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Abstract
We present two extensions of expansion proofs to arithmetic. We define expansion
proofs with induction, and then we define infinitary expansion proofs for arithmetic. We
show that expansion proofs with induction are equivalent to Peano Arithmetic. We show
that infinitary expansion proofs are a definition of arithmetical truth and show a cut-
elimination theorem for them. Moreover, we show that finitary expansion proofs can be
translated to infinitary ones, thereby proving consistency of Peano arithmetic.

The general context

Herbrand’s theorem [I2] is a central theorem for classical first-order logic. It induces that a
proof in this case can be represented as the instantiations of its first-order quantifiers. The
notion of Herband proof [4] is an example of such a representation. Such a formalism provides a
nice balance between easily checkable and compact proofs, and can be generalised e.g. to simple
type theory as in [I5].

However these formalisms do not support cuts, and it is very natural to try to extend them
to this case. Three such extensions have been proposed : proof forests [I1], Herbrand nets [14]
and expansion proofs [I]. These formalisms draw inspiration both from proof nets and game
semantics. The first two only work on prenex formulas. All these formalisms enjoy a weakly
normalising cut-elimination procedure, but it is not known whether it is strongly normalising
for any of them.

The research problem

We will be concerned here with the extension of expansion proofs to arithmetic. Our main task
was to provide in this context a proof of consistency for Peano arithmetic using induction up to
€o as only assumption beyond PA.

This is related to the computational content of classical arithmetic, which is a very active
subject of research, see for example the survey [2]. Here we try to use expansion proofs in this
context as a test for their applicability.

In the end we extract some interactional content of proofs in classical arithmetic in the setting
of expansion proofs. Indeed expansion proofs present game-like features and our extension is
designed to reflect those, hence the word interactional. This is closely related to game semantics
for arithmetic [6].



Your contribution

We define expansion proofs with induction and prove they are sound and complete with respect
to Peano’s arithmetic. This is an extension of pure first-order expansion proofs presented in [1J.
We give a correct cut-elimination procedure for them and give some partial termination results.

In order to obtain a full cut-elimination, we used infinitary expansion proofs inspired by
Schiitte’s semi-formal system [I8]. They have game-theoretic features, and therefore we call
them strategies. We prove them equivalent to the standard sequent calculus for infinitary proofs,
and show they have a terminating cut-elimination procedure. Then we give a translation from
expansion proofs with induction to strategies, thereby proving consistency of Peano arithmetic.

Arguments supporting its validity

Both our finitary and infinitary expansion proofs are very natural extensions of expansions
proofs.

Infinitary expansion proofs for arithmetic are interesting because they shed some light on
the interactional content of proofs in Peano arithmetic, and clarify the game-like features of
expansion proofs for arithmetic. We will argue that they are more natural for arithmetic than
finitary expansion proofs.

On the other hand our proof of cut-elimination removes parallelism from strategies, which
is not satisfying since this is an essential feature of expansion proofs.

Summary and future work

The next natural steps would be :
e A parallel cut-elimination result for infinitary expansion proofs.
e Extraction of a proof of termination for finitary expansion proofs from this.

e Extensions of this method to fragments of second order arithmetic, trying to understand
what they mean from a game-theoretic point of view.

The completion of the two first points would show that expansion proofs are completely
adaptable to arithmetic.
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Figure 1: An expansion forest.

1 Background

Here we present informally the concepts required to understand our report.

1.1 Expansion forests

Tt is well known that intuitionistic logic enjoys a witness property : if 3z.A(z) is provable, then
there exists a term ¢ such that A(¢) is provable. This is a straightforward implication of the
cut-elimination theorem.

In its most crude form, Herbrand’s theorem states that in classical logic, if 3x.A(z) is prov-
able, then there exists some terms t1, ..., ¢, such that A(t;) V...V A(t,) is provable. Therefore
it is some kind of weak witness property for classical logic. This theorem can be extended to
nested quantifiers, with additional care for the dependencies of those quantifiers. This idea can
be used to build a compact representation of proofs in various systems, for example simple type
theory [15].

When trying to build a compact representation of proofs, there is a dilemma between :

e Compact proofs : they should be represented by a small number of symbols.

e Easily checkable proofs : it should be possible to check in a small amount of time whether
a given object is a proof of a given formula.

Those two requirement are competing against each other. On the one hand the usual sequent
calculus provides easily checkable proofs, but they are very redundant and lead to unmanageable
size quickly, especially in the cut free case. On the other hand one could represent a proof of
a formula simply as a natural number bounding the size of its smallest sequent calculus proof,
yielding an obvious checking algorithm. Those two examples show the extreme cases : sequent
calculus is full of useless (that is, easy to infer) information, whereas the other example gives
proofs uncheckable in practice.

The insight given by Herbrand’s theorem on this matter is that a proof in classical logic can
be represented as the instantiations of its quantifiers. Given those, it is a matter of propositional
classical logic to check if the proof is correct. Expansion forests are a formalisation of this idea.
We present this with some examples.

We assume given a signature for first-order logic. In this report we will be concerned only
with classical logic, and any proof should be assumed classical. We will use the involution of
negation, so we use only 3,V, A,V and (possibly negated) atoms. The dual of a formula A is
denoted A and is defined inductively by 3z.A(x) = Vz.A(z), AV B=AA B, and so on...

The sequent Vz.P(x) — Q(x),3z.P(z) F Jz.Q(x) with predicate symbols P, Q is certainly
derivable. In Figure[I] we give an expansion forest proving this.

Note that the formulas at the bottom of this figure are the one-sided representations of the
formulas we are trying to prove. These formulas form what is called the shallow sequent of the

expansion tree, which is the proven sequent. The formulas on the top of the figure are atoms.
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Figure 2: An expansion forest for the drinker’s formula.

From them some propositional formulas can be reconstructed, these form the deep sequent of
the expansion forest. Here the deep sequent is P(a) A Q(a), P(a), Q(a), note that it is valid.
The edges labelled by terms are called expansions, they carry an order < called the depen-
dency relation, which indicates the order in which the instantiations are performed. By abuse
of language, we often identify expansions and their labels. Here we only have Vo < Ja for both
expansions labeled Ja.
For an expansion forest to be correct, two requirements should be checked :

e The deep sequent should be propositionally valid. This is checkable in coNP.

e The dependency relation should be acyclic. This is checkable in P.

We already see that expansion forests separate two parts in a proof : the propositional part
which is kept implicit because it is easily checkable, and the quantifier part which is explicit.
Herbrand’s theorem can be seen as the statement that this formalism is complete in the sense
that if a sequent is provable, then there exists an expansion proof with this sequent as shallow
sequent.

An example with a classical flavour is the drinker formula + Jy.Va.P(y) — P(x) with a
predicate symbol P. In Figure [2] we present an expansion forest for it. The deep sequent of this
expansion forest is P(a) V P(8), P(8) V P(y) which is valid, and the order on the expansions is
linear : Ja < VB < 3B < V.

What should be noticed here is that the instantiations of Jy do not take place at the same
time. This feature is very specific to classical logic. If we see expansion forests as strategies
for games, the player choosing instantiations of existential quantifiers is allowed to do some
backtracking, i.e. she can change her mind about a previous move. We will discuss this analogy
at length in Section

1.2 Expansion proofs

The formalism for expansion forests sketched in Section |1.1]is only suitable for analytical proofs,
i.e. proofs built using only sub-formulas of the formulas being proven. Gentzen’s cut-elimination
theorem [7] is arguably the most important result in proof theory, and states that analytical
proofs are complete for pure first-order logic.

It is very natural to try to extend expansion forests with cuts, and several formalisms have
been proposed to do so : proof forests [11], Herbrand nets [14] and expansion proofs [I]. Here
we present expansion proofs.

Remark 1. The terminology on these matters can be a bit confusing. In the literature the
formalism sketched in[I-1) is sometimes called expansion trees. In this report an expansion tree
18 a single tree, and an expansion forest is a family of expansion trees. An expansion pre-proof
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Figure 3: An expansion proof.

is an expansion forest with cuts (represented as indicated below), and it is an expansion proof if
1t 15 correct.

Expansion proofs are build from expansion forests by adding cut node. A cut node connects
an expansion tree for A and another for A for some formula A. As an example, we give in Figure
an expansion proof with predicate symbols P, @, R, and with a cut on Vz.P(z) V R(2).

This addition makes expansion proofs similar to proof nets [9], and especially to proof nets for
classical logic [10} 17, [I3]. One difference is that a propositional part is omitted from expansion
proofs. Similarly to proof nets, expansion proofs are parallel in the sense that some logical
inferences happen at the same time.

It is proven in [I] that expansion proofs are sound and complete with respects to sequent
calculus for pure first-order logic, and have a weakly normalising cut-elimination procedure. Our
task here is to extend expansion proofs to arithmetic.

1.3 Consistency of Peano arithmetic

Gentzen used sequent calculus to prove consistency of Peano arithmetic [8]. This result looks
somehow unsatisfying since it uses a principle stronger than Peano arithmetic (namely induc-
tion up to the ordinal number ey, which is the smallest fixpoint of a — w®). But by Gddel
incompleteness theorem this can not be avoided.

The method of Gentzen was to assign to any hypothetical proof of the empty sequent an
ordinal smaller than g, and to define a cut-elimination procedure which strictly decreases the
ordinal of a proof. This is provable in Peano arithmetic, and so is the impossibility of a normal
proof of the empty sequent. The only principle needed to imply consistency, which goes beyond
Peano arithmetic, is the termination of the cut-elimination procedure, i.e. induction up to &g.

This proof was later simplified by Schiitte [I8] using a so called semi-formal system, i.e. an
infinitary proof system. In this system there is an infinitary deduction rule stating that to prove
Va.A(z), it is enough to give a proof of A(n) for each natural number n. An exposition of this
method can be found in e.g. [20].
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Table 1: The system Q™.

A good formalism for expansion proofs for arithmetic should enable us to prove this result.
Indeed it will be proved using infinitary expansion proofs.

2 Expansion proofs with induction

Here we define a generalisation of expansion proofs with a rule for arithmetical induction. It is
a relatively straightforward extension of [I]. We are again trying to build proofs meeting two
competing requirements : easy checkability and compactness.

The main idea is that a proof in Peano Arithmetic can be given by :

e The formulas on which induction is performed.

e The instantiations of first-order quantifiers, both in the formulas being proven and in the
formulas introduced by the inductions.

It is well known that Peano arithmetic does not enjoy cut-elimination (e.g. Theorem 10.4.12 in
[22]). This is a precise formulation of the fact that in order to prove A, one sometimes need to
perform an induction on a formula B which is not a subformula of A.

In this section will define expansion proofs with induction, and then we will sketch the
proof that they are sound and complete with respect to PA. Then we will examine some cut-
elimination procedure for them. We did not succeed in proving termination of this procedure,
instead a cut-elimination result will be obtained using infinitary expansion proofs in Section [3]

We will call expansion proofs with induction simply expansion proofs in the rest of this report,
since there is no risk of confusion : we will only consider expansion proofs with induction.

Note that A, B,C,... are used to denote arbitrary formulas. The notation Jz.A(z) with A
a formula is convenient because we denote the substitution of z by a in A by A(«). This does
not mean that x occurs in A, or that z is its only free variable.

2.1 Definition

Here we define expansion proofs.

2.1.1 Q-

We assume given a signature 0, s, +, X for arithmetic. We assume given the set @~ of axioms
for arithmetic, containing the universal closure of the formulas presented in Table [T}

We do not know whether @~ F A;,..., A, for A;,..., A, quantifier free (but not variable
free 1) is decidable. Our presentation will assume that it is not, but we will explain what can
be simplified if it turns out to be decidable.

2.1.2 Expansion trees

Definition 1. Inductively, we define the set of expansion trees together with a function Sh
mapping expansion trees to formulas :



e s =1t is an expansion tree with Sh(s =t) =s =1.

e If E; are expansion trees with Sh(E;) = A; for i € {1,2}, then for o € {A\,V}, E1 0 Ey is
an expansion tree with Sh(Ey o Ey) = Sh(E;) o Sh(Es).

e IfEr,...,E, are expansion trees with Sh(E;) = A(t;), then 3x.A(z) +"* By + ...+ E,
is an expansion tree with Sh(Ix.A(z) +1* Ey + ...+ E,) = Jx. A(z).

e If E is an expansion tree with Sh(E) = A(y), then Vx.A(x)+Y E is an expansion tree with
Sh(Vz.A(z) +¥ E) = Vz. A(z).

For an expansion tree E we call Sh(E) the shallow formula of E.

We call any +! an expansion. We denote it Vo if it is in V2.4 +“ F (and we say that Vo
dominates any expansion in E) and 3¢ if it is in Jz.A + ... +' E + ... (and we say that 3t
dominates any expansion in E) . Moreover a variable « in Vz.A 4% FE is called an eigenvariable.

Note that n = 0 in the third case is allowed, so 3x.A(z) is an expansion tree.

This corresponds to the graphical notation used in Section [1| using the following translation.

Definition 2. We define inductively the graphical representation G(E) of an expansion tree E

o G(s=t)iss=t.

Ccmems  \ /

G(E) -  G(En)
\ I /
o GOEzA(x)+" Ey+...+"" Ey) is Htl\"" /th
Jz. A(x)
G(E)

|

o G(\Vz.A(x)+YE) is V‘y
Va.A(x)

Intuitively, an expansion tree with shallow formula A is a sequence of inferences performed
on A. The existential expansions can be seen as moves by the prover, and universal expansions
as moves by the disprover. This intuitive game-theoretic point of view will be made precise in
Section [3| where we present infinitary expansion proofs.

2.1.3 Expansion pre-proofs

A formula is said positive if it begins with 3,V or it is a non-negated atom.

Definition 3. A cut on a formula A is an ordered pair of expansion tree (E1, Es) with Sh(E;) =
Sh(Es) = A and Sh(E,) positive.

We choose Sh(E}) positive arbitrarily for the sake of canonicity of notations. We say that a
cut (E1, E2) dominates the expansions in F; and Es.

Definition 4. An induction on a formula A(t) (with some occurrences of t indicated) is a triple

(Ey, By, E) with Sh(E,) = A(0), Sh(E,) = Vz.A(z) V A(s(z)) and Sh(E) = A(t).



We say that an induction (Ey, E, E) dominates the expansions in Fy, Fs and E.
These inductions model a cut followed by an induction in sequent calculus :

F,’A.(O) I‘,Vw.Z(a'c). \/ A(s(x))
T, A(t) T, A(t)
r

It is natural to consider directly those since the other cuts can be eliminated as for pure
first-order logic. This will be proven for expansion proofs in Section A similar rule was
considered for example in [3], in the more general context of inductively defined predicates.

For a set P of expansion trees, cuts and inductions :
Er,...,E,, (F1,G1),...,(Fpn,Gn), (HY, Hy , Hy), ..., (H, Hf , H)

we define Sh(P) = Sh(E1),...,Sh(E,). This corresponds to the sequent being proven by P so
it is natural to discard formulas introduced by cuts.

Definition 5. An expansion pre-proof is a finite set P of expansion trees, cuts and inductions
such that :

e Any two eigenvariables of P are distinct.
e There is no eigenvariable of P in Sh(P).

These two side conditions are technical details. One thing which should be noted is that
eigenvariables are allowed to occur in the shallow formulas of cuts and inductions.

2.1.4 Expansion proofs
In this section we present expansion proofs.
Definition 6. We define Dp on any expansion tree by :
e Dp(s=t)=s=t
e Dp(FE; o Ey) = Dp(E}) o Dp(E3) where o € {A,V}
e Dp(3w.A(z) +"* Ey ...+ E,) = /|, Dp(E;)
e Dp(Vz.A(x) +Y E) = Dp(F)
We extend it to cuts and inductions by
e Dp((E1, E2)) = Dp(E1) A Dp(E2)
 Dp((Eo, Es, E)) = Dp(Eo) A Dp(E;) A Dp(E)
And finally for an expansion pre-proof P = Ey, ..., E, we define Dp(P) = Dp(E1),...,Dp(Fy).

Note for the third case that the empty disjunction is false. We call Dp(P) the deep sequent
of P. One condition for P to be an expansion proof will be that @~ F Dp(P). The second
condition will impose some restrictions on the expansions, cuts and inductions in P.

Definition 7. We call the expansions, cuts and inductions of an expansion pre-proof P its
events.

Definition 8. Let P be an extension pre-proof. We define a relation <p on its events as the
smallest relation such that :

e g <p q if q dominates q'.



e Va <p It if a occurs in t
o Yo <p (Fy, Es) if a occurs in Sh(E)
o Yo <p (Ey, Es, E) if a occurs in Sh(E)

This relation on events is called the dependency relation. It indicates roughly the order in
which inferences are performed, more precisely some constraints on this order which cannot be
violated.

Definition 9. An expansion proof is composed of :
o An expansion pre-proof P such that <p is acyclic.
e A proof of Q= = Dp(P).

Note that the criterion on <p is global, as opposed to the criteria for sequent calculus which
are local.

The proof of @~ F Dp(P) can be represented in sequent calculus or in any suitable system
for classical first-order logic (for example expansion proofs without inductions !). The presence
of this additional proof is here to guarantee the decidability of whether a given object is an
expansion proofs. If Q— F Aq,..., A, with Ay,... A, quantifier free turns out to be decidable,
then we do not need to ask for the proof of @~ F Dp(P) : we only ask for its existence.

We will often refer to an expansion proof as its underlying expansion pre-proof P in the rest
of this report. Moreover when we say that an expansion pre-proof P is an expansion proof, we
mean that we have a canonical way to build a proof of @~ F Dp(P).

The acyclicity of <p is very natural, it states that the order in which inferences are performed
is not cyclic, i.e. the constraints on this order are not contradictory. It will be necessary in
order to sequentialise an expansion proof into a sequent proof.

From a game point of view the dependency relation indicates some constraints on the order
in which the moves are performed by the two players.

2.2 Summary of the properties of expansion proofs

Here we present informally the properties of expansion proofs with induction. A precise account
can be found in Appendix [A]

2.2.1 Soundness and completeness with respect to Peano arithmetic

In Section we define a presentation of Peano arithmetic (shortened to PA from now on) in
a one sided sequent calculus and we show :

Theorem 1. There exists a proof of I in PA if and only if there exists an expansion proof P
with Sh(P) =T.

For the proof of completeness we inductively translate proofs in PA into expansion proofs.
The crucial point is that sometimes we need to build a proof of I' out of two. As an example
when dealing with :

A I, B
T AANB
by induction hypothesis we have two expansion proofs P, E4 with Sh(P,E4) =T, A and P, Ep
with Sh(P’, Eg) =T, B. We should use E4 A Ep, but we need to have a unique expansion proof

P with Sh(P”) = T, which should depend on both P and P’. In order to deal with this we
need to introduce an operation called merge.

10
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Figure 4: Elimination of cuts

This merge operation (unsurprisingly) is able to merge two different expansion trees or two
cuts with the same shallow formula. It plays a role similar to contractions in the sense that it
can transform a proof of say I'; A, A into a proof of I, A.

More precisely, from a sequent calculus perspective it is introducing contractions at the
bottom of the proof, and then pushing them upward in the proof, until there is only contractions
on existential formulas and atoms left. Contractions on existential formulas are allowed in
expansion proofs. Contractions on atoms can be erased from expansion proofs since they can be
performed during the checking of the deep sequent. So the merge operation builds an expansion
proof.

Moreover the merge operation is able to identify different eigenvariables which corresponds
to the same contracted universal quantifier. This is presented in details in Section

In the other direction, in order to translate an expansion proof to a sequent calculus proof we
need to sequentialise it. This is done by translating in priority the events minimal with respect
to the dependency relation.

2.2.2 About cut-elimination

It is possible to define a cut-elimination procedure directly on expansion proofs.
First we define some rewriting rules.

Definition 10. We define a rewriting system on expansion proofs in Figure [}
The first rule can be applied only when A is atomic.
In the third rule, the n; are renaming eigenvariables and o;(c) = t;.

It is not surprising that we need to duplicate P in the case of a 3/V cut since 3 nodes are
(implicit) contractions. Note that we need to keep an untouched copy P. A similar phenomena
appears in the behaviour of e-calculus [16].

There is one obvious problem with these rewriting rules : the shallow sequent is not preserved
by the reduction procedure. Indeed an expansion proof for I' can be transformed into one for I', T".
Another subtler problem is that these reductions are not normalising, because the reduction for

11
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Figure 5: Elimination of closed inductions

cuts on quantified formulas is duplicating too much. We need to keep these duplications under
control. These two problems can be solved by the merge construction, if we care for merging
multiple cuts on the same formula.

It is shown in section that these rules (composed with the suitable merges) are weakly
normalising. But they do not eliminate inductions, and therefore this result does not entail
consistency of PA.

We can try to eliminate induction on closed terms by adding the rule displayed in Figure [5]
when Sh(E) = A(s™(0)). In this figure, the 7; are renaming the eigenvariables to fresh variables
and o;(a) = s°(0) . Note that here again there is an untouched copy of P. This can be adapted
for A(t) with any closed term ¢, since any closed term is provably in @~ equal to s™(0) for some
natural number n.

Of course it should be composed with merges. It is shown correct in Section [A-3.5

The normalisation of the cut-elimination rules of Definition [I0] together with closed induction
elimination would imply consistency of PA. Unfortunately we did not manage to prove this
normalisation result. Instead we will use infinitary expansion proofs.

3 Infinitary expansion proofs for arithmetic

The consistency proof of PA by Gentzen [§] was later simplified using an infinitary proof system
[18]. We will adapt these methods to expansion proofs, by defining infinitary expansion proofs.

We obtain a cut-elimination procedure for infinitary expansion proofs. This result is somehow
unsatisfying since the procedure is heavily non-confluent. This will be discussed at length later.

Infinitary expansion proofs are also a natural way to make the game interpretation of ex-
pansion proofs for arithmetic precise. Indeed infinitary expansion proofs are necessary in order
to get rid of inductions, which are not very natural from a game perspective. To emphasise this
connection, infinitary expansion pre-proofs are called strategies and infinitary expansion proofs

12



are called winning strategies. These strategies are inspired by Coquand’s arithmetical games
[6].

3.1 Definition of strategies

In this section we define strategies.

3.1.1 Infinitary formulas
From now on we will use infinitary formulas.
Definition 11. We define the formulas inductively.
e | and T are formulas.
o If for every natural number i, A; is a formula, so are \/; A; and \; A;.

Any infinitary formula A has a natural dual A, corresponding to its negation. An arithmetical
sentence can be interpreted by an infinitary formula.

Definition 12. Let A be an arithmetical sentence. We inductively define an infinitary formula
A

o (s=1)®is T or L depending on whether s =t is true (this is equivalent to provability in
Q~ since we are dealing with closed formulas).

(AANB)>® = N\; S; with So = A, S1 = B® and S; = T otherwise.

(AV B)>® =\, S; with So = A>*, S; = B*® and S; = L otherwise.
(Va.A(z))> = A, (A(i)>.
o (Fu.A(z))> = V,(A(i)>.

Using this translation, we will sometimes use e.g. the infinitary formula A A B where A and
B are infinitary formulas. This denotes A, Ay with Ag = A, Ay = B and A, = T otherwise.

In Section we define LK., which is the basic sequent-calculus for infinitary formulas.
An arithmetical formula A such that LK, proves A is called w-provable.

An arithmetical formula is w-provable if and only if it is true interpreted in the natural
numbers. This is not surprising : the definition of w-provability is very similar to the Tarski’s
truth definition [21I]. So provability in this system is highly undecidable.

3.1.2 The game-theoretic interpretation

Here we present intuitively the game-theoretic interpretation of strategies, since it enlightens
the next definitions of this section.

The existential \/ (resp. universal /\) quantifiers are instantiated by a player which will be
called Eve (resp. Adam).

Intuitively, a strategy for a sequent I' indicates a possible strategy for Eve in the game
represented by T'.

We will define a rewriting of strategies corresponding to moves in the game. Our point of
view in that a move in the game creates a new game (the old game after the move), and that
this reduction of strategies extracts the strategy for the new game from the old strategy. There
will be two kinds of rewritings :

e The universal moves corresponds to Adam choosing which of the 4; in A; A; Eve has to
prove.

e The existential moves corresponds to Eve trying to prove an A; in \/; A;. These moves do
not discard the other choices, indeed Eve can change her mind later.

13



Figure 6: The graphical representation of strategies

The idea is that every move by Eve is depending on a finite number of moves by Adam, and
Eve will play it if and only if Adam has previously played all these moves.

These rewriting rules will be strongly normalising, meaning that every play has a finite
number of moves. We will say that a strategy is winning if every normal forms of the strategy
are playing a game corresponding to T. This means that whatever moves are performed (in
whichever order), Eve eventually wins.

Note that our games are far from alternating. Moreover there will be a merge construct
denoted U which will allow Eve to influence the order of the moves.

3.1.3 Structures

Structures are the building blocks of strategies, in the same way that expansion trees are the
building blocks of expansion proofs.

Definition 13. We inductively define structures for infinitary formulas.
e T is a structure for T.

e | is a structure for any formula.

If for all natural numbers i, we have a structure S; for A;, then V;c,i.S; is a structure for

N; Ai.

Let I C w. If for all i € I we have a natural number k; and a structure S; for Ay, then
Jicrki.S; is a structure for \/,; A;.

If for all natural numbers i we have a structure S; for A, then U;c,i.S; is a structure for

A.

Graphically we represent V;c,%.5;, Jierk;.S; and U;ec,1.5; as indicated in Figure @

These structures can be represented by trees, i.e. sets of finite sequences of natural numbers
closed under prefix. Those trees are well-founded in the sense that they have no infinite branch.
An edge above an 3 node (resp. V node) will be called an existential (resp. universal) edge. An
edge above a Ll node is called an LI edge. By abuse of language, we will identify an edge and its
label when there is no risk of confusion.

We say that an edge labelled I (or k;) in Figure |§| dominates the edges in the structure 5;
above it.

The fact that | is a strategy for any formula corresponds to a weakening rule : Eve has a
default strategy for any formula, which is loosing.

The Ugewk.Sk construct will be linked to a universal node, indicating that if Adam plays
k for this universal node, then Sy will be played. This will be mostly used by Eve in order to
force the moves to happen is some order.

3.1.4 Strategies

Strategies are infinitary expansion pre-proofs. First we define structures meant to represent
cuts.

Definition 14. Let A be a formula. A cut-structure for A is a structure for AN A.

14



We say that a cut-structure dominates the edges in it.

Definition 15. Let Aq,..., A, be formulas. A structure forest for Aq,..., A, is:
e A structure for each A;
e A countable set of cut-structures for any formula.

The cuts are played by Eve, they challenge Adam to play one game of his choice among A
and A.

Definition 16. Let S be a structure forest, we call the cut-structures and existential edges in S
the events of S.

A function Dep which associates to any event of S a finite set of universal edges in S is
called a dependency relation for S.

A function Lbl which associates to any U node a ¥V node is called a labelling of S. The k-th
edge above a U node n is said to correspond to the k-th universal node above Lbl(n).

A structure forest together with a dependency relation and a labelling is called a pre-strategy.

Note the definition for event is different than in the finitary case : we did not include the
universal edges.

The Dep function is associating to any possible move of Eve a set of moves by Adam. Eve
will play a move s if and only if all the moves in Dep(s) have been played by Adam.

If U in Ugeuk. Sk is labelled by a V node s, then Sy will be played if and only if Adam plays
k at s.

Definition 17. A pre-strateqy obeys the finite reaction principle if for any finite set S of uni-
versal edges, there is only a finite number of events s such that Dep(s) = S.

The finite reaction principle states that a finite number of moves by Adam can only trigger
a finite number of moves by Eve.

Definition 18. Let S be a pre-strateqy. We define a relation <g on events, U-edges and
universal edges as the smallest relation such that :

e s <gtifs dominatest.

o s<gtiftis an event and s € Dep(t).

o s<gtiftis all edge corresponding to the universal edge s.
Definition 19. A pre-strategy S is called a strategy if :

e S obeys the finite reaction principle.

e <g has no infinite increasing sequence.

The second condition is similar to the acyclicity condition for expansion proofs. Indeed it
implies that <g has no cycles. It will be crucial in the proof that any play between Adam and
Eve is finite.

3.1.5 Winning strategies

Definition 20. Let S be a strategy and e; be a universal edge labelled by I. The operation —.,
1s defined inductively on each structure :

o — (Viewi.Si) = Viewi. —¢, (5i).
o —., (Ficrki.Si) = ierki. —¢, (S;) with e; removed from Dep(k;).

o —. (Uiewi.S;) = S; if U corresponds to the node of e;.

15



o —¢ (Uicwi.Si) = Uiewi. —¢, () otherwise.
The strategy {—.,(T) | T € S} is denoted —,(S).

Definition 21. We define some reduction rules denoted by — and called moves on strategies.
If V;c,i.5; is a structure we denote e; the universal edge labelled by i in V;c,i.S;. For any
natural number | :
S, ViEWi.Si = —e (S, Sl)

If Vicwt.S; is a cut-structure we denote e; the universal edge labelled by i in V;c,t.S;. If
Dep(Vicwi-Si) = 0, for any natural number 1 :

S, vie‘,ﬂ;.Si = —e (S, Sl)
Ifl € I, we denote e; existential edge labelled by k; in ;crk;.S;. If Dep(e;) = 0, then
S, Jierk:.Si — S, Jier—yki-Si, St

The first two reduction corresponds to a play by Adam, the last reduction to a play by Eve.
The conditions on Dep are a precise definition of what we meant by : Eve can play s only if all
the moves in Dep(s) have been played before by Adam.

In Section we are able to prove :

Lemma 1. The reduction — is strongly normalising.
To show this we extract an infinite increasing sequence for <g from an infinite reduction.

Definition 22. We call a play for S a sequence of reduction for — from S, with the last reduct
being a normal form.

With this terminology, Lemma [l| says that any play between Eve and Adam is finite. The
next lemma is immediate.

Lemma 2. A normal form for — contains only :
o Structures of the form T, L.
e Structures of the form 3;c1k;.S; s.t. for all i, Dep(k;) # 0.
o Structures of the form U;c,i.S;.
o Cut-structures C' with Dep(C) # 0

Definition 23. We say that a play is winning if the normal form at the end of the sequence
contains T.

Definition 24. A strategy is winning if all its plays are winning.

It is straightforward from this definition that — maps winning strategies to winning strate-
gies.

3.2 Properties of strategies

Here we summarise the properties of strategies. A precise account can be found in Appendix [B]
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3.2.1 The ordinal of a strategy

In order to prove results on strategies, we need to have some measure of their complexities.
Recall that any play in a strategy S is finite, but since there is often an infinite number of
possible next moves (if and only if Adam can play), we cannot define the maximal length of a
play as a measure.

For any family of ordinals (o;)scr, we denote sup;(o; + 1) by sup}(a;). We recall the height
of a well founded-tree, which is an ordinal.

Definition 25. The height of a well-founded tree is defined by :

e The height of a leaf is 0.

o If the set I of sons of a node s have heights (cv;)icr, then the height of s is sup; (o).
The height of a tree is the height of its root.

The use of sup* guarantee that the height of a node is strictly bigger than the heights of its
sons.

Definition 26. The ordinal of a strategy S is the height of its tree of mowves.

So the ordinals of strategies are a priori only bounded by w;, the smallest non-denumerable
ordinal.

We also want to measure how far from cut-free a strategy is, since we want to prove a
cut-elimination result. We define the depth of a formula as expected.

Definition 27. The depth of a formula A is defined inductively.
e The depth of T or 1L is 0
o The depth of N\, A; or \/; A; is sup; (a;) with oy the depth of A;.

Definition 28. We write F3 T to say there exists a strategy S for I with ordinal < o and such
that the formulas of the cuts in S are of depth < .

3.2.2 Composition of strategies
Now we state a few very useful lemmas. They are proven in Section
Lemma 3. If -5 T,\/, A, Ay then 0 T,\/, A,.

This is proven by attaching the structure for Ay to the structure for \/, A,.
Lemma 4. If for all natural numbers i we have ng I', A;, then l—fupT w1 A, An-

This is proven by defining the strategy in which Eve asks for Adam to play an ¢ in A; 4;
first and then plays according to the given strategy for I, A;. This is somehow unparallelising
the proof by forcing A, A; to be played first. This is where the construction Ll is useful.
Lemma 5. Assumel- T', A and Fg, T, A, let us denote the depth of A by 6. Then FZEII;EE’.ZT):)J T.

This is a consequence of the previous lemma.
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3.2.3 Correctness and completeness with respect to LK,

In Section we prove :

Theorem 2. A sequent T is provable in LK if and only if there exists a winning strategy for
r.

The translation of a proof in LK, into a winning strategy is straightforward using Lemmas
and [5l The translation of a winning strategy into a proof in LK, is done by induction on
the ordinal of the strategy.

An arithmetical sequent I' is called w-provable if there is a proof of I'*® in LK. Similarly
we say that there exists a winning w-strategy for I' if there exists a winning strategy for I'>°.

Theorem 3. An arithmetical sequent I' is w-provable if and only if there exists a winning
w-strategy for T.

Proof. This is an immediate consequence of Theorem O

3.2.4 Cut-elimination for strategies

In Section we prove that if there exists a winning strategy for I', then there exists a winning
strategy without cut for I'. From a game point of view this means that the possibility for Eve
to force Adam to play either A or A for any formula A is useless. So we restore a weak form of
analyticity, i.e. Eve has no need to come up with new formulas.

As an example it is possible to prove in PA (with a function symbol f, and the order <
suitably axiomatised) that 3z.Vy.f(y) > f(«). This is done for example using an induction on
ainVe.f(z) > aV (3zVy.f(y) > f(z)), and then instantiating « as f(0).

The cut-elimination result states that this proof can be translated to a winning strategy for
Eve in the game Jz.Vy.f(y) > f(x). In this game, when cuts are not allowed, Eve is allowed
to play any natural number m, and then Adam has to find a natural number n such that
f(n) < f(m). The winning strategy extracted from the proof will be :

e Eve plays 0.

e Adam tries to play m such that f(m) < f(0).

e Eve changes her mind and play m.

e Adam tries to play m/ such that f(m') < f(m).

e Eve changes her mind again, and repeats this process similarly f(0) times.

In the end Eve wins because Adam can not build a strictly decreasing sequence f(0) > f(m) >
... of length more than f(0).

An important observation here is that we can not bound a priori the number of times Eve
will change her mind, because it depends on f(0). In pure first-order logic, this can not happen,
we can bound a priori the number of times Eve will change her mind for a given expansion proof.
This phenomena is an essential feature of arithmetic, and justifies the definition of infinitary
expansion proofs.

Using Lemmas [3] [4 and 5] we are able to adapt straightforwardly the usual proof of normal-
isation for LK. In Section we present the cut-elimination result needed for consistency
of PA, which is obtained using induction up to €y and elementary means only. In Section [B.4]
we present a full cut-elimination result, which uses induction up to wi.

The only precise result we state here is this theorem from Section which is using
induction up to g only.

Theorem 4. Assume X T with o < g9 and k a natural number, then l—gk(a) I with wo(a) = «

and wiy1(a) = wr(@),
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Va.A(z) vV A(s(z)) Jx. A(z) A A(z)

Figure 7: Translation of an induction

3.3 Translation of expansion proofs with induction to infinitary ex-
pansion proofs

In this section we sketch the link between expansion proofs and strategies, and prove consistency
of PA.
3.3.1 The translation

Using Lemmas [3] [d] and [f] we can show by induction that an expansion proof can be translated
to a strategy. In fact an expansion proof for I' with free variables aq, ..., a, is translated into a
strategy for I'[ay /k1, . .., an/ky,] for any natural numbers k1, ... k,. So we can assume T closed.
The only case which is not straightforward is the case of inductions.

Assume P, (Fy, Es, E) is an expansion proof with Sh(P) = T" and Sh(E) = A(t). We can
assume that ¢ is $™(0). Then by induction we have :

e A strategy for I'; A(0) denoted Py, Sp.
o A strategy for I',Va.A(x) V A(s(x)) denoted P, S;.
e A strategy for I', A(n) denoted P, S.

We can use the strategy which cuts on Vz.A(x) V A(s(z)) described in Figure |ﬂ In this
figure, C’j‘ and C; are copycat strategies : Eve plays the same as Adam. Moreover Py, Ps and
P are activated according to what Adam plays in this cut, so that Eve win.

In Section this is presented precisely, in order to prove :

Lemma 6. Let " be a closed arithmetical sequent. If there exists an expansion proof with shallow

sequent ', then l—iﬂ ' with 1 finite.

3.3.2 Consistency of PA

From our previous results it is possible to prove :

Theorem 5. PA is consistent.

Proof. Indeed, assuming there is a proof of the empty sequent in PA :

e We know by Theorem [I] that there is an expansion proof with the empty shallow sequent.
This is provable in a very weak sub-system of PA.
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e From this we know by Lemma|§| that I—ff}z () with k finite. This is provable in a very weak
sub-system of PA.

e Using Theorem [4| and the fact that w? < eg, we know that '_S;k(w2) (). This step uses

induction up to &g, indeed we need to perform nested inductions on k and on wy(w?), the
smallest possible bound is &g.

e [t is easy to see that this is a contradiction : a strategy without cut for the empty sequent
is empty, and therefore it can not be winning.

O

3.3.3 The failure of parallelism

Recall that Lemma 4| (which states that if for all ¢ we have F2 T', A; then I—fup: o Do\ Ai) is
unparallelising the strategies.

So our proof is not fully satisfying as a proof of consistency of PA using expansion proofs,
because it uses Lemma [4] This means that we are using implicitly the fact that an infinitary
expansion proof can be sequentialised into a proof in LK, allowing us to prove cut-elimination
as for proofs in LK. Because of this, our normalisation procedure is not confluent in a bad
way. In fact almost every choices of moves done in order to perform inductions are significant
for the output.

4 Conclusion

We have presented finitary expansion proofs with induction. We have proven them equivalent to
PA. Then we have introduced infinitary expansion proofs called strategies and we have shown a
cut-elimination theorem for them, from which we have deduced consistency of PA. What should
we do next ?

Firstly a parallel cut-elimination procedure for strategies should be defined.

Then it would be nice to have a result proving consistency of PA using finitary expansion
proofs only, for example by showing that the cut-elimination procedure of Definition [I0]together
with the rule eliminating inductions are terminating. This could possibly be done using strate-
gies, either explicitly by using the theorems in this report, or implicitly as a supplementary
insight.

On the other hand, strategies are interesting in their own right. They are in some ways
more natural than finitary expansion proofs with inductions, partly because they have a cut-
elimination procedure. They define a game-theoretic semantic for arithmetic equivalent to the
usual semantic, which emphasises that the number of times Eve will change her mind can not
be bounded a priori.

One interesting next step could be to use the techniques presented here to study (fragments
of) second-order arithmetic. What kind of game-theoretic semantics for second order arithmetic
would we get ?

20



References

1]

2]

[15]
[16]

[17]

[18]

Frederico Aschieri, Stefan Hetzl, and Daniel Weller. Expansion trees with cut. http:
//dmg.tuwien.ac.at/hetzl/research/exp_trees_with_cut.pdf, 2013.

Jeremy Avigad. The computational content of classical arithmetic. In Proofs, Categories,
and Computations: Essays in Honor of Grigori Mints, pages 15-30. College Publications,
2010.

James Brotherston and Alex Simpson. Complete sequent calculi for induction and infinite
descent. In Logic in Computer Science, 2007. LICS 2007. 22nd Annual IEEE Symposium
on, pages 51-62. IEEE, 2007.

Samuel Buss. On Herbrand’s theorem. In Logic and Computational Complexity, pages
195-209. Springer, 1995.

Samuel R Buss. Handbook of proof theory, volume 137. Elsevier, 1998.

Thierry Coquand. A semantics of evidence for classical arithmetic. The Journal of Symbolic
Logic, 60(01):325-337, 1995.

Gerhard Gentzen. Untersuchungen iiber das logische Schliefen. i. Mathematische zeitschrift,
39(1):176-210, 1935.

Gerhard Gentzen. Die Widerspruchsfreiheit der reinen Zahlentheorie. Mathematische An-
nalen, 112(1):493-565, 1936.

Jean-Yves Girard. Linear logic. Theoretical Computer Science, 50(1):1-101, 1987.

Jean-Yves Girard. A new constructive logic: classic logic. Mathematical Structures in
Computer Science, 1(03):255-296, 1991.

Willem Heijltjes. Classical proof forestry. Annals of Pure and Applied Logic, 161(11):1346—
1366, 2010.

Jacques Herbrand. Recherches sur la théorie de la démonstration. PhD thesis, Université
de Paris, 1930.

Richard McKinley. Canonical proof nets for classical logic. Annals of Pure and Applied
Logic, 164(6):702-732, 2013.

Richard McKinley. Proof nets for Herbrand’s theorem. ACM Transactions on Computa-
tional Logic (TOCL), 14(1):5, 2013.

Dale A Miller. A compact representation of proofs. Studia Logica, 46(4):347-370, 1987.

Georg Moser and Richard Zach. The epsilon calculus and herbrand complexity. Studia
Logica, 82(1):133-155, 2006.

Edmund Robinson. Proof nets for classical logic. Journal of Logic and Computation,
13(5):777-797, 2003.

Kurt Schiitte. Beweistheoretische Erfassung der unendlichen Induktion in der Zahlentheo-
rie. Mathematische Annalen, 122(5):369-389, 1950.

Kurt Schiitte. Kennzeichnung von Ordnungszahlen durch rekursiv erklérte Funktionen.
Mathematische Annalen, 127(1):15-32, 1954.

William W Tait. Normal derivability in classical logic. In The syntax and semantics of
infinitary languages, pages 204-236. Springer, 1968.

21


http://dmg.tuwien.ac.at/hetzl/research/exp_trees_with_cut.pdf
http://dmg.tuwien.ac.at/hetzl/research/exp_trees_with_cut.pdf

[21] Alfred Tarski. The concept of truth in the languages of the deductive sciences. Prace To-

warzystwa Naukowego Warszawskiego, Wydzial III Nauk Matematyczno-Fizycznych, 34(13-
172):198, 1933.

[22] Anne Sjerp Troelstra and Helmut Schwichtenberg. Basic proof theory, volume 43. Cam-
bridge University Press, 2000.

[23] Oswald Veblen. Continuous increasing functions of finite and transfinite ordinals. Trans-
actions of the American Mathematical Society, 9(3):280-292, 1908.

22



Here we present two appendices with the proofs of all the results from the main text. The
definitions present in the main text are not recalled. The lemmas and theorems are recalled,
and are numbered as in the main text : the numbering in the appendices is not linear.

Appendix [A]is about finitary expansion proofs, and Appendix [B] about the infinitary one.

A Properties of expansion proofs with induction

In Section we present some auxiliary constructions for expansion proofs. Then they are
used in Section [AZ2] to prove soundness and completeness of expansion proofs with respect
to PA. In Section we define a partial cut-elimination procedure. Moreover we define an
elimination procedure for inductions on closed terms. We prove weak normalisation of the
partial cut-elimination procedure, but we leave the normalisation of this procedure together
with the elimination of inductions as an open problem.

The proofs in this appendix are very similar to the proofs in [IJ.

A.1 Auxiliary constructions

We present some technical tools useful to manipulate expansion proofs.

A.1.1 Substitutions

For P an expansion pre-proof and ¢ a substitution, we define Po as usual.

Note that there is no guarantee that Po will be an expansion pre-proof, even if P is. For
example an eigenvariable could appear twice in Po, breaking regularity, or the ¢ could induce
a cycle in the dependency relation of Po.

Lemma 7. Let P be an expansion pre-proof.
e Dp(Po) =Dp(P)o
e Sh(Po) = Sh(P)o

Proof. The first affirmation is a straightforward induction on P.
The second is even easier, by case analysis. O

A.1.2 Expansion proofs with merge

Merges are used to perform contractions in an expansion proof. The main result is that it is
possible to transform any expansion proof with merge into an expansion proof without. This is
obtained by rewriting the expansion proof with merge, pushing merges upward.

All the definitions and proofs in this section can be applied to non-regular proofs, i.e. proofs
having multiple occurrences of the same eigenvariable. This will be used in Section

Definition 29. We define expansion trees with merge the same as expansion trees (see Definition
, with a new construction :

If E, E' are expansion trees with merge with Sh(E) = Sh(E") then E U E’ is an expansion
tree with merge with Sh(E U E') = Sh(E).

We add Dp(E U E’) = Dp(E) V Dp(E").

We define expansion pre-proofs with merge and expansion proofs with merge exactly as ex-
pansion pre-proofs and expansion proofs.

So for example it is possible to build an expansion proof with shallow sequent A, .., A, out
of two such proofs.

23



Assume that we have and ‘ ‘

Then we can build

A A,

It is easy to check that this is an expansion proof with merge.
Now we want to be able to eliminate merge from an expansion proof without changing its
shallow sequent. In order to do so we define a reduction on expansion proofs with merge.

Definition 30. We define 5 as the context closure of the rules listed below.
The reqular merging rules :

e LUL— L

o (B0 E}) U (Eyo0BY) v (Ey UE}) o (Ey U ES)

o (I A+ E1+...+" E,)U(Fe.A+5 Fy + ... 45 Fy)
5 Ju A4+ By + . A By 45 Fy + 45 F,

e I A+M B+ By 4. 4t By e B A+t By UEy +... +1n B,
if th = to.

The substituting merging rule :

o VZ.A+*E)U(Vz.A+P E') "5 Vo A+* EUE
and B is renamed everywhere in the context to «.

The global merging rules :

o P, (Ey, Es), (E], EY) — P, (E1 U E}, Es U EY) if Sh(Ey) = Sh(EY).

e P,(Eo,E,,E),(E),E,,E') — P,(Ey UE), E,UE,,ELUE')

if Sh(E) = Sh(E’), meaning they are the same formula A(t) with the same occurrences of
t indicated.

Lemma 8. The relation — maps an expansion pre-proof with merge to an expansion pre-proof
with merge with the same shallow sequent.

Proof. This is a straightforward verification. O
Lemma 9. The relation — is strongly normalising.

Proof. We define the weight of a Ll or 34 node as the number of nodes above it, not counting LI
nodes. Let us denote by w;(P) the number of nodes of weight ¢ in P. When a rule is applied :

e If we are dealing with a global merging rule the number cuts and inductions in the proof
is decreasing.
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e Otherwise the number of cuts and inductions is constant. If we are dealing with the
substituting merging rule or the fourth regular merging rule, the number of expansions
decreases.

e Otherwise the number of expansions is constant. For all the rules left, we have that
(w;(P))ien lexicographically ordered decreases.

O
Lemma 10. If P is in normal form for bi>, then it has no merge node.

Proof. If there is a merge, let F; U E5 be an uppermost one. Since it is uppermost neither of
the F; begins with a merge. We denote Sh(E;) = Sh(FE3) by A. By case distinction on A, the
merge can be reduced. O

Lemma 11. The relation — is confluent.

Proof. We omit this the tedious verification that it is strongly confluent. O

Lemma 12. Let P[] be an expansion proof with a hole. If Q~ + Dp(E) V Dp(E’), then
@~ = Dp(P[E]) V Dp(P[E"]).

Proof. 1t is enough to check that for any context I'[.] with a hole and formulas built using V,
A, atoms and their negations, we have that @~ + AV A’ implies @~ + T'[A] v T'[A’]. This is
easy. O

Lemma 13. If P — P’ and Q~ + Dp(P), then Q~ + Dp(P’).

Proof. For the regular merging and global merging rules, this is a straightforward consequences
of Lemma [12

For the substituting merging rule we have using Lemma [7] that Dp(P’) = Dp(P)[e/], so we
can conclude by noticing that @~ F I' implies @~ F I'o. O

Lemma 14. If P — P’ and P is acyclic, so is P’.

Proof. The first three regular merging rules do not change the dependency relation. The other
reductions identify two nodes with the same predecessors in the dependency relation. This
cannot introduce a new cycle. O

Lemma 15. Let P be an expansion proof with merge. Then its unique normal form under s
s an expansion proof with the same shallow sequent. It is denoted by P!.

Proof. This sums up the preceding lemmas. We use Lemma (13| to build the necessary proof of
@~ F Dp(P!) from the given proof of Q~ + Dp(P). O

We will use this lemma a lot in the following.

Assume given two expansion pre-proofs P, P’ with the same shallow sequent Aq,..., A,. As-
sume P = El,...,En,Cl,.. .,Ck and ’Pl = Ei,...,E;L,Dl,...,Dl with Sh(Ei) = Sh(E;) = Al
and C; and D; cuts or inductions. Then we denote By UFEY, ..., E,UE! Cy,...,Cx,D1,...,D;
by PUP’
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A.1.3 Weakening

We present an auxiliary construction useful to perform weakening on expansion proofs.

Definition 31. Let A be a formula, we define an expansion tree wk(A) with Sh(wk(A)) = A by
induction on A :

)=(s=1).

k(s=t
e wk(Ao B) =wk(A) o wk(B) where o € {A,V}.

=

(

(
o wk(Vz.A(z)) = V. A(z) +* wk(A(«)) where « is a fresh variable.
o wk(Jz.A(z)) = Jz.A(x), that is an existential node without expansion.
For a sequent T = Aq,..., A, we define wk(I') = wk(A;),...,wk(4,).

Lemma 16. For any finite set of formulas T, we have that wk(T') is an expansion pre-proof
with Sh(wk(T)) =T.
Let Ay, ..., A, be the atoms inT'. If Q= F Ay,..., Ay, then wk(T') is an expansion proof.

Proof. This is immediate. U

A.2 Soundness and completeness with respect to PA
A.2.1 A definition of PA
Definition 32. We give the definition of a one-sided sequent calculus for PA.

7*141,'
A A

3 )

T4, .4, 4%

where Ay, ..., A, is an instantiation of an axiom of Q.

A r,A

T Cut

rA TI.B
[,ANB

rAB
I,AVB

T, A(a)
T, Vz.A(x)

Where o is not appearing in the end-sequent.

I, 3z . A(x), A(t)
T, 3z A(x)

T, A(0) [,Vz. A(x) V A(s(z)) T, A(t)
I

Ind

Where t is any term.
We write Fpa I' to say that there exists a proof of I in this system.
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A.2.2 Completness

This is a relatively straightforward translation. We just need to be a bit careful about variables
because they are not handled the same way in sequent calculus and expansion proofs.

Lemma 17. Ifpa T, then there exists an expansion proof P with Sh(P) =T.

Proof. We proceed by induction on the proof of I'. We will only treat a few cases, the rest can
be found in [I].

e For an axiom proving I'; we know from Lemma that wk(T') is an expansion proof.
e If we are dealing with a cut, we need to build an expansion proof with shallow sequent I"
from :
- An expansion proof P, E4 with Sh(P) =T and Sh(E,4) = A.
- An expansion proof P’, E5 with Sh(P’) =T and Sh(F5) = A.

It is easy to check that Q= F Dp(P UP’,(E4, F)). To check that it is acyclic, notice
that since there are no eigenvariable of P or P’ in A, the new node introduced is minimal,
so there are no new cycles.

Then (P UP’, (E4, E5))! is an expansion proof with shallow sequent T'.

e For an induction, assume given :
- An expansion proof P, Ey with Sh(P) =T and Sh(Ey) = A(0).
- An expansion proof P’, E with Sh(P’) =T and Sh(E;) = Va.A(z) V A(s(x)).
- An expansion proof P”| E with Sh(P”) =T and Sh(E) = A(t).
Then P UP' UP” (Ey, Es, E) is an expansion pre-proof with merge.

We can check that Q~ - Dp(PUP'UP”, (Ey, Es, E)). Indeed this sequent is equivalent to
Q™ +Dp(P),Dp(P"),Dp(P"),Dp(Ey) ADp(Es) ADp(E). We can conclude using the fact
that @~ F Dp(P),Dp(Eyp), that @~ F Dp(P’), Dp(Es), and that Q~ + Dp(P”), Dp(E).
It is acyclic because no eigenvariable can appear in A(t) so the new induction node is
minimal and we do not introduce any cycle.

So (PUP UP” (Ey, Es, F))! is an expansion proof with shallow sequent T'.

A.2.3 Soundness

Now we prove that it is possible to extract a sequent proof in PA from an expansion proof. Since
the dependency relation on events is acyclic, it is possible to consider a minimal event in any
expansion proof. Such an event should be translated first.

Definition 33. We define an intermediate system LKE between PA and expansion proofs by
the rules :

A, A, AT
where the A; are atomic and Q~ F Aq,..., A,.
P, Ey P, Es N
P,E1 N Ey
BB
P,E1V Ey
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PvEl P7E2
P, (E1, Es)

Cut

if Sh(E;) = Sh(Es)

P.E
P,Vr.A(x) +* E

if Sh(E) = A(«), where a does not occur in Sh(P) and A.

P, Ey P, E, P, E
Pv (E()v ES; E)

if Sh(Ey) = A(0), Sh(E,) = Vo A(z) V A(s(z)) and Sh(E) = A(t).

v

Ind

P,3x.A(x) +4 By + ...+ E,, By

3
P, v Alx) +1 Ey + ...+ B+ B,y
if Sh(Eni1) = Altn+).
P

—3

P,3x.A(z) °
Lemma 18. Iftrkg P, then Fpa Sh(P).
Proof. By induction. O

Lemma 19. Let P be an expansion proof, then Frke P.
Proof. We proceed by induction on the number of nodes in P.

o If P contains a Jz.A(z) without expansion, then we can use the 3y rule.
e If P contains only atoms, then @~ F Dp(P) so we can use the Ax rule.

o If P =P E;V E, then P’, E1, E5 is an expansion proof. By induction Frxg P’, E1, Fo
and we can conclude using the V rule.

o If P =P/ E; A Ey then P', F; and P/, E5 are expansion proofs, by induction hypothesis
Frke P, E; for i € {1,2} and we can conclude using the A rule.

Otherwise any expansion tree in P begins with 3z.A(x) +'* Ey + .. +' E,,, Vz.A(z) +* F or is
an atom. Moreover there is at least one event in P. We take a minimal event in P, then either
it is at the root of an expansion tree of the proof or it is a cut or an induction.

o If P =P’ (E1, E2) with (E1, F2) minimal, then there are no eigenvariable of P in Sh(E}),
otherwise Voo <p (E1, F3) for some «, contradicting minimality. Therefore no eigenvariable
of P appear in Sh(P’),Sh(E;) for i € {1,2}. From this we see that P’, E; are expansion
proofs, by induction Frxg P’, E; so we can conclude using the cut rule.

e Similarly if P = P',(Ey, Es, E) with (Ey, Es, E) minimal, then no eigenvariable of P
appears in Sh(E) by minimality. We can conclude using induction hypothesis and the Ind
rule.

o If P = P/ Vz.A(z) +* E with Vo minimal, then P’ F is an expansion proof. We can
conclude using V rule, whose side condition is satisfied.

o If P="P Jr.A(x)+" +E; ...+ E, with for example 3¢; minimal, then by minimality
no eigenvariable of P can occur in ¢;. So P/, By, 3x. A(x) +12 Ey + ..+ E,, is an expansion
proof and is provable in LKE by induction hypothesis. We can conclude using the 3 rule.

O
Theorem There exists an expansion proof P with Sh(P) =T if and only if Fpa T
Proof. This is a consequence of Lemmas and O
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A.3 Partial cut-elimination

Here we define a partial cut-elimination procedure for expansion proofs and show that it is
correct and terminating. It is called partial because it does not eliminate inductions. In Section
[A-375] we introduce a rule eliminating inductions on closed terms and show that it is correct.

A.3.1 Elimination of propositional cuts

The rules to eliminate cuts on atoms and cuts of the form (A A B, AV B) are very simple. They
are called propositional cut-reductions.

Definition 34. We define some rewriting rules called propositional cut-reductions.
(L,L),P —P
where L is an atomic formula.

(Ey A Ey, E\ NV EL), P — (Ey, E), (Ea, E}), P

Lemma 20. If P — Q by a propositional cut-reduction and P is an expansion proof, then Q is
an expansion pre-proof with Sh(P) = Sh(Q).

Proof. Immediate. O

Lemma 21. If P — Q by a propositional cut-reduction and P is an expansion proof, then Q is
an expansion proof with Sh(P) = Sh(Q).

Proof. For the atomic reduction :
e We know that Q= + L A L, Dp(Q), so @~  Dp(Q) using a cut.
e The events and their dependency relations are unchanged.

For the A/V reduction :

e By hypothesis @~ F P’,Dp(E1) A Dp(E3) A (Dp(E}) V Dp(E%)), so using propositional
calculus @~ F P’,Dp(E1) A Dp(E}),Dp(E2) A Dp(FEY}).

e The events of P are the events of the Q with two nodes identified : if there is a cycle in
Q there is one in P.

O

A.3.2 Weakly regular pre-proofs

We will use weakly regular pre-proofs as an auxiliary tool for cut-elimination of quantified
formulas.
A weakly regular pre-proof is an expansion pre-proof with merge except that an eigenvariable
. . . . . . u
can appear multiple times if those multiple occurrences are merged during the reduction by —.
See [I] for a precise definition.

Definition 35. A weakly regular proof is a weakly regular pre-proof which has an acyclic de-
pendency relation together with a proof of its deep sequent.

Lemma 22. The normalisation of a weakly reqular pre-proof under s is an expansion pre-
proof.
The normalisation of a weakly regular proof under 5 s an expansion proof.

Proof. Adapt Section[A.1.2] or see [1]. O
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Figure 8: A pathological expansion tree

A.3.3 Elimination of quantified cuts
Definition 36. We define the first-order cut-reductions.

P, (3w A(x) +"* By + ...+ E,, V2. A(z) +“ E)

— ((El, Emal), ceey (En, E’I]nO'n),P (] 7377101 L...u P'f}ndn)'
where o;(a) = t;, and n; are renaming eigenvariables v such that Vo < Vv to fresh variables.

It is not surprising that we need to duplicate things since existential nodes are implicit
contractions. Note that there is one copy of P left untouched. This is necessary because
we have no condition preventing objects like the expansion tree in Figure |8 to appear in an
expansion proof. From a sequent point of view an existential formula is instantiated by an
eigenvariable from another branch of the proof. Since it is not straightforward to characterise
these phenomena we allow them, and we add this unnatural copy of P in the reduct.

Now we prove some properties of the reduct of an expansion proof.
Let us denote (E1, Enio1), ..., (En, Enyoy), PUPno U...UPH0p by Q.

Lemma 23. Q is a weakly reqular pre-proof.

Proof. First we check that Sh(E;) = A(t;) and Sh(En;0;) = A(a)nila/t;] are dual. For this
it is enough to check that any renamed v does not appear in A(a). Otherwise we would have
C < Va < Vvy < C, that is a cycle. Note that the order of n; and o; is important.

Next we need to check that it is legal to merge P and Pn;o; for any i. It is enough that neither
a nor any renamed eigenvariable of P occur in Sh(P). This is true because no eigenvariable of
the old proof occurs in Sh(P). For the same reason it is clear that no eigenvariable of Q can
occur in the shallow sequent of Q.

Now we need to check that two occurrences of the same eigenvariable v not merged by s
are renamed. If they are not merged then there is an event below them that was not merged.
Consider the lowest one. We know that o or a renamed variable > Va occurs in this event
otherwise it would have been merged. So the variables not merged come from a variable > Vo
and hence are renamed. O

Lemma 24. The deep sequent of Q is valid.
Proof. We know that

Q™ +Dp(P), <\/ Dp(Ez-)) A Dp(E)
i=1

so @~ + Dp(P),Dp(E4),...,Dp(E,) and @~ + Dp(P),Dp(F). From this it is easy to build a
proof of :

Q™ = Dp(P),Dp(P)mo1,...,Dp(P)nnon, Dp(E1) A (Dp(E)nio1), ..., Dp(E1) A (Dp(E)n,0n)
O
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Lemma 25. The dependency relation of Q is acyclic.

Proof. Assume that there is a cycle in Q, we will show that there is one in the old expansion
proof. Indeed any event in the new trees can be assigned to an event in the old expansion
proof in a natural way (all the (E;, En;o;) are assigned to the reduced cut). Assume that
v <g ... <g U <g V1, let wy,...,w, be their respective corresponding events in the old
proof.

If v is an eigenvariable and w is an event, we say that v occurs in w if w = 3t and y occurs
in t, or w is a cut or induction with « in its shallow formula.

o If Voo £p w; for all 4, we show w; <p w;y1.
If v; dominates v;41 this is clear.
If v; = Vv <g viy1 and 7y occur in v;41. Then « is not renamed by n; otherwise Voo <p w;.
We know that Vy <g w;+1m0; for some [ (or without substitution), so either v appears
in w;4+1 and we are done, otherwise o occurs in w; 41 and o; rewrites « to a term where
occurs. This is not possible since Vo £p w;41.

e Otherwise assume for example Vo <p wy. We show that Vo <p w; for all 4.

If v; dominates v;41 this is easy.

Otherwise v; = Vy <g v;4+1 and v occurs in v;y;. Then w; is in the domain of n; by
induction. If v = n;(B) is fresh, then 8 occurs in w; 1 (since 7;(8) does not occur in any
t;) and we can conclude. If v is not fresh, it may occur in ¢; and maybe we have that «
occurs in w;41, but we can conclude as well in this case.

e Now assume given a cycle where Va <p w; for all i. We define the [-component of Q as
the part where 7,0, is applied.

We show by induction that if v, is in the l-component for some [, so are all the v;. Assume
v; in the [-component.

If v;41 is dominated by v; it is clear that v;y; is in the l-component.
Otherwise v; = Vy <p v;11 is a variable which has to be fresh (we have that w; >p Va

and v; is in the [-component), and so v;4; is in the same component.

e Finally assume given a cycle where Voo <p w; for all 4, and which stays in the same
component (possibly the component where no substitution was applied). We lift such a
cycle inductively.

If v; dominates v;41 it is clear.

Otherwise v; = Vv < v;41 and since they are in the same component it is not possible that
~ occurs in v;+1 because of a oy, so we know that w; < w;41.

O

Lemma 26. The first-order cut-reduction of Definition maps an expansion proof to an
expansion proof with the same shallow sequent.

Proof. This sums up the two previous sections. O

A.3.4 Termination

Now we show that the cut-reductions presented in the previous three sections form a weakly
normalising rewriting system.

Lemma 27. If P — P’ by reducing a quantified cut C, then the cuts C' duplicated in P’ are
such that C <p C'.
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Proof. Let C be the reduced cut. If a cut C’ is such that C £p C’, then the shallow formula
of C’ is unaffected by the n; and o;, otherwise it would have an eigenvariable v occurring in its
shallow formula such that v = « or Vv > Ve, and in both cases C' < Va < Vy < C' in P. O

Theorem 6. The propositional cut-reductions together with the first order cut-reductions are
weakly normalising.

Proof. The depth of the formula of a cut C is called the depth of C'. For an expansion proof
P and a natural number i, we denote by w;(P) the number of cuts of depth ¢ in P. Let P be
an expansion proof with some cuts, we want to show that there exists P’ such that P — P’
and (w;(P))icw > (wi(P’))icw for the lexicographic order. It is easy to infer weak normalisation
from this.

e Assume there is a cut in P on an atom or on A A B for some A and B. In this case we
reduce it, and the decreasing of (w;(P))ie. is obvious.

e Otherwise all the cuts are on quantified formulas. In this case we choose a cut C of maximal
depth, which is minimal with respect to the dependency relation among those of maximal
depth. By Lemma [27] we know that the duplicated cuts are higher than C. Therefore the
depths of the duplicated cuts are strictly smaller than the depth of C'. Moreover the new
cuts created by the reduction have smaller depth than C as well, therefore the number of
cuts of maximal depth is strictly decreasing.

O

Note that during this process the inductions are not eliminated and can be duplicated.
Therefore this result is similar to the result stating that in PA, we can eliminate cuts which are
not right before an induction, by using the usual cut-elimination procedure for pure first-order
logic. This is presented in the context of sequent calculus in the first chapter of [5] under the
name of free-cut elimination.

A.3.5 What about induction 7

Now we define a reduction for inductions. We show its correctness, but do not prove any
termination result.

Definition 37. A closed induction is an induction (Fyo, Es, E) with Sh(E) = A(t) where t is
closed.

Lemma 28. Ift is a closed term, there exists a unique n € w such that @~ F s™(0) =t
Proof. By induction on t. O

Lemma 29. For all terms s, t and any quantifier-free formula A(z), if @ F s = t then
Q™ F Als), A(?)
Proof. Tt is enough to show Q™ I s # t, A(s), A(t).

By induction on A :

o A(z) = A1(x) A As(x).

Q™ Fs#t,A(s), A (1) Q™ Fs#t, Ay(s), As(t)
Q™ Fs#t A(s), Ax(s), A1 (t) Q™ Fs#t,A(s), Aa(s), Aa(t)
Q™ Fs#t A(s), Ax(s), A1 (t) A As(t)

Q™ Fs#t,Ai(s)V Ax(s), AL(t) A Ax(t)

o A(x) = Ai(z)V Ay(x) is similar.
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e For the atomic case, we assume u(z),u (z) two terms and show Q= F s # t,u(s) #
u'(s),u(t) = (t). It is enough to show by induction on u(x) that Q= F s # ¢, u(s) = u(¢).
This is straightforward.

O

Lemma 30. If P, (Ey, Es, E) is an expansion proof, (Eo, Es, E) a closed induction with Sh(E) =
A(t) and t closed, then there exists n € w such that P, (Ey, Es, E[t/s™(0)]) is an expansion proof.

Proof. By Lemma [28| there exists n such that @~ F s™(0) = ¢t. By Lemma [29| we know that
Q™+ Dp(P, (Eo, Es, Et/s™(0)])). Moreover the dependency relation is unchanged. O

Using this lemma we can assume that all closed inductions are on a term of the form s™(0).
Now we can reduce them.

Definition 38. We define the closed induction reductions. Assume Sh(E) = A(s™(0)) :
P, (Eo,Vo.A(z) V A(s(z)) +* B1 V Es, E)

— ((Eo, Exnooo), (E2noco, E1mot), ..., (Eafp—10n—1, E), PUPnoo U ... UPnp_10n-1)!

where o;(a) = s°(0) and 1; are renaming eigenvariables v such that Vo < Vv to fresh variables.

The proof of correcness is very similar to the case of quantified formulas. Let us denote
(Eo, E1mo00), (E2nooo, Exmot), . .., (Batn—104-1, E), P UPnoog U ... UPnu—10,-1 by Q

Lemma 31. Q is a weakly reqular pre-proof.

Proof. We need to check that Sh(E3)n;o; = Sh(E1)n;410:4+1. No variable in the domain of
7n; can appear in A(s™(0)) (i.e. in Sh(E)), otherwise we would have C' < Va < Vy < C. So
Sh(Ez)mio; = A(s(a))nio; = A(s™1(0)) and Sh(E1)nis10i41 = A(a)niri0i1 = A(sH1(0)).
This reasoning works for the two other new cuts.

The rest of the proof is word for word the proof of Lemma

Lemma 32. The deep sequent of Q is valid.
Proof. We know that

Q™ = Dp(P),Dp(Ey) A (Dp(£1) V Dp(E2)) A Dp(E)

From this we have that @~ + Dp(P),Dp(E), that @~ F Dp(P),Dp(E1),Dp(Fs2) and that
@~ +Dp(P),Dp(Ep). We need to show

Qi F Dp(P)a Dp(P)n0007 .. aDp(P)nn—lan—h

Dp(Eo) A Dp(E1)neoo, Dp(Ea)noce A Dp(E1)niot, ..., Dp(E2)nn—10,—1 A Dp(E)

We look at every possibilities for the A. Either there are Dp(E;)n;0;, Dp(E2)n;o; for some i
and we can conclude (using @~ + P,Dp(E1),Dp(F2) and substitutions). Otherwise we have
Dp(Ey) or Dp(F) and we can conclude as well. O

Lemma 33. The dependency relation of Q is acyclic.

Proof. Assume we have a cycle v1 <g v <g .... <g Vm <g v1. Every event v; has a natural
corresponding event w; in the old proof, with the new cuts attributed to the old induction. We
want to show that wy <p ... <p wi.

We show that w; <p w;41.

o If v; <g w41 because v; dominates v; 11 it is straightforward.
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e Otherwise v; = Vy <g v;41 because v occurs in v;41. Then Vy = wymo; <g wit1nmrov
(possibly without some 7). Either  is not in the codomain of 7; and we are done, otherwise
it is a fresh variable and we can conclude.

O

Lemma 34. The closed induction reduction maps an expansion proof to an expansion proof
with the same shallow sequent.

Proof. This sums up this section. O

A natural question to ask is whether the rewriting system consisting of the propositional
reductions, the first order reduction and closed induction reductions all together is normalising.
This problem is difficult because it entails consistency of PA, and therefore must use induction
up to g.

Gentzen solved a similar problem for sequent calculus by assigning to any proof an ordinal
< €9, in such a way that this ordinal decrease during the cut-elimination procedure. It is not
possible to straightforwardly adapt Gentzen’s method to expansion proofs because they are in
some sense a parallelisation of sequent calculus proofs, and the ordinals assigned by Gentzen’s
method depend on the chosen sequentialisation of an expansion proof.

In order to prove a consistency result for PA using expansion proofs, we decided to consider
infinitary expansion proofs.

B Properties of infinitary expansion proofs

In this appendix we present proofs of the properties of strategies.

B.1 Elementary properties

First of all we present basic properties.

B.1.1 The reduct of a strategy is a strategy

In Definition [2I] we presented a reduction on strategies corresponding to moves played according
to the strategy. We prove here that this reduction maps winning strategies to winning strategies.

Lemma 35. If S is a strategy and S — S’ then S’ is a strategy.

Proof. 1f the reduction is of the form S, 3;crk;.S; — S, Jicr— (13 ki.Si, S; then it is obvious that
the reduct obeys the finite reaction principle : only one event labelled ) was suppressed.

If the reduction is of the form S,V;c,i.5; — —¢,(S,S;) then the events labelled A in the
reduct were labelled A or AU {e;} in S, V;¢,.S; : there is only a finite number of them.

In both cases an infinite increasing sequence in the reduct can be translated to an infinite
increasing sequence in the old strategy. O

Lemma 36. If S is a winning strategy and S +— S’ then S’ is a winning strategy.

Proof. This is an easy consequence of the definition of a winning strategy : a strategy is winning
if and only if all its normal forms under — contains T. O
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B.1.2 Plays are finite

We prove here that the reduction — is strongly normalising. This will be the crucial point to
show that a strategy can be sequentialised into a proof in LK, : it shows that this unfolding
process terminates. Since it was obvious that the sequentialisation terminates in the finitary
case, Lemma [1| has no analogue in the finitary case.

Lemma The reduction — is strongly normalising.

Proof. From an infinite reduction Tp — 17 — .-, we will extract an infinite <7,-increasing
sequence of nodes in Tj.

The edges of any reduct can be associated injectively to the edges of the old strategy in an
obvious fashion :

o If S\V;c,i.5; — —¢,(S,5:) then any edge in S or S; is associated to the corresponding
edge in S or V;¢,.5;. In this case we say that the edge ¢; labelled by [ was played.

o If S, Jdierk;.Si — S, Jicr—1yki-Si, Si, then any edge in S, Jic;_(13k;.S; or S is associated
to the corresponding edge in S or J;c7k;.S;. In this case we say that the edge labelled by
k; was played.

The played edges of all the reductions T; — T;y1 can be seen as edges in Ty by composing
these injections. The set of played edges in Ty is infinite since an edge is played at every reduction
T; — T; 1. This infinite set is called F.

Note that if an existential edge s is played, then all the universal edges in Dep(s) have been
played before.

We order F' by <p the smallest relation such that :
e An existential edge is smaller than its universal successors for <r,.

e A universal edge s is smaller than its universal successors for <7,. Moreover it is smaller
than existential edges ¢t in Ty s.t. s € Dep(t) and s was the last played universal edge
in Dep(t). It is smaller than universal edges at the bottom of a cut-structure C' s.t.
s € Dep(C) and s was the last played universal edge in Dep(C).

We now show that < is a subrelation of <7, and that F' and <z form a finite family of
finitely branching tree. Since F' is infinite, this will be enough to conclude there is an infinite
increasing sequence for <r,.

It is clear that s <p s’ implies s <r, s’

We check that any edge in F' has at most one predecessor for <p.

e If it is a universal edge s, then if it has a predecessor for <r,, it is its only predecessor for
<. Otherwise it has no predecessor for <, and it is at the bottom of a structure or a
cut-structure. Its only possible predecessor for < is the last played universal edge in the
label of its cut-structure.

e If it is an existential node s it can only have the last played universal edge in Dep(s) as a
predecessor for <p.

We show that any edge in F' has a finite number of successors for <pg.

o If the edge is existential, it can only have its universal successors for <7, as successors for
<. But at most one of them is played.

e If the edge s is universal, then it can only have as successors :

- Its universal successors for <7, (there is at most one played).
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- The existential edges s’ such that s is the last played edge in Dep(s’). There is a
finite number of those because they are labelled by () right after s is played, and there can
only be a finite number of such edges by the finite reaction principle.

- The universal edges s’ at the bottom of a cut-structure C such that that s € Dep(C)
and s was the last played universal edge in Dep(C). This is similar to the previous case.

We show that there is a finite number of edges without predecessors for <p. Those edges
can be :

e Existential edges labelled by () in T,. By the finite reaction principle there is a finite
number of those.

e Universal edges at the bottom of a cut-structure labelled by . By the finite reaction
principle there is a finite number of such cut-structures, and therefore a finite number of
such edges played.

O

In Definition 22] we define plays as sequences of reduction. Henceforth this lemma is stating
that all plays are finite.

B.1.3 Composition of strategies

Now we present some lemmas proving that strategies can be composed in various ways. Recall
that the ordinal of a strategy is the height of its tree of reduction under —. Moreover recall
that 2 T' means that there is a winning strategy for T' of ordinal < o with cuts on formulas of
depth < 5.

First an auxiliary result :

Lemma 37. Assume S is a winning strategy forT',\/, A, with ordinal o, then there is a winning
strategy for I',\/,, A, with ordinal o containing a structure beginning by an 3 node for \/, A,.

Proof. We associate to a structure S for \/, A, a set called ®(S) of triples consisting of :
e a natural number [.
e a finite set of universal edges L.
e a structure for A;.
We define ®(S) inductively :
o O(Jicrki.Si) = {(ki,Dep(k;),S;) | i € I}

o O(Uicy,1.5;) = Uiew{(l, LU {e;},S1) | (I,L,S;) € ®(S;)} where e; is the universal edge
corresponding to the LI edge labelled ¢ in U;c,.S;.

The set ®(S) is countable.

Then the structure S for \/, A, in the given strategy is associated to ®(S) which can be
renumbered {(I;, L;,S;) | i € I} for some I C w. We claim that if we replace S by 3;¢sl;.5; with
L; as the dependency of the edge labelled I;, we obtain a winning strategy for I',\/,, A, with
the same ordinal as the given one.

It is easy to see that it obeys the finite reaction principle, and that it has no infinite increasing
sequence.

To see it is winning with the same ordinal, it is enough to observe that the two strategies
behave precisely the same : a structure for Ay in S in the given strategy can be played if and
only if the corresponding structure in the new strategy can be played. O

Lemma If I—g IV, An, Ay then '_ngl LV, An.
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Proof. Assume we are given a winning strategy for I',\/, A,,, Ay. Using Lemma ﬁ we assume
that this strategy is of the form :
So S; -
AN

lO ll

S T

Where S is a strategy for I', T' is a structure for Ay and the structure beginning by 3 is a
structure for \/,, A,. We claim that the following strategy is a winning strategy for I',\/, A,
with ordinal < o + 1.

T Sy S -
NN oS
kolo I

S

Here the dependency of the edge labelled by k is defined to be (.

It is easy to see that it is a strategy, and that it has no cuts on formulas of depth greater
than 8. We show by induction on « that it is a winning strategy with ordinal less than o + 1.

e If a =0, then the new strategy has only one reduct which is in normal form and winning.

e Otherwise we show that the new strategy has reducts of ordinals < «. One of this reduct
is the old strategy which is winning and of ordinal «. The other ones are reducts of the old
strategy (therefore of ordinals < «) where the same transformation has been performed.
Inductively they are of ordinal < o and winning.

O
Lemma (4 If for all natural numbers i we have ng I', A;, then Ffup* a U5 A Ak

Proof. Assume I' = By, ..., B,,. Denote the given strategy for I', A; by
Ti, ..., T8 .S, CE CY, ... where :

e Fach Cli is a cut. Note we assumed there was a countable number of them for notational
convenience. There could be a finite number of them, this does not change anything in
the proof.

e S; a structure for A;.
e T} is a structure for Bj.

For S a structure or cut-structure and e a universal edge, let us denote +.(.5) the operation
of adding e to all the dependency of events in S (of course if S is a cut-structure this includes
S which is itself an event in §).

We now define a new strategy. It contains Ve, 4. +., (5;) where e; is the edge labelled by 3.

For each natural number ¢ we add to our strategy :

e (C3) s ().

Moreover for each [ natural number smaller than m, we add :

Uicwt. +e; (le)

where the U node is labelled by the V node in V;e,i. 4, (S;)-

We claim this is a winning strategy for I', A, A with the right ordinal. We call the set
of events and universal edges of the new strategy coming from the strategy for I', A; the i-
component of the new strategy. First we observe that any event or universal edge in the new
strategy is in one of the i-component, except the new edges e; in Ve i. +; (S;). Moreover an
event is in the i-component if and only if e; appears in its dependency. We have built a winning
strategy :
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e It obeys the finite reaction principle. Indeed if there is an infinite number of event labelled
the same, then there are infinitely many containing e; for some i and therefore there was
an infinite number of event with the same dependency in the given strategy for I, A;.

e [t is easy to check that if s < t in the new strategy and s is in the i-component, so is ¢.
Therefore an infinite increasing sequence in the new proof gives us an infinite increasing
sequence in one of the i-component (because it has to meet one of the component at some
point). Then we have an infinite increasing sequence in one of the given strategy.

e We show that it is winning and that it has the claimed ordinal. Indeed its only possible
reductions are on the structure V;e,i. +; (S;), and after this move it behaves precisely as
the strategy for I', A; for some 1.

O
sup(a,a’)+1 ~ °

Lemma [5| Assume -2 T', A and l—g, T, A, let us denote § the depth of A. Then psup(B.041)

Proof. This is a consequence of Lemma [4] O

B.2 Soundness and completness with respect to LK,

In this section we define the sequent calculus for infinitary formulas LK., and prove that it is
equivalent to our strategies.

B.2.1 Definition of LK

The calculus LK, manipulates infinitary formulas.

Definition 39. A proof of ' in the sequent calculus LK is a well-founded tree where the root
1s labelled by ' and which is built using using the rules :

rT Ar

)

rA T,4
T

', Ao I, A
Fa /\z Az

Pa Vl Aiy Ak:
Fa \/z Ai

Cut

V

B.2.2 Soundness
Lemma 38. If there is a winning strategy for I', then I' is provable in LK.
Proof. By well-foundedness of the ordinals of strategies.
e If the proof is in normal form then I' contains T and an axiom rule is okay to conclude.

e Otherwise there is a possible reduction :

-T' =T, \, A;, and the structure for A; A; can be reduced. Then by induction
hypothesis we have proofs in LK, of T', A; for every i. We can conclude using the A rule.

- The reduction is on a cut. By induction hypothesis we have proof in LK, of T',; A

and I'; A. We can conclude using a cut.

-I'=T1",V, 4; and the structure for \/; A; can be reduced. Then for some k we have
a proof in LK of ', \/,; A;, A by induction hypothesis. We conclude using the \/ rule.

O
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B.2.3 Completness
Here we use the lemmas of Section [B.1.3

Lemma 39. If T is provable in LK, there exists a winning strategy for T'.
Proof. By well-foundedness of the proofs in LK.

e An axiom is easy using the structure T for T and L for the other formulas (recall that L
is a structure for any formula).

e The case of \/ is Lemma [3]
e The case of A is Lemma [4]

e The case of Cut is Lemma 5l

O
Theorem T is provable in LK if and only if there exists a winning strategy for I.
Proof. This is a direct consequence of Lemma 38 and Lemma O

B.3 Consistency of PA

In this section we give precise proofs of the auxiliary results needed to establish consistency of
PA in Section [3.3.2]

B.3.1 Cut-elimination for consistency of PA

Here we prove a cut-elimination result for strategies. We closely follow the proof of cut-
elimination for LK, given in [20].

We use only elementary means and induction up to €p, so we do not prove the results in
their most general form. We did not discuss the details of ordinal notations, i.e. how to present
induction up to €q in a syntactic and elementary way, which does not involve set theory. Such
an elementary presentation of the whole Veblen hierarchy (Definition [41]) can be found in [19].

We denote the depth of A by d(A) (cf. Definition [27]in Section &

Definition 40. We say that IV is deducible from T if one of the two following condition is true.
e FitherI" =T, A.
e Otherwise ' =T" \, A; and T" =T", A;.

Note that if S is a strategy for I and S +— S’, then S’ is a strategy for a sequent I'V with T
deducible from I’

Lemma 40. If T is deducible from T' and F2 T, A, then F3 TV, A

Proof. We proceed by case distinction on the definition of deducible.
In the first case we do a weakening using the fact that L is a structure for any formula.

In the second case we replace the structure S for A, A; (with Ay in I') in the strategy for
I', A by an inductively defined structure ¥(5) :

o \Il(vzewlsl) = Sk;
o U(Uje,l.S)) = Uiewl.W(S;) with the U node corresponding to the same V node as before.

It is easy to see that this is a structure for Ax, and that this defines a strategy. To prove that
it is winning and of ordinal < «, we perform a straightforward induction. O
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Let o and o be two ordinals. Recall that their natural sum a#ta’ is defined using their
Cantor normal forms :

e Assume o = w + ...+ w with a1 > ... > q,.
’ ’ .
e Assume o/ =w®r + ... 4w withao) >...>al,.

Let us denote 61 > ... > 0,44, the ordinals o; for 1 <4 < n and oz;- for 1 < j < m counted with

multiplicities and sorted in decreasing order. Then we define a#a’ = wd + ... 4 w’r+m.
Now we give the main lemma.

Lemma 41. Assume that for A such that d(A) < k, we have F¥ T, A and V£, T, A, with
a,a’ <eg. Then I—’O‘;#a, .

Proof. We proceed by induction on a#a’.
e If both are in normal form, I'; A and T', A contains T so I' contains T, so F§ T.

e If ¥ ', A with a reduction not on A, than we have a family of I—’Oii I';, A with T'; de-
ducible from I" and «; < a. Then by Lemma we know that F’O“l, I';, A for all i, so
that by induction hypothesis l—gi#a, I';. From this we can conclude F* I'. But

sup; a;#a’
sup? a;#a’ < afta’ so we can conclude.

e It is similar to the previous case if ¥, I', A with a reduction not on A

e Otherwise if both have a reduction in A and A, we denote A = A\, A; and A = \/, 4;.
Then for all ¢ we have I—Zi I', A; and for some [ we have I—g,, IV, A, A with a; < «
and o/ < /. By induction hypothesis (and using a weakening on 4;), we have that
I—Z#a/, I',A;. By using a cut, since d(A;) < k we have l—;“up*(a#a,/yak) I'. It is easy to
conclude from this.

e The only case left is when one has a reduction on A, but the other is in normal form.
In this case either I' contains T and it is easy to conclude, or A = T contradicting the
existence of a reduction on A or A.

O

The main point of this lemma is that we only ask for d(A) < k and not d(A) < k. A suitable
iteration of this result will eliminate cuts. The restriction to «,a’ < &g is artificial, but this
restricted form can be proven in PA using induction up to &q.

Lemma 42. If 1 T with o < &g then X, T.
Proof. We proceed by induction on a.
e If o = 0, then the strategy is in normal form so ) I.

e The strategy has a non-cut reduction.
This reduction is on 3, then I' = I",\/, A; and I—Z,H IV, A;, A; for o/ < a. By
induction hypothesis I—f}a, IV, \/Z. A;, A;. But w® < w® g0 we can conclude by Lemma
This reduction is on V, then I' = I, A\, 4; and FE* TV, A; for all i, with oy < a. By

induction hypothesis -, TV, A;. Then by Lemmawé have }—fupf wei 1. But sup; w® <
w® so we can conclude.

e Otherwise The strategy has a cut-reduction. This means we have ngl I', A and I—’;J{l r,A
for some A with d(A) < k and aj,as < «. By induction hypothesis l—gal I' A and
Ho., T, A

Using Lemma |41| we have Ffjal#w% I'. We can conclude because since ay,as < «, we
have that w* #w*? < w<.
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O

Recall that wy,(«) for @ an ordinal and k a natural number is defined inductively by wp(a) = o
and w1 1(a) = wr(@),

Theorem If l—’; I' with a < gy and k a natural number, then I—gk(a) T.

Proof. This is provable by induction on k, using Lemma[42] and the elementary fact that a < &g
imply w® < gp. O

Note that the only properties of €y we used are :
e It is well-founded. This can not be proven in PA.
o If o < g¢ then w® < gg.

e If a,a’ < g¢ then a#a’ < &q.

B.3.2 The translation of expansion proofs to strategies

In this section we are going to prove the link between expansion proofs and strategies. We will
mix finitary and infinitary formulas.
We begin by the copy-cat lemma.

Lemma 43. For any infinitary formula A of depth o and any T', we have 9., T', A, A.
Proof. We proceed by induction on the depth of A.
o If depth of A is 0, then A =T or L and this is obvious.

e Otherwise A = A\, Ax. By inductive hypothesis for all & we have ngak I', Ay, A with
ay, the depth of Ag. So l—gxak I', A, V. Ay, A, by weakening, by Lemma |3| we have
Fo a1 L5 Ak, Vy Ak, so by Lemma 4 we have that Hs)up;zxak-s-l ' A Ak, V A But
sup; 2 X o + 1 =sup, 2 x ap +2 =sup, 2 x (ap +1) <2 xa.

O
Lemma 44. If there is an expansion proof with shallow sequent I' and free variables ayq, .., ay,,
then for any k1, . . . , k, natural numbers, we have that l_fug (Tlar /K1y - - - n fhn])®° with 1 a natural
number.

Proof. By Theorem |1} it is enough to prove that if there is a proof of " in PA, then l—a 2
(T[ar/k1, - - apn/ky])®° with [ a natural number.

For notational convenience we denote the family of [aq/k1, ... an/ky] for k1, ..., k, natural
numbers by (0;)icw. We write F2, T’ to mean that F~, T for some o/ < .

Assume all formulas appearing in the given proof are of depth < [ with [ a natural number.
It will be enough to prove inductively (on the subproof of the given proof) that if there is a
proof in PA of T" then for all natural numbers ¢ we have Fl<ka (T'o;)>°, where k is the number
of nested V rule in the subproof.

e If we are dealing with an axiom A, A we use a copycat strategy from Lemma which is
of ordinal < w because the depths of the formulas in I'* are finite.

e If we are dealing with an axiom from @, it is obvious that (I'o;)* contains T for any i.

o If we are dealing with a cut rule, let ¢ be a natural number. By induction hypothesis Fl<wx &

(To;)>, (Ao;)> and L, (T'o;)>°, (Ao;)>. But notice that (4)> is A>. Moreover the

depth of A is strictly smaller than [ by definition of {. Therefore by Lemma [5| we have
that (Do),

<wXk
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o If we are dealing with an A rule, let ¢ be a natural number. Then by induction hypothesis
Fooxr (D), (Aoy)>® and FL . (To;)>, (Bo;)™. Using Lemmawe know that H._
(FO'Z‘)OO, (AO'l AN BO’Z)(><>

o If we are dealing with a V rule, let ¢ be a natural number. By induction hypothe-
sis FL o (Do), (Ao;)>, (Bo;)>. Using weakening we have FL . (To;)>, (Ao; V
Bo;)*®, (Ao;)*, (Bo;)*. By Lemma (used twice) we have that ! (To;)>, (Ao; vV

<wXk
BO’i)OO

e If we are dealing with a V rule,

I, A(on1)

I'Vz.A(z)
let ¢ be a natural number. By induction hypothesis, for all natural number k,, 1 we have
Fewxk (o), (A(knt1)0;)>°. Indeed there is one more free variable oy, 41 in the given
proof (recall z was substituted by a1, recall A(k,y1) is A[z/kn41]). But apqq is not
occurring in I' by the side condition of this rule, so we have indeed substituted correctly.
From this using Lemma 4| we know that ., (To;)%°, (Vo.A(z)0;)>°. But since k is the
number of nested V rule this is okay.

e If we are dealing with a 3 rule

[, 3z.A(x), A(t)

I, 3z. A(x)

note that we may assume that all the variables in ¢ occurs in I', 3z.A(x) by elementary

sequent calculus manipulations. Let ¢ be a natural number. By induction hypothesis

Feoosr (Do), (Fz.A(z)0;)>°, (A(t)o;)>™. But to; is a natural number, and therefore
(A(t)o;)*> occurs in the \/, (A(k)o;)> = (Jz.A(x)0;)>°. Therefore using Lemma |3} we
have the desired result (To;)*, (Fz.A(x)o;)°.

<wXk

e If we are dealing with the Ind rule, let ¢ be a natural number. By induction hypothesis

Flowxr (T03)%, (A(0)0;)> and H. | (To:)>, (A(t)o;)> and FL . (Toy)>°, (Vo A(z) V

A(xz)o;)*°. In this case to; is natural number, say n. To simplify notations we omit the
o; and we admit I" and A(¢) closed with ¢ = n. We will show by backward induction on j
that

Fewr T, A0)%, . A, (AG) AAG + 1), (A(n = 1) A A(n)>

for 0 <j <n.

We begin by j = n. We need to prove H. _, T°° A(0)>,..., A(n)>. But by inductive

hypothesis L, T°°, A(n)*, so we can conclude using a weakening.

Assume it is true for j > 0, show it is true for j — 1. We want
Floe T, A(0)°, . A — 1), (A(G — 1) AA®G)™, ..., (A(n — 1) A A(n))™
We use Lemma on (A(j — 1) A A(§))*°. So we just have to show two things.
Firstly :
Flowsr T2, A(0)°, . A — D)™, A — 1), .., (A(n — 1) A A(n))™

If 7 > 1 we use Lemma [43| (recall that depth of A is finite and k > 1). If j = 0 we use the

inductive hypothesis F. _, T, A(0)>.

Secondly :
FL e T2, A(0)°, . A — 1), AG)>, ..., (A(n — 1) A A(n))™

This is the inductive hypothesis.
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So we know that
FL ke T°%, (A(0) A A1), ..., (A(n — 1) A A(n))>®
From this we can conclude using weakening on (3z.A(x) A A(z +1))> and Lemma [3| that
Fl s T, (32 A(z) AA(s(2)))>°. Since the depth of Jz. A(z) AA(z+ 1)is < [ by definition
of I, we can conclude using the inductive hypothesis ., T, (Vz.A(z) V A(z + 1))
and Lemma [B
O
Note the last case of induction is represented graphically in Section [3.3.1]

Lemmal6l LetT be a closed arithmetical sequent. If there exists an expansion proof with shallow
sequent T', then '_iﬂ ' with 1 finite.

Proof. This is an immediate consequence of Lemma [44} O

B.4 The full cut-elimination result

Here we present the cut-elimination theorem in full : we can eliminate cuts from any strategy.
We again closely follow [20].

This theorem is interesting in its own right because it establishes a nice game-theoretic
interpretation of strategies, even with cuts. But it uses an induction up to wi, because it is the
only bound a priori on the ordinal of a given strategy.

First we define the Veblen hierarchy [23], which will allow us to measure the increase of the
ordinal of a strategy during the cut-elimination procedure.

Definition 41. We define inductively on « :

* po(B) =w’.

o 0o () is the B-th fizpoint of the ¢ for v < a.

We recall without proof a basic fact about the Veblen hierarchy.
Lemma 45. For each vy, the function ¢~ is normal, meaning that :

o [t is strictly increasing.
o For any family of ordinals (o;)icr, we have sup;(¢~(ay)) = ¢ (sup;()).

Lemma 46. If for A such that d(A) < B we have 2 T', A and I—g, T, A, then I—Z#a, .

Proof. The proof is exactly the same as the proof of Lemma O
B+w” B
Theorem 7. If 0 I' then }—%(a) I.

Proof. By induction we assume the result is true for o/ < « and 7, and true for any o’ and
v <.
We reason by case distinction on the reductions of the strategies.

e Assume the strategy is in normal form, then it is easy to obtain a cut-free strategy in
normal form.

e Otherwise assume the strategy has a non-cut reduction.

This reduction is on 3, then I' = I'",\/, A; and l—gf“ﬂ IV, Ai, Ay, for o/ < a. By
induction hypothesis I—gw(a,),f",\/i A;, A, But ¢,() < ¢4(a) so we can conclude by
Lemma

This reduction is on V, then I' = T, A\, A; and l—gj‘m IV, A; for all 7, with a; < a.
By induction hypothesis Fiw(ai) IV, A;. Then by Lemma {4 we have 5 I'. But

sup; ¢ (o)
supy ¢(a;) < ¢, (a) so we can conclude.
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e Otherwise the proof has a cut-reduction. This means we have I—Zj“ﬂ I', A and }—gj“ﬂ T, A
for some A with d(A) < f+w” and a1, as < a. By induction hypothesis '_gw(al) I', A and
I—iw((w) I, A. Here we proceed by case on 7 :

If v = 0, then d(A) < 841 so d(A) < . By applying Lemma [46| we know that
Fio(al)#%(aa) I'. All we need to conclude is ¢g(a1)#dp(an) = w* #w*? < wW* = ¢g(a),
which is true since aq, as < a.

If v # 0, then d(A) < 8+ w? x k for k a natural number and ~" < 4. Let us denote
0 = max (¢, (1), ¢(a2)) +1. Then using a cut on A we have I—fﬂﬂ/ *F T, so by induction

'_iil(ti) I. But notice ¢¥,(8) < ¢%, (¢, () = ¢-(a) so we are done.
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