid in TCA?:

A(ONQ) AVx € NQ(A(J)) — A(Jt +N, 1)) —Vr € NQA(J?),
with A a A}?-extended formula.

We follow [Fernandes and Ferreira 2002] and let the dyadic rational num-
bers, D, be triples (0,z,y) and (1,z,y) (coded as strings in a smooth
way), with x € Ny and y = e Vy = 21 (with z a word). The idea
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is that the triple (s,zo...Zn—1,%0--.Ym—1) represents the rational number
(—1)* () w2n it Z;-n;ol 5%47). Usually we denote such dyadic rational
number by £2oZ1...Tn_1 Y0 ... Ym—1. The middle dot “-” is the radiz point of
the bitwise representation of the dyadic number. It is possible to introduce Op,

1p, <p, +p and -p extending, to the dyadic rational numbers, the operations al-
ready mentioned in the dyadic natural numbers. Such operations reproduce the
usual operations in the rational numbers and with them D becomes an ordered
ring. We can also introduce: —p, —n, (considering positive and negative tally)
and |z| in the expected way.

Given a tally n, we use the notation 2" to abbreviate the representation of
the dyadic rational number +100...0-e. Note that it is just notation, since both

n zeros
the dyadic and unary exponential functions are not total in TCAZ.

Notation 4.1 The dyadic rational numbers of the form +m - € are sometimes
used when we want to refer to the dyadic natural numbers m.

Functions are suitable sets of codes of ordered pairs. A function o : Ny — D
is a real number if |a(n) — a(m)| < 27" for all n < m. Two real numbers « and
B are equal and we write a = (3 if Vn € Ny|a(n) — B(n)| < 2771, We identify
each dyadic rational number x with the real number a, defined by the constant
function a(n) = x, for all n € N;. Therefore, we have a natural embedding of
D into R. The basic arithmetical operations, with the usual properties, can be
defined on the real numbers in the following way:

- a+ 3 is the real number n~ a(n+ 1)+ B(n + 1)
- a — (3 is the real number n~ a(n+1) — B(n+1)

- « - [ is the real number n ~ a(n + k) - B(n + k), where k is the least tally
such that |a(0)] 4 |3(0)| 4+ 2 < 2% (the symbol - is usually omitted)

- a < B is defined by Vn(a(n) < B(n) +27"*1)

- a< fisdefined by a < fAa# S

|a| is the real number n ~ |a(n)],

and, with these operations, the real numbers form an ordered field.

In  the above, the only operation not introduced  in
[Fernandes and Ferreira 2002] is the absolute value |a|, which is obviously a real
number because [al(n) — [a](m)] = [la(n)| - la(m)]| < a(n) — a(m)| < 27,
for all n < m. Note that real numbers are sets, i.e., second-order entities. So,
the existence of particular real numbers always amounts to set formation (using
the available comprehension).
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The relations = and < in the real numbers can be expressed by formulas of
the form Vzg and the relations # and < can be expressed by formulas of the form
Jzp with ¢ a Xy ~formula. We also know that a(n) — 27" < o < a(n) + 27"

Although we can not talk in general about sets of real numbers (the language
only allows sets of words), we use expressions of the form Voo € R... or a € [, 7]
to stand for Yo (if « is a real number then ...) or « is a real number and
0 < a < 7, respectively.

Since the main purpose is to develop analysis, the concept of continuous
real function is essential. In [Simpson 1999] and [Yamazaki 2005] we can find
different definitions. In this paper we broadly follow [Simpson 1999], adapted to
our weak setting (for more information, see [Fernandes and Ferreira 2002]). In
the following definition (z,n)®(y, k) can informally be seen as stating that the
elements in |z — 27", 2 4+ 27"[ are applied under @ in [y —27F y + 27%].

A continuous partial function from R to R is a set @ of codes of quintuples
(denoted by (w, x,n,y, k)) satisfying:

- if (w,x,n,y, k) € ® then w is a first-order element, x,y € D, n, k € Ny

(

if (,n)®(y, k) and (z,n)®(y', k') then |y —y/| < 27F 4+ 2%
(x,n)P(y, k) and (z',n') < (z,n) then (z/,n")D(y, k)
(

- if (z,n)P(y, k) and (y, k) < (v, k') then (z,n)P(y', k'),

(v,
- if (a

where (z,n)®(y, k) abbreviates the formula Jw(w, z,n,y, k) € ¢ and (z/,n') <
(z,n) abbreviates |z — 2/| + 277" < 27",

From [Fernandes and Ferreira 2002], we know that the identity function Id,
the constant function C, with v € R, the sum @, + $2 and product ¢ - P of
continuous functions can be defined as continuous functions. Next we present
another example of a continuous function from R to R: the modulus function.

We define the modulus function |.|, by (x,n)|.|(y, k) if z,y € D,n, k € Ny and
|[x| —y| <27% — 27" Note that set {(e,z,n,y,k) : ||z| —y| < 27F — 27"} exists
in TCA? and is officially the modulus function. It can be seen that the set is,
indeed, a continuous function from R to R according to the definition.

Now we present some standard definitions:

- Let @ be a continuous partial function from R to R. A real number « is in
the domain of @, denoted by o € dom(®P), if

Vk € Ny3n e Nydz,y € D(Ja — 2| <27 A (2, n)P(y, k)).
Or equivalently: Vk € Ny3n € Ny3y € D(a(n + 1), n)P(y, k).

- Let @ be a continuous partial function from R to R, and let o be a real
number in the domain of @. We say that a real number 3 is the value of a
under the function @, denoted by &(«) = g, if
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Va,y € DVn, k € Ny ((2,n)P(y, k) Ala — 2| < o — |8 —y| < o).

on 2k

From [Fernandes and Ferreira 2002], we know that, if ¢ is a continuous par-
tial function from R to R and o € dom(®), then there is a real number
satisfying ®(«) = (§ and it is unique (modulo the equality of reals). The proof
in BTFA is not straightforward, but in TCA? is much easier since minimization
is available (see [Simpson 1999] and [Ferreira 2006]).

Remark 4.2 Given v € R and o € dom(®), the formula (o) < 7y is an
abbreviation of 6(P(a) = BA L < ) (x). We can prove that such formula is
equivalent to Vx,y € DVn, k € Ny ((z,n)®(y, k) A|a—z| < 2 =y < v+ %) (1).
Thus, equivalent to a VZ‘é’b-formula. We immediately obtain (1) from (x). The
other implication comes from the possibility of fixing B such that &(a) = § and
from the fact that a € dom(®) implies that Vk € NyJy € D(|8 —y| < 55 Ay <
v+ 2%), and consequently Yk(8 < v+ 2,%1) So, B < because k can be chosen
as large as we want. Obviously also P(a) < 7y is equivalent to a EIZ'é’b—formula

and, by definition, ®(a) = v is equivalent to a Vﬂé’b—formula.

Of course, we have Yo € R, Id(a) = a, Cy(a) =7, and if @ € dom(P1), a €
dom(P3), P1(a) = B1 and P(a) = P2 then o € dom (P +P2), a € dom (P - Do),
(D1 + P2)(a) = P1 + B2 and (D1 - Do) (a) = By - Pa.

Proposition 4.1 The modulus function |.| (introduced before) is a continuous
total function and Vo € R |.|(a) = |a].

Proof. Take o € R and k € N;. We have |a — a(k 4 1)| < 2=*+1) < 2=k
and ||a(k + 1)] — |a(k + 1)|| = 0 = 27% — 27F. So, there are n := k € Ny,
r:=alk+1) €D, y:=|a(k+1)| € Dsuch that (joa —z| < 27" A (x,n)|.|(y, k)).
Thus « € dom(].|). Let us prove now that |.|(a) = |af, i.e., Va,y € D¥n, k €
Ni((z,n)|.|(y, k)Ala—z| < &= — ||a|—y| < % ). Take 2,y € Dand n, k € N; and

27l
suppose that (x,n)|.|(y, k) and |a—z| < % Then ||a|—y| = ||a] = |z|+|z| —y| <
o] = ||| + ||z| — y| < |a — x| +27% — 27" < . Therefore, |.|(a) = |a]. O

Definition 4.1 A continuous partial function from R to R is total if all the real
numbers are in the domain of the function. It is total in the interval [a, (] if
every real number in [a, O] is in the domain of the function.

We finish the study of the continuous functions showing that the usual notion
of composition of real continuous function can be formalized in TCAZ.

Let @1 and @5 be continuous partial functions from R to R.

Define (z,n)(®P1 o P2)(y, k) iff x,y € DAn, k € NyA

2’ € DIn’ € Ny \ {0} (z,n)P2(z', n') A (2,0 — 1)P1(y, k).



Ferreira F., Ferreira G.: The Riemann Integral in Weak Systems of Analysis 921

Let 0(x,n,y, k) be the previous formula. Note that € is (logically) equivalent to
a EIEé’b—formula, i.e., it is of the form Jwé’ (w, x,n,y, k), with 6" a Z‘é’b—formula.
Then, the set {{(w,z,n,y,k) : 0'(w,xz,n,y, k)} exists in TCA? and is officially the
composition 1 o .

Let us prove that @1 o &5 is a continuous partial function from R to R.

If (z,n)(P1 0 Pa)(y, k) and (z,n)(P1 o P2)(y', k') then there are 2/ € D and
n’ € N1\ {0} such that (z,n)P2(z',n') A (z',n' —1)P1(y, k) and there are 2"’ € D
and n” € Ny \ {0} such that (x,n)Pa(z”,n") A (2", n" — 1)P1(y', k).

Since @, is a continuous function, |2/ — 2”| < 27" + 27" If |2/ — 2| <
277" 42-7" then there are z € D and m € N such that (z,m) < (2/,n/)A(z,m) <
(z”,n"). To see that, suppose that 2/ < x”. It is enough to consider the interval
[z — 27" 2’ 4+ 27" and to take z as % and m as an element

of Ny such that 27™ < % Since we have (z/,n’) < (z/,n’ — 1) A
(2”,n") < (2",n" —1). We conclude that (z,m)P1(y, k) A (z,m)®1(y’, k'), and
soly—y/| <27k 427K If [of —2"| =27 427" since («/,n') < (z/,n' — 1)
and (", n") < (z",n" —1), we have (x,n)Pa(z',n' — 1) and (z,n)P(z",n" —1),
with |2/ — 2"] < 9~ (n'=1) 4 9=("=1)  Just apply the previous case. The other
two conditions can be verified in a straightforward way.

Proposition 4.2 Take &1 and Do continuous partial functions from R to R. If
a € dom(Ps2) and P2(ar) € dom(Py), then a € dom(Py o P2) and (D1 0o P2)(a) =
@1 (@2 (Oé))

Proof. Fix k € Ny and take 8 € R such that @3(a) = 8. Since 8 € dom(P),
there are n’ € Ny and y € D such that (G(n' + 1),n")®1(y, k). Also there are
n € Ny and 3’ € D such that (a(n + 1),n)P2(y’,n’ + 3) because o € dom(Ps).
Let us prove that (a(n+1),n)(P1 0P2)(y, k). By definition of &1 o $o we have to
prove that there are w € D and m € Ny \ {0} such that (a(n + 1), n)@2(w, m) A
(w,m — 1)P1(y, k). Take w := 3" and m := n’ + 3. Obviously, we have (a(n +
1),n)P2(w, m). It remains to prove that (y',n' + 2)P1(y, k). We know |B(n’ +
1) - y/| + 27/% < W(nl + 1) - 5| + |ﬁ - yll + 2n’1+2 < 2n/1+1 + 2n’1+3 + 2n/1+2 <
Q}L/. So (y',n' 4+ 2) < (B(n' + 1),n'). Since (B(n’ + 1),n)P1(y, k), we have that
(ylv n' + 2)¢1 (yv k)

Let us prove that (@1 o @2)(a) = &1 (P2(w)), i.e., giving A, 3,7 real numbers
such that A = (&1 o0 @3) (), 8 = P2() and v = P1(5) we have X = 7.

From the above, given k € Ny, there are n,n’ € Ny and y € D such that
(a(n+1),n)(P10DP2)(y, k) A (B(n' + 1),n")P1(y, k). Because X = (P1 o Da) (),
(a(n+1),n)(P10D:)(y, k) and [a — a(n+1)| < 257 < 37 we have [A—y| < 5.

Since @1 (3) = v and (B(n' +1),n" )Py (y, k) and |5—B(n'+1)| < 2,1,1“ < 2—1,, we
have [y —y| < gr. But [A=9| = [A=y+y =9 < A=y[+]y—7] < 5r + 55 = 31

So |[A—7| < 0. Note that k can be chosen arbitrarily large. Therefore, A = . O




922 Ferreira F., Ferreira G.: The Riemann Integral in Weak Systems of Analysis

Corollary 4.1 Take ¢ a continuous total function in [aq,as]. The function
|.| o ®, abbreviated by |P|, is a continuous total function in (a1, as] and |P|(a) =
|P(a)|, Ya € [ag, as).

We need to strengthen the notion of continuity. We work with the concept
of modulus of uniform continuity.

Definition 4.2 Let ¢ be a continuous total function (respectively continuous
total in [a1,as]). A modulus of uniform continuity (m.u.c.) for @ is a strictly
increasing function h from Ny to Ny such that for alln € Ny and for all o, f € R
(respectively o, B € [a1, as)), if o — B] < 27" then |d(a) — &(B)| < 27".

The following is easy:

Proposition 4.3 a) Id, |.|, Cy and C, - Id, with v € R, are functions with a
modulus of uniform continuity.

b) If 1 and Do are conlinuous total functions or continuous total in [, as)
with a m.u.c then @1 + $o has a m.u.c.

¢) If @5 is a continuous total function (respectively continuous total in [aq, aa))
with a m.u.c. and ®1 is a continuous total function (respectively continuous
total in [B1, B2]) with a m.u.c. (and satisfying Vo € (a1, ae] P2(a) € [B1, B2]),
then @1 0P has a m.u.c. In particular, if ® has a m.u.c. then || has a m.u.c.

5 On the way to integration: sums

Let us make two preliminary observations that will be used often in the sequel.
Take f a function from X to Y (e.g. f : Ny — D, f: Ny x Ny — Ny, ...). The
formula 0(z) := = € X A0 (z, f(z)), with ¢ a X3 °~formula is equivalent to a
Eé’b—formula (we allow a set parameter). In fact, §(x) can be expressed in the
following equivalent forms: x € X AJy(f(z) = y A0 (z,y)) or x € X AVy(f(z) =
y — 0'(x,y)). So, by recursive comprehension (in TCA?) we can form the set
Z ={x € X : 0(x)} and 0(x) is equivalent to z € Z. The second observation
is the following. Let 0(x,y) be a EIZ'll’b—formula. If it is possible to prove, in
TCA?, that Vz3yh(x,y) and that y is unique, then O(x,y) is equivalent to a
Sot-formula. Indeed, we can form the set {(z,y) : 0(z,y)} because we have
recursive comprehension and  6(z,y) < Vy'(8(z,y’) — y =y). Obviously
——

HZII’bfformula VHll’bfformula
the result is still valid with the restrictions x € N; or z € Ns.

Lemma 5.1 Let f be a function from X X Ny to No. Then there is a function
g from X x Na to Ny such that Vo € XVn € NoVi <y, n(f(z,1) < g(z,n)).
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Proof. Take z € X and n € Ny. Obviously we have Vi <y, n3sf(z,i) < s, just
take s as being f(z,4). By bounded collection 3r'Vi <y, n3s < 7' f(z,i) < s.
So IrVi <y, nf(x,i) < r, for instance r = 1 x 7. Thus, Vz € XVn € No3r €
NoVi <n, nf(z,i) < r. Consider the Eé’b—formula ¢ defined by ¢(z,n,r) :=
Vi <y, nf(z,i) <y, r and the set g := {{{z,n),r) :x € X An € Ny Ar € Ng A
oz, n, ) AVr < r=¢(z,n,r’)}. Since Vo € XVn € NyTr € Nog(z,n,r), applying
minimization we have Vo € XVn € No3r(o(z, n,r) AV < r=¢(z,n,r’")). Thus
g is a function from X x Ny to Ny satisfying the desired condition. O

Theorem 5.1 Given f: X x Ny — Ny, there is X'y a function from X x Nj to
Ny s.t. Vo € XVn € No[X(2,0) = f(x,00AX¢(z,n+1) = Zy(z,n)+ f(x,n+1)].

Proof. Informally notice that, for all  in X, we have f(z,0) + f(z,1) +--- +
fl,n) = #{r:r <m, f(2,0)} +-- +#{r:r <n, flz,n)} = #{(r,i) : i <p,
nAT <y, flx,0)} =#{uw:Fi,r Su(u= (ri) Ni <y, n AT <w, f(x,7))}, where
# is the number of elements in the set that belong to Ns.

Given x € X and n € Ny let Z be the set {u : Ji,r < u(u = (r;i) Ai <,
nAr <y, f(z,i))} where we suppose that the pairing function has some nice
properties, viz. that it is monotone (in the sense of <) in both arguments and
such that r,4 < (r,i). Note that from Lemma 5.1, there is a function g such
that u € Z — u < (g(x,n),n). Fix t := ((x,n),n). Applying the counting axiom
in Ny (see Remark 4.1), there is an explicit term v; constructed from ¢ and
C =< v such that (u,j) € C iff there are j elements of Ny less than or equal
to uwin Z. Take Xy = {{(z,n),s) :x € X An € Na A3Z < (g(z,n),n)3C =
vi(Mu < (g(z,n),n)(u € Z < Fi,r S ulu = (i) ANi < nAr < flx,i)) A
Count(C, Z) A {{g(z,n),n),s) € C)}. Since for all x € X,n € Ny there is one
and only one s in the previous conditions, the set X¢ exists in TCA?, and we
can easily prove that it does define a function that satisfies X'¢(z,0) = f(z,0)
and Xy(x,n+1) = X¢(z,n) + f(zr,n+1),Vo € X,Vn € Na. O

Next, we extend the notion of sum along Na to elements of D§ (non negative
dyadic rational numbers) and then to elements of D.

Proposition 5.1 Given f: X xNg — ]D)(T, there is a function Xy : X XNy — ]D)S'
st Xp(2,0) = f(z,0) and Xy (z,n+1) = Y¢(z,n)+ f(z,n+1), Vo € X,Vn € No.

Proof. We reduce this summation to a summation of the kind discussed in
the previous theorem. By the argument of Lemma 5.1, we may take a function
g: X x Ny — Ny such that Vo € XVI € No¥n <p, [ (f(z,n) p 29D € Ny).
Now, define f' : X x Ny x Ny — Ny as follows:

f(z,n) p 29w if p <y, 1
On, otherwise

Fadm ={

By the previous theorem, there is Xy : X X Ny x Ny — Ny such that:
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Vo € XVI € Novn € NQ(Zf/(iE,l,O) = f'(z,l,0)A
Ef’(xalan+ 1) = Z'f/(x,l,n)+f’(x,l,n+1)).

We now define Xy : X x Ny — D by X¢(z,n) = 279@) S0 (z,n,n). Tt is
not difficult to show, using the available forms of induction, that this function
has the desired properties. a

Proposition 5.2 Given f: X x Ny — D, there is a function Xy : X x Ng — D
s.t. Xp(x,0) = f(x,0) and Xy (z,n+1) = Z¢(z,n)+f(z,n+1), Vz € X,Vn € Ny.

Proof. This can be reduced to the previous case by separating the positive and
negative summands. O

Definition 5.1 Given f a function from X x Ny to D, z € X and n € Ny, we
denote by > f(x,1) the dyadic rational number X¢(x,n).

For simplicity, the properties are presented in functions of only one variable
(f : Ng — D). The extension to domains with more variables is straightforward.

Definition 5.2 Take f : Ny — D, g : No — D and A € D. We can consider
the functions f+ g, Af and |f| defined respectively by (f + g)(n) = f(n)+ g(n),
(\f)(n) = Af(n) and |f](n) = |f(n)], ¥n € Ny.

Proposition 5.3 Take f: Ny — D, g: Ny =D, n €Ny and A €D
a) 32 o(f +9)(i) = 3200 f(i) + 3210 9(4)

b) Yoio(M)(@) = A3T, f(4)

) Y A=A (n+1)

d) [ > of()ISZ?—olfl(i)

) S i = lthn

F) If £(i) < g(3) for all i <n, then 371 f(i) < 351, 9(i).

Proof. All the clauses can be easily proved by induction on n € Nj. O

e

Definition 5.3 Take f : No — D and n,m € Ng such that n < m. Then

S S ) = 0 F @) = iy (D),

Using the notation above and the properties of the sum along Ny, we imme-
diately deduce the following equalities:

= i, i) = f(n)



Ferreira F., Ferreira G.: The Riemann Integral in Weak Systems of Analysis 925

— S ) = 0y F@) + ST ()
— YL ) = Y, f(6) + f(m 4 1), with n < m
- Z?;n—i-l f@)y =" f(@)— f(n), with n < m.

The following two properties can also be easily proven with the available
induction:

Proposition 5.4 Let f be a function from No to D and n,k € No. Then
Sio f(k+) = T 1(0).

Proposition 5.5 Given n, k, m € No\{0}, such that n = k - m, we have that
o ) = 30500 iy’ F(im + ).

6 On the way to integration: miscellanea

Definition 6.1 A sequence of real numbers is a function f: N; x Ny — I such
that for all n € Ny the function f, : Ny — D defined by fn(k) = f(k,n) is a real
number. We denote by (a)nen, the sequence f, with f, = an,.

Remark 6.1 - If (an)nen, and (Bn)nen, are sequences of real numbers and A €
R, then we can form the sequences (cu, + Bn)neny, (Qn - Bn)nen, and (Aap)nen, -
For instance, the sum sequence is coded by the set

{{{m,n),d) : m,n e Ny Ad € DAd = (n)nen,(m~+1,n) 4+ (Bn)nen, (m+1,n)}.

- Given a € R, X = {{({m,n),d) : meNy AneNyAdeDA (m,d) € a} is
the constant sequence (equal to «).

Definition 6.2 A sequence of real numbers (o, )nen, is bounded if there is « €
R such that ¥Yn € Ni|ay,| < a5 it is increasing (respectively strictly increasing)
if Y'n € Ny(aw, < ant1) (respectively o, < ani1) and decreasing (respectively

strictly decreasing) if Vn € Ny(an11 < an) (respectively api1 < ap,).

Definition 6.3 A sequence of real numbers (cu,)nen, converges to the real num-
ber a, denoted o = lim,, v, if Yk € Ny3n € N1Vi € Nyj|a — appi] < 275,
A sequence (amp)nen, is convergent if there is a € R such that lim,, o, = .

Let us continue, listing some basic properties of limits with proofs that can
be easily formalizable in TCAZ,

Proposition 6.1 Take (ap)nen,; (On)nenys (Tn)nen, sequences of real numbers
and o, 3,y € R. In TCA? we can prove the following
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1. If there is the limit of a sequence of real numbers, then that limit is unique.
2. If (an)nen, 1s a constant sequence equal to . Then lim,, o, = .

3. If a, = By for all n after a certain given value, then if lim,, o, = o we have
lim,, G, = a.

4. Iflim,, a,, = « and lim,, 3, = B, then (cu, + Bn)nen, s a convergent sequence
and lim,, (ap, + Bn) = a + B.

5. Every convergent sequence is bounded.

6. If lim,, a, = 0 and (Bn)nen, is a bounded sequence, then (cu, - Bn)nen, 1S a
convergent sequence and limy, (o, - Bn) = 0.

7. If lim, a, = & and limy, B, = B3, then (an - Bn)nen, S a convergent sequence
and limy, (o, - Bn) = - .

8. If lim, o, = «, then (A )nen, @8 a convergent sequence and lim, (Aay,) =
Aa.

9. If ¥n € Ny(aw, < 7y, < Br) and lim,, o, = lim,, B, = «, then (Vn)nen, 1S a
convergent sequence and lim,, v, = a.

Remark 6.2 Given o € R and n € Ny the dyadic rational number a(n) is well
determined and a(n) =p d is a X3 -formula, since it abbreviates (n,d) € a.

However, if @ is a continuous partial function from R to R and o € dom(®),
although the expression ®(a) is well defined (modulo the equality of reals) the
expression ®(a)(n) is not. Note that we can have &(a) = [ and P(a) = 7,
obviously with 8 =g v, but with B(n) # y(n).

In order to control the complexity of the formula that defines the integral (see
Section T), it is necessary to introduce the expression @(a,n), which intuitively
can be seen as A(n) for a certain A = @(«), avoiding the complexity of examining
&(a). Next, we will define @(«, n) in detail.

Let @ be a continuous partial function from R to R and « a real number in
the domain of ¢. Consider the formula

o(n,r) o JwIk[{w,alk + 1), k,r,n+ 1) € DAV W k) < (r,w, k)
(W ok +1),k, 7", n+1) ¢ d|.

Given n € Ny, let us prove that there is a unique r € D s.t. ¢(n,r). Since a €
dom (@), we have that there are k € N; and r € D such that (a(k+1), k)P(r,n+1)
i.e., there is w such that (w,a(k+1),k,r,n+1) € @. If (r,w, k) is not (in code)
the least triple such that (w,a(k +1),k,7,n+ 1) € @, choose the least in these
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conditions. Notice that the minimization scheme is available in TCA? for A}"-
extended formulas.

The coding of triples ensures that if r # v/ then (r',w’, k') # (r,w, k), so the
uniqueness follows immediately.

Definition 6.4 Given @ a continuous partial function from R to R and a a real
number in the domain of @, we let (a,n) =r = @(n,r).

Remark 6.3 Accordingly, Yn € N13'r € D®(a,n) = r. &(a,n) denotes the
unique dyadic rational number satisfying p(n,®(a,n)). Of course, P(a,n) = r
is a AYP-extended formula (with parameter o).

Proposition 6.2 If® is a continuous partial function from R to R, o € dom(®)
and n € Ny, then |P(a,n) — ®(a)| < 75, independently of the representative

chosen for ®(a), i.e., VB € R(P(a) = B — |P(a,n) — | < 77).

Proof. Since p(n, P(a,n)), there is k such that (a(k+1), k)P(P(c, n),n+1). But
la—a(k+1)| < 524+ < 3¢, so, by definition of &(a) = 3, we have [3—P(a,n)| <
QTIH. Thus, |P(a,n) — 3| < 2,,—1+1
O
The next proposition emphasizes the possibility of considering a canonical
representative for the value of a real under a continuous function.

Proposition 6.3 Take @ a continuous partial function from R to R and a €
dom(®P). The function X : Ny — D defined by A(n) = ®(a,n) is a real number
and P(a) = A.

Proof. The existence of a set, in TCA?, that codes the function \, was ensured
in the previous observations. Let us prove that A is a real number. Take n < m.
[A(n) = A(m)| = |®(a,n) — B, m)| = [P(a,n) — () + P(a) — P(a,m)| <
|P(cr,n) —P(c)|+|P(c) —P(cx, m)|, independently of the representative chosen for
®(av). By Proposition 6.2, |(a, k) — ®(a)| < i+, Vk € Ni. So, [A(n) — A(m)| <
QTlﬂ + 2% < 2—1+1 + 2—1+1 = QL Therefore, A is a real number. Also note that
P(a) = Al < [#(a) = Do, n)| +[P(a, n) = Al < gater +[A(n) = Al < gt
Since n can be chosen arbitrarily large, |$(a) — A| =0, i.e. P(a) = A.

for all n,

O

7 The Riemann integral

We now introduce the notion of the Riemann integral. In order to simplify no-
tation, we restrict the definition to the interval [0, 1].
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Definition 7.1 Take & a continuous total function in [0,1], with a modulus of
uniform continuity, h. We define the integral between 0 and 1 of @, denoted by

fol (t) dt, in the following way:

1
/ &(t) dt :=g lim S,
0 n

oh(m) 1 )
where, for alln € N1, S, = Zi:o Sh(m) ¢(2h’év_z) 7”)'

Remark 7.1 By the definition of the expressions of the form ®(a,n) =r (and
subsequent discussions), it is easy to see that f : Ny x No — D, defined by
f(n,i) = ﬁ@(ﬁ,n) is indeed a function in TCA®. Observe also that it
{(n) _
is possible to consider (in TCA?) sums of the form Z?io ! f(n,2), with f a
h(n) _

function from Ny x Ng to D. In fact, 22 Y f(n,i) = Xp(n, 2" — 1), with
h(n) € Ny, so, 2" — 1 is a dyadic mtzonal number which can be seen as an
element of Ny (see Notation 4.1).

From the previous remark, the equality d =p S,, is given by a Z‘é’b—formula.
So the set X = {(n,d) :n € Ny Ad=5,} exists in TCA? and it makes sense to
consider the sequence (Sp)nen; = {{{m,n),d) :m,n e NyAd € DA (n,d) € X}.

In order to ensure that the integral is well defined we have to prove that the
sequence (Sy)nen, is convergent.

Proposition 7.1 The sequence (Sp)nen, s a Cauchy sequence, i.e.,
VneNiGpe NiVEk e Ni(p <k — |Sp, — Sk| <277).

Proof. Take p < k. We have h(p) < h(k), so, by the sum properties,

@14 i "M 1 4 i h(k)—h
[ S Y — _1 _p(__ p) —
Ei:o Qh(p)@( 2h(p) vp) - Ei:o Qh(k)é(Qh(;D) ap)2 (k) ®) =

2h(p) _q oh(k)—h(p) _q

- 1 i - _
Zizo SR(EY @(g—h(p) ,D) Zj:o 1=
2h(p) _q oh(k)—h(p)—1 1

dimo Ej:O st(zh%vp)-

Since 2"(k) = 2h(p) .2h(k)=h(p) Ly Proposition 5.5, 22 - 2h1(k)¢(2h%,k) =

oh(p) _q oh(k)—h(p) _q Qh(k) h(p)
2ico 250 st (B2, k). So,
2h(P) _q ; oh(k) _q .
|S — Sk| = | Z Q;L(p) QS( Q—hl(p) ,p) — Zi:o 2“%@(2”1(70 , k)| =

oh(p) _ oh(k)—h(p) _q 1

B , h(k)—h(p)
12 0 Zj:o 5707 [D(5re: P) — P(B—mm—2L, k)] | <

2h(p) _q oh(k)—h(p) _q . oh(k)—h(p)
2o Zj=0 ﬁI@(T—ﬁm,p) - @(% k)|
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) o (k) —h(p) ) .
But grer |(grter #) — 2(F 2 k)| < gitm (12( 7, p) — Dzrty)| +
) ioh (k) —h(p) | ;i oh(k)—h(p) oh(k)—h(p)
P(5r7) — P(F—grmm—L)| + |2(P—grm—2) — H( g2, K)|) ()
Given a € R, we know that |®(a) — (o, n)| < 27™. Since, by hypothesis, h

is a m.u.c for @, and Vi € {0,...,2"® — 1}vj € {0,...,2MR =0 — 1} i €

ioh (k) —h(p) 4 ; . ioh(B)—h(p) h(k)—h(p) _
[07 1]7 % [0 1] and |ﬁ - SRR i |} (k—) |}2(;L)(k)| S 2 Q;L(k) L =
L (k)= (p
@ — Q,L(k) < 2,@), we know that |(Z5(2,L(p)) @(%ﬂ < 5. 50 (%) <
A () (5 + 5 + Qk)'
oh(p) _q oh(k)—h(p) _q

Therefore, [S, — Si| < Y i, ijo ﬁ(% + 2% + 2%) =

2h(k) (2P 1 + )2h(p)2h( JMP) = 21)1*1 + QL’C < 2!’%1 + QLP < 21’%2

We proved that, given n € Ny, there is p = n+2 € N; such that Vk € Ny (p <
k—|Sp, — Sk| < 2n) In conclusion, (Sy,)nen, is a Cauchy sequence. O

Remark 7.2 In the previous argument, we actually prove that (S, )nen, has a
modulus of Cauchy convergence, i.e., there is a function p : Ny — Ny strictly
increasing (p(n) =n +2), such that

Vn € N1Vk € Nl(p(n) <k— |Sp(n) — Sk| < 27’”).

It is not true that every Cauchy sequence is convergent. Such an assertion is
equivalent to ACAg over RCAq (see [Simpson 1999]). However:

Lemma 7.1 Let (8n)nen, be a sequence of real numbers and p : Ny — Ny a
modulus of Cauchy convergence for (Bn)nen,. Then the function o : Ny — D
defined by a(n) = Byn3)(n + 3) is a real number and lim,, 3, = o.

Proof. Let us prove that « is a real number.

Take n, m € Ny such that n < m. We have that |a(n) —a(m)| = |Bym43)(n+
3) _Bp(m+3) (m+3)| < |ﬂp(n+3) (n+3) _6p(n+3) | + |ﬂp(n+3) _ﬂp(m+3) | + |6p(ﬂ1+3) -
Bpm+3)(m +3)| < 21% + 2”% + 2,,7% < 2% Note that, in order to ensure that
|Bp(n+3) — Bpim+3)] < 2-("+3) " we use the fact that p is a modulus of Cauchy
convergence for (8, )nen, and satisfies p(n + 3) < p(m + 3).

Let us prove that (8,)nen, converges for a, i.e., given k € N; we want to
prove that 3n € N1Vi € Ny|a — B,44| < 27F.

For all m > k and n,i € Ny, |a — Bnti| < | —a(m)| + |a(m) — Bnyi(m)| +
|Brti(m) = Btil < g +Bpim3) (m+3) = Buti(m)| + g < gt +|Bpgma) (m+
3) = Bptmaa)| + Bpamss) = Butil + [Buti — Busi(m)| + 5. For n = p(k + 3),
& = Brril < 505 + 5755 + 1Bpim+3) — Bohr3)+il + 37 + 37 < 3=z + | Bp(m+3) —
Bore+3)| + 1Bpti+3) = Bp(it3)+il- Since (Bn)nen, is a sequence with a modulus of
Cauchy convergence, |a — By4i] < 2m,1_2 + 2= (k+3) 4 9= (k+3) — 2,,}_2 + Qk% <

QM% + 2% Since m can be chosen arbitrarily large, @ — Bnyi| < 2% |
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By Remark 7.2 and Lemma 7.1, we know that (S,)nen, is a convergent
sequence. So, we can consider the real number lim,, S,,.

It remains to prove that the Riemann integral does not depend on the func-
tion chosen as a modulus of uniform continuity.

Proposition 7.2 Let & be a continuous total function in [0,1] and hy, he m.u.c
for @. Then

oh1(n) _1 . oha(n) _q .
lim, 3570 s @y n) =imy 3 s @y n)-

Proof. It is easy to check that, for all n € Ny,

gh1(n) _q 1 . oha(n) _q 1 i 1
(3 (3
z; 2h1(n)q§(2h1(n)’n) - ZO 2h2(n)¢(2h2(n)’n) S e

Therefore, the Riemann integral is well defined.

Remark 7.3 - Take @ and (Sp)nen, as in Definition 7.1. By Lemma 7.1 and
Remark 7.2, we know that (Sp)nen, 18 convergent. Furthermore, we also know
that it converges for a, the real number defined by a(n) = Spms)(n +3), i.e

a(n) = Spis(n + 3). Since Sn+5 is a dyadic rational number, we have a(n) =

Snts, Vn € Ni. So, fo ) dt = a. Note that the real number «, defined by
h(n+5)
a(n) = Spys, exists in TCA since d = 22 ! 5 P (grrs . n + 5) can

be expressed — see Remark 7.1 — by means of a Z‘é’b—formula,

- fol &(t) dt = B, with B € R, is equivalent to a Vﬂé’b—formula. Note that it
s equivalent to the formula a = [, with « the real number defined above.

-In a similar way, fo ) dt < 3 and fo ) dt < 3 are equivalent to 35
and VE -formulas respectwely.

Next, we establish some of the usual integral properties.

Proposition 7.3 Let & and ¥ be continuous total functions in the interval [0, 1]
with a modulus of uniform continuity and let v be a real number:

) Jo vt =

) foltdt:—
f0<15+w fo dt+f0 dt
d) | fy @()dt] < [y |@](t)

e) If &(t) = W(t) for all t € [0,1], then [, B(t) dt = [, W(t) dt



Ferreira F., Ferreira G.: The Riemann Integral in Weak Systems of Analysis o931

) If &(t) < ¥(t) for all t € [0,1], then fo ) dt < fo dt

fo V9(t) 7[0

Proof. We present the proof of assertion a). Similar demonstrations work for
the other assertions (see [Ferreira 2006]).
) By Proposition 4.3, fix h a m.u.c. for C,. By Remark 7.3, we know that

f fo ) dt is equal to «, with « the real number defined by a(n) =
Sn+5 = Z?:()”M)_l 2,L(,1L+5> CA,(2,L(,L+5> ,n+5). We prove that a = ~.

Take n € Ni. We have |a(n) = 9(n)] = |50 " srebear Oy (i +

5) =)l = |5 ke O (g n 4 5) ~ S0y k(= +

oh(n+5) ~1

)] < grker 207 TN C (g n 4 5) — 7 + 7 — ()] Since, for all 4,
|C (2h(n+5) 7n+5) 7+’7_7(n)| S |C’Y(2h(n+5) 7n+5) C (Qib(vlb+5))|+|7_7(n)| S
55 + 37, we have [a(n) —v(n)| < 2h<7—%+5>2h<”+5>(2n+5+2n) = gt o < et
So a =1. O

In a quite similar way, we can (as we sketch next) introduce the Riemann
integral with arbitrary dyadic rational limits.

Definition 7.2 Take x,y € D such that x < y and let ¢ be a continuous total
function in the interval [z, y], with a modulus of um'form continuity h. We define
the integral between = and y of @, denoted by fy ) dt, in the following way:

Yy
/ ®(t) dt =g lim S,,

where, for alln € Ny, S, = Zf:oﬂ)

S (e + G ).

With a strategy completely similar to the one used in the context of [0, 1], we
can see that the previous notion of integral is well defined and has no ambiguities.
We just call the attention for some minor adaptations needed in this context:

- Fix [ € N; such that y — z < 2!, It is possible to prove that p : Ny — N
defined by p(n) = n+2{+2 is a modulus of Cauchy convergence for (S, )nen, -
The proof is similar to that of Proposition 7.1.

- Apropos the independence of the integral relatively to the modulus of uni-
form continuity chosen, note that a result similar to Proposition 7.2 is still
valid. Fixing [ € Ny we consider the upper bound 2_%

- The extension of the integral has the purpose of studying, in the next section,
the fundamental theorem of calculus for functions defined in [0, 1]. So, we
will just work with integrals with limits z,y € D such that 0 <z <y < 1.
Therefore, adapting the study developed in [0, 1] is still easier.
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- Considerations analogous to the ones stated in Remark 7. 3 can still be made

within the context [z,y]. In particular, we have that f Y @(t) dt = o, with a
h(n+5)
the real number defined by a(n) = Z?:o ! zh(;’fo)@( 2(,1,’(?}) ,n+5)

and the complexity of the formulas involving integrals is still controlled. The
results described below are similar to the case [0, 1].

Proposition 7.4 fy = B and [’ ®(t) dt < B are equivalent to VX5"°
formulas and fy dt < [3 is equivalent to a EIZ'O formula.

Proposition 7.5 Let ® and ¥ be continuous total functions in the interval [x,y],
with a modulus of uniform continuity and v € R:

a) [Yydt=v-(y—x)

b) [Ytdt=

c) [H@+w)(t)dt= [(t)dt+ [w(t)dt

@) | 7 & dt|<fy|¢| (1) dt

e) If ¥t € [z, y)(D(t) = ¥(t)) then [} D(t) dt = [ ¥(t) dt
f) IfVt € [z, y(D(t) < W(t)) then [! d( dt<fy ) dt
9) [/ @) dt =~ [ (1) dt.

In the remaining lines of this section we prove the additivity of the Riemann
integral. For the sake of simplicity, we consider x and y dyadic rational numbers
in the interval [0, 1]. We will use the following technical result:

Lemma 7.2 Let x and y be dyadic rational numbers with x <y and let ® be a
continuous total function on [z,y] with a m.u.c. h. Then, for tally n sufficiently
large, (y — x)2"(+7) s in Ny and

(y—a)2h ) )
1 )

Yy
/x Qi(t)dt = hrlln ; 2h(n+n) @({E + 2h(n+n)’ n)

Proof. Since = and y are dyadic rational numbers, there are functions k% and k¥

from N; to Ny such that, for tally n sufficiently large, x = kz(ﬂ,") and y = M.

Note that, for such n, (y — z)2""+7) = 2°(")g(n), where

q(n) == (k¥(n) — k= (n))2hntn)=(h(m)tn),
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y—a)2h () _q 1

By Proposition 5.5 we have that E( sy P(T + Qh(fﬂ) ,m) is

2 _1 q(n)—1

rq(n) +J
Z Z 2h(n+n T+ 2h(n+n) ’n)'

We will see that this value differs form the following by an amount that goes

to zero when n — oo:
2h(m) _1 g(n)—1
>y > ity ™
2h(n+n) 2h(n+n)’ n
j=
The above is, of course, equal to

oh(n) _q

1 rq(n)
2) q(n) 2h(n+n) @(x + 2h(n+n)’ TL),
r=

and this simplifies to

oh(n) _1
y—x —x
oh(n) P +r 2h(n) ).

r=0
It remains to verify that the amount mentioned above does indeed converge
to 0 as n — oo. Using the majorization of Proposition 6.2 it is clear that

+ +j
[Pt R )~ Pt gty m)| < |20+ ) ~ (ot 75|+ o

Notice that 2;1(&2)”) = oy < 2,,},,). Therefore, for j < ¢(n) and using the

properties of the m.u.c. h, we get that

[P+ 5K 1) — Do + iy W] < g+ 5 =

Hence, the amount mentioned above does not exceed 2h(”)q(n)m2n%l,

which is less than or equal to Q,L 7. O

With the aid of the above lemma, the additivity of the Riemann integral is
now immediate:

Proposition 7.6 If z is a dyadic rational number such that x < z < y and P is
a continuous total function in [x,y] with a modulus of uniform continuity, then

JZo(t) dt+ [T a(t) dt = [Y (1) dt
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8 The fundamental theorem of calculus

Let @ be a continuous total function in [0, 1] with a modulus of uniform continu-
ity In what follows we define ¥, a continuous total function in [0, 1], satisfying
fo ) dt for all dyadic rational number z € [0, 1].
The result below follows immediately from the m.u.c. definition:

Lemma 8.1 FEvery continuous total function (respectively continuous total in
[a1, ag]), @, with a m.u.c. is uniformly continuous, i.e., Vk € NyIm € NiVa, 5 €
Rl — 8] < 5= — |Q5( ) — ®(B)| < 3¢) (respectively Vk € N1Im € NiVa, 3 €
a1, as](la = ] < g — [#(@) — P(B)] < gr)-

From [Fernandes and Ferreira 2005], in BTFA (so also in TCA?), we have the
following:

Proposition 8.1 If & is a continuous total function in [0, 1], uniformly continu-
ous in that interval, then there is m € Ny such that for all o € [0, 1], ®(a) < 2™.

Remember, we fixed @ a continuous total function in [0, 1] with a m.u.c. By
Corollary 4.1 and Proposition 4.3-¢), we know that |®| is also a continuous total
function in [0, 1] with a m.u.c., so applying the previous proposition it is possible
to take m € Ny such that Va € [0,1], |®|(a) < 2™.

rif0<z<1

Let d : D — D be the function defined by d(z) =< 0if x <0

1if 1 <.

We define (z,n)¥(y, k) as

xyeD/\nkENl/Wfd(x)@ (t) t—y|<2lk—2n,%.

Remark 8.1 The quaternary relation (xz,n)¥(y,k) is equivalent to a HEé’b-
formula Fwl (w, z,n,y, k). So, the set {{w,x,n,y, k) : 0'(w,z,n,y,k)} is offi-
cially the function V.

Theorem 8.1 (Indefinite integral) Given @ a continuous total function from
[0,1] to R with a m.u.c., let us take ¥ as above. Then ¥ is a continuous total
function from [0,1] to R, and for all dyadic rational number r in [0,1], ¥(r) =

Jy @(t) dt

Proof. We first show that ¥ is a partial continuous function from [0,1] to R.
The first two conditions of the definition of partial continuous function are clear.
Let us now prove that if (z,n)¥(y, k) A (2, n') < (x,n) then (z/,n)¥(y, k). We
know that | [ a(t) dt—y| < | [0 d(t) dt— [7 @(t) de|+] [ D(t) dt—y|.
The first term is less than or equal to |d(x') — d(z)|2™ which, by the way we
defined d(x), is less than or equal to |z/ — x|2™. Since (2/,n') < (z,n), we
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have |2' — z|2™ < (21 — 57 1)2m. By hypothesis, the second term is less than
d —

2%_2" w1 So|f0(x)¢) y|<2k—|—2m( —2”—2”‘*1):%4_

zm( 2—n _ 9~ ") _gm-n'41

Let us prove the totality of ¥. Take a € R and fix k£ € N;. We must show
that In € N;Jy € D(a(n + 1),n)¥(y, k). Take n := m + k + 2. We know that
St o) e = B, with B(n) = T GG o+ 5)
Take y := Bk +2). | [0 TV d(t) dt — y| = |6 — Bk +2)| < g < 5o =
5% — ==t S0 (a(n + 1), )W(y,k)-

Finally, we must show that v(r fo ) dt. Let us take x,y,n, k such
that (z, )W(y, ) Alr—z| < 5% in order to prove that | [ @(t) dt — y| < 3x.
We have | [J &(t) dt —y| < | [ & fd@)gza t) dt| + |fd<“’>¢ it —y| <

[r—d(2)|2™ + 35 — ga=r=t < 71— $|2m 21k; et < 2™ —2mTntl ¢

2k
O

Qk

Remark 8.2 Although the function ¥, defined as a set, depends on the tally
number m chosen, the values of the dyadic rational numbers in [0,1] under ¥ do
not depend (modulo equality of reals) on such a choice.

The previous theorem permits to give a meaning to foa (t)dt also for real

numbers « € [0,1]. It is just defined as ¥(«). It is also easy to define fﬁ t)dt,
e.g., by taking an appropriate difference. By working with approxunatlons,
Propositions 7.5 and 7.6 can be easily extended to integrals with real limits.

Definition 8.1 Let & be a continuous total function in [0,1], a € [0,1] and
B € R. [ is the derivative of @ at «, denoted by ¢'(a) = 3, if

.. |M Bl < &)

Definition 8.2 Let & and ¥ be continuous total functions in [0,1]. & is the
derivative of ¥ if ¢(a)) = ¥'(«), Ya € [0, 1].

Vn € NyIm € NiVh # 0(0 < a+h < 1A|R| <

Theorem 8.2 (The fundamental theorem of calculus) If ¢ is a contin-
wous total function in [0,1] with a m.u.c. and ¥ is such that ¥(a) =
Jo @(t) dt,Ya € [0,1], then @ is the derivative of ¥.

Proof. The usual proof of the theorem goes through in TCA?. Take o € [0,1].
Let us prove that, if @ is a continuous total function in [0,1] with a m.u.c. and
¥ is a continuous total function in [0, 1] such that ¥(« fo ) dt,Va € [0,1]
then () = ¥'(a), i.e., given n € Ny there is m € Ny such that

Vh#0(0<a+h<1Alhl < — Lt _ g)) < L.

2m
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Consider p a m.u.c. for @. Given n 6 N;, take m := p(n). Let h # 0 be
such that 0 < o+ h < 1A R < 2,” = 2],(,7 . Since p is a m.u.c. for @&, we have
|®(ar) — B(a + k)| < 5 for all k such that |I<;| < |h|.

If 0 < h, we have h(P(a)—5=) < [, (L) dt— K% dt<h( (a)+3=) and
if h < 0 we know that h(®(a )+2” <f0“+ qs dt—fo t) dt < h(d(ax )—%).

a+h
Therefore, in each case, P(a) — 5= < J 2 d; Jo 2® dt < D(a) + 5. We

u+h _ ra
proved that | 2(t) d; Jo" o) dt _ P(a)| < ﬁ,le |M P(a)| < 2n'

O
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