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Abstract

In a previous work with Antonio Bucciarelli, we introduced indexed linear logic as a tool
for studying and enlarging the denotational semantics of linear logic. In particular, we showed
how to define new denotational models of linear logic using symmetric product phase models
(truth-value models) of indexed linear logic. We present here a strict extension of indexed linear
logic for which symmetric product phase spaces provide a complete semantics. We study the
connection between this new system and indexed linear logic.
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Introduction

In [BE0O, BEO1], we have proposed a sequent calculus of indezed linear logic in which each formula
A has a domain d(A), which is a subset of a global infinite set of indexes I. A formula A in this
system is an ordinary formula of linear logic, decorated as follows: the multiplicative constants are
equipped with a subset of I, and the exponentials are equipped with an almost injective function®
from the domain of the sub-formula whose exponential is taken to the domain of the formula
itself (if A is a formula of domain J and w : J — K is almost injective, then !, A and 7,A are
formulae of domain K). So, to such a formula A, it is possible to associate an underlying formula
of ordinary linear logic, denoted by A. The basic idea of indexed linear logic is that a formula
A in this system represents a d(A)-indexed family of elements of |A|, the set associated to the
formula A in the standard denotational semantics of linear logic in the model of sets and relations
(called pure relational model in the sequel). In this particularly simple denotational model, additive
constants are interpreted as the empty set, additive operations are interpreted as the disjoint sum
of sets, multiplicative constants are interpreted as the singleton set, multiplicative operations are
interpreted as the cartesian product of sets, and last, exponentials are interpreted as the operation
which consists in taking the set of all finite multi-subsets of a set. A proof of a formula is then
interpreted as a subset of the set associated to this formula by the semantics. The sequent calculus
of indexed linear logic presented in [BEO1] is such that a formula A is provable iff the family of

!That is, a function which preserves finite sets under inverse image



elements of |A| associated to A is contained in the interpretation of some proof of A in ordinary
linear logic.

We have developed a phase semantics for this indexed linear logic. A symmetric product phase
space is a pair M = (POI , L) where Py is a commutative monoid which has a zero absorbing element,
and L is a subset of P[{ (the I-product of Py, endowed with the product monoid structure). This
subset | must be non-empty and is subject to two closure properties (closure under restrictions,
i.e.: if p € 1, then any element of P({ obtained from p by replacing some components of p by 0
must also belong to 1, and symmetry, that is, roughly, closure under the obvious action of the
permutations of I over PJ). Then any partial power monoid Py (for J C I) is naturally endowed
with a structure of symmetric product phase space, and we call local phase space at J induced by
M this phase space. A formula A of indexed linear logic of domain J is interpreted as a fact of
the local phase space at J. We proved a soundness theorem for this semantics: if a formula A
of domain J is provable, its interpretation is true, that is contains the unit of P@I . We have also
shown how to define a denotational model when a symmetric product phase space is given. One
obtains in that way a denotational model of linear logic where each formula is interpreted as a
set (the web, which is identical to the interpretation of this formula in the pure relational model)
equipped with a notion of coherence taking as values facts of the various local phase spaces?.
Considering a particular symmetric product phase space, we have obtained in that way a quite
surprising non-uniform version of the coherence space semantics of linear logic. This semantics is
described thoroughly in [BEO1].

However, for this phase semantics of indexed linear logic, completeness (which would imply
denotational completeness with respect to ordinary linear logic for the derived denotational model)
does not hold, as any symmetric product phase space admits the two following principles, which
are not admissible in indexed linear logic.

e Any formula of empty domain is true, whereas if a formula A is provable in indexed linear
logic, then A is provable in ordinary linear logic. This principle is a partiality principle:
if S is a formula of linear logic and A is a formula of indexed linear logic with A = S
and d(A) = 0 (actually, there is only one such formula A for a given S), A represents the
completely undefined element of S. Accepting A as provable in a syntax is similar to the
introduction of the symbol 2 in A-calculus for representing the completely undefined A-term
(typically in the theory of Bohm trees).

e For any formula A, the formula A —o !}4A is valid, whereas in general not provable in indexed
linear logic. This principle is more difficult to understand. It corresponds to the fact that
in many natural denotational models of linear logic, there is a canonical embedding of any
space X into the space ! X. This embedding allows to “linearize” any morphism f from X to
Y in the co-Kleisli category® of the model, by simply pre-composing f with the mentioned
embedding of X into !X: in that way, one extracts from f a “linear component” ¢ : X — Y
(a kind of “derivative at 0” of f), which, by the way, can perfectly be empty, even if f is not.
So it would not make sense to admit this linearization principle without accepting the above
partiality principle.

2This construction presents some similarities with the work of Lamarche [Lam95], see the introductions of [BE0(]
and [BEO1] for discussions about the possible relations between indexed linear logic and previous works.

3That is, the associated cartesian closed intuitionistic category, through the usual Girard translation of intuition-
istic logic into linear logic.



This linearization principle suggests to extend linear logic (or the lambda-calculus) with dif-
ferential primitives, leading e.g. to the differential lambda-calculus developed by the author and
Laurent Regnier ([ER03]). This extension of linear logic is however much more drastic than the
one we consider here for indexed linear logic and in particular, in the differential lambda-calculus,
proofs of the same formula can freely be added. Therefore the two additive connectives & and &
are identified. This possibility of freely adding proofs is essential because, in the differential setting,
we allow derivatives to be evaluated at any point (and not only at 0) in order to compute higher
derivatives, whereas the extension of indexed linear logic under consideration in the present paper
allows differentiation only at 0.

Our aim is to develop an extension of the sequent calculus of indexed linear logic for which
symmetric product phase spaces provide a complete semantics. In order to admit the partiality
and linearization principles, we extend the sequent calculus of indexed linear logic in two directions.
First, we admit as provable the empty sequent of empty domain. This will ensure the provability
of all sequents of empty domain. The second extension consists in modifying the notion of sequent
itself and in slightly simplifying the notion of formula. Remember that the usual unilateral sequents
of linear logic are obtained by juxtaposing formulae separated by “” signs whose (phase and de-
notational) semantics is the same as the semantics of the “%” connective. We introduce another
operation for building sequents which is unary, and similarly corresponds to the “7,” logical con-
nectives of indexed linear logic. So a sequent will be an expression of the shape +; A", ..., Al»
where J is a subset of I, A1,...,A, are formulae of indexed of linear logic, and, for each 4, u; is
an almost injective function from the domain of A; to J (A;" is just a notation for the formal pair
(A;,u;)). This new setting allows to express the structural and exponential rules of indexed linear
logic in a more liberal way.

e The structural rules are no more restricted to formulae of the shape 7,A, like in indexed
linear logic. For instance, if A is a formula of empty domain, one is allowed to deduce from
a sequent Fj; I' the sequent Fj I', A% where u is the empty function from the domain of A
to J. There is a similar way of expressing the contraction rule.

e The promotion rule is no more restricted to contexts of formulae of the shape 7,4, but can
be performed in any context and modifies the exponents of the context.

e Dereliction becomes a rule which allows to replace, in a context, an expression of the from
A" by the formula 7,A, with the identity exponent (a natural convention, that we adopt
systematically, is to write simply B instead of B'd when the exponent of B in a context is
the identity).

e Last, the logical rules for the ® and % connectives, as well as the rule for !, (promotion) can
be applied only to formulae having the identity as exponent.

A surprising effect of this extension is that the additive connectives become superfluous: they can
be defined in terms of the multiplicative and exponential connectives. Specifically, if A and B are
formulae of disjoint domains L and R, the formula A & B, of domain L + R, is represented by the
formula ;A ® !, B where [ and r are the obvious injections of L and R into L + R. In the present
setting, the so-called “additive contraction” becomes an ordinary structural contraction. As to the
constants, only one, of empty domain, is needed. We denote it by €2, and the usual constants of
indexed linear logic will be defined in terms of it, using the exponentials.



We first show in Section 2 that this new system (called LL™ () in the present paper) is essentially
equivalent to the extension of the sequent calculus of indexed linear logic LL(I) presented in [BE01]
by axioms corresponding to the logical principles mentioned above.

Then in Section 3 we establish the completeness of symmetric product phase spaces for LL™ (1)
(soundness is straightforward). For this purpose, we proceed in the usual way, which consists in
defining a syntactical space and showing that a formula which is true in this particular model is
provable. This is done in two steps: first, one defines a commutative monoid P, and then one defines
a subset | of POI which satisfies the closure conditions mentioned above (Fy is obtained by adding
an absorbing element 0 to P). The construction of this model is similar to Girard’s construction
for proving completeness in [Gir99]; his trick of introducing labels for distinguishing between the
various occurrences of a formula in a context will play a crucial role here. The completeness proof
follows a global pattern first introduced in linear logic by Okada ([Oka94, Oka99]) which allows to
obtain moreover a cut elimination theorem for free (this is standard in classical logic and Okada
observed that the same can be done in linear logic).

We consider this completeness result as important because it precisely delimits the expressive
power of the class of symmetric product phase spaces and of the new class of denotational models
of linear logic they give rise to, showing that the denotational incompleteness of this class of models
with respect to linear logic is entirely contained in two principles: partiality and linearization. The
first of these principles is easy to understand whereas the second is much more mysterious, and it
was not obvious a priori that it could be expressed in a logical way, as we shall do introducing the
well-behaved sequent calculus LL™ (7). The main still open problem here is to find a non-indezed
system of linear logic which would play with respect to LL™ (I) the same role as the role played by
ordinary linear logic with respect to LL(]).

This paper is concerned only with the purely first-order propositional fragment of linear logic, the
fragment which contains all connectives and constants of linear logic, but no propositional variables
and a fortiori no quantifiers. Dealing in a completely satisfactory manner with propositional
variables would need to extend our approach to second order linear logic, introducing a pure
relational interpretation of that system. Such an extension has been studied by Alexandra Bruasse-
Bac in her PhD dissertation [BB01], leading to a system of second order indexed linear logic whose
properties require further investigations.

Since the material on indexed linear logic needed for understanding the present work is rather
new, we have decided to give a detailed summary of the theory. This is the object of the unusually
long preliminary Section 1. This paper requires from the reader a reasonable knowledge of the
denotational semantics and of the phase space semantics of linear logic. Many good texts on these
topics are available, see for instance [Gir87, Gir95, AC98].

1 A summary of indexed linear logic

In this section, we recall the main ideas, definitions and properties of indexed linear logic and sym-
metric product phase spaces. The material summarized here is presented in full details in [BEO1].

1.1 Notations

We first fix some terminology and notations.
If F is a set, we denote by #F its cardinality.



If f: E — F is a function, and if E' C E, we denote by f|g the restriction of f to E’, that we
consider as a function from E’ to F.

If £ and F' are disjoint sets, we denote by E + F' their union. If £ and F' are not necessarily
disjoint, we also denote by E + F' their disjoint sum, which can be for instance defined by £+ F =
{1} xE)U({2}x F). If f: E— G and g : F — G are functions, we denote by f + g the function
defined by cases, from E + F to G.

A multi-set over E is a map pu : E — N. The domain of p is the set of all the elements a of
E such that pu(a) # 0. A multi-set is finite if its domain is finite. If « € E7 is a finite family of
elements of F, indexed by a finite set J, we denote by m(«) the multi-set of elements of F defined
by m(a)(a) = #a~*(a) (for each a € E). When « is given explicitly (a = (a1, ...,a,)), one writes
often [ay,...,ay,] instead of m(a). We denote by Mg, (E) the set of all the finite multi-sets whose
support is included in F.

1.2 Linear logic and its pure relational semantics

The fragment of linear logic under consideration is the first order and purely propositional one,
so that we consider no other atomic formulae than the additive and multiplicative constants. The
formulae are built as follows (each construction is given with its dual construction).

e 0 and T are formulae (additive constants).

e If R and S are formulae, so are R® S and R & S (additive connectives).

1 and L are formulae (multiplicative constants).

If R and S are formulae, so are R® S and R % S (multiplicative connectives).

e If R is a formula, so are |R and ?R (exponential modalities).

The linear negation R+ of a formula R is defined by induction on R, by replacing each constant
or connective occurring in R by its dual constant or connective. Girard defined a sequent calculus
for linear logic, the rules of this calculus can be found in many papers on linear logic, see for
instance [Gir95].

In the pure relational denotational semantics of linear logic, one associates to each formula R
of linear logic a set |R|, called the web of R, by induction:

e 0| =|T|=0.

|IR® S| =|R & S| = |R| +|S|, the disjoint sum of |R| and |S].

|1| = |L| = {*} where * is arbitrary.

IR®S|=|R% S| =|R| x|S|

'R = [?R| = Mgn(|R]).

Then to each proof w of a formula R of linear logic, one associates by induction a subset 7* of
|R|: the denotational semantics of 7. This is explained in the appendix (one will also find there a
reminder of the rules of the sequent calculus of linear logic). Linear logic enjoys the fundamental



cut elimination property: there are normalizing reduction rules on proofs for which all normal
proofs are cut-free. The main property of denotational semantics is that it is invariant under these
conversion rules on proofs: if 7 and p are two proofs of the same formula which are equivalent
under these conversion rules, then 7* = p*. From a categorical viewpoint, this results from the fact
that the category whose objects are sets and whose morphisms are binary relations between sets is
a model of linear logic, and more precisely, a Lafont category in the sense of [Bie95]. This model
is degenerate in the sense that the category of sets and relations is isomorphic to its opposite, and
that this isomorphism commutes to all the categorical operations needed for interpreting linear
logic.

1.3 Indexed linear logic

Due to this degeneracy, the pure relational semantics of linear logic is not informative at all. We
develop a method for endowing the webs associated to formulae with a kind of coherence relation,
generalizing the well known structures of coherence spaces or hypercoherences.

For this purpose, the basic idea is to consider the families of elements of the webs associated
to the formulae of linear logic, aiming at associating to these families a kind of coherence value.
We assume fixed once and for all a set I, which is infinite (and denumerable): all the index sets we
shall consider will be subsets of I. We start from the following observations (J being an arbitrary
subset of I):

e (7 is non-empty iff J is empty, and then (7 is a singleton.

e There is a bijective correspondence between (X +Y)7 and >, , p_(X* x YF); if L and R
are disjoint sets such that L + R = J, and if « € X and § € Y, we denote by o + (3 the
corresponding element of (X +Y)7.

e {x}7 is always a singleton.

e There is a bijective correspondence between (X x V)7 and X/ xY”;ifa € X/ and 3 € Y,
we denote by (a, 3) the corresponding element of (X x Y)7.

So within the multiplicative-additive fragment of linear logic, we have a bijective correspondence
between the elements of |R|” and the formulae A of the multiplicative additive fragment of indezed
linear logic which satisfy A = R and d(A) = J. We define the formulae of this new system below,
as well as, for each formula A, its underlying formula of linear logic A, its domain d(A) C I and
the corresponding element (A) of [A|4A).

e 0 and T are formulae, and 0 =0, T = T and d(0) = d(T) = 0. Both (0) and (T) are defined
as the empty family.

e If A and B are formulae, with d(A) Nd(B) = 0, then A® B and A & B are formulae, and
ApB=A®B, A& B=A& B and d(A® B) =d(A & B) = d(A) + d(B). And one sets
(A® B) = (A& B) = (A) + (B).

e If J C I then 1; and L; are formulae with 1; =1, L; = 1 and d(1;) = d(L;) = J. Both
families (1;) and (L ;) are the J-indexed family constantly equal to *.



o If A and B are formulae with d(A) = d(B), then A ® B and A ® B are formulae, and
ARB=A®B, A B=A% Band d(A® B) =d(A% B) = d(A) = d(B). And one sets
(A@ B) = (A% B) = ((4),(B)).

When exponentials come in, we renounce to this bijective correspondence between families and
formulae of indexed linear logic: a surjective mapping from formulae to families will be sufficient
for our purpose. For defining this mapping we observe that an element ¢ of Mg, (X)” can be
described by the following data: a set K, an element o of X%, and a function u : K — J which
is almost injective (we mean by that that u preserve finite sets under inverse image), such that ;
is the multi-set of all the elements of the family a|u71(j), taking repetitions into account, in other
words, & = m(al,-1(;)).

Therefore, we extend the syntax of formulae of indexed linear logic as follows: if A is a formula
and if u : d(A) — J is an almost injective function, then !, A as well as 7, A are formulae, |, A = A4,
7,A ="7A and d(I,A) = d(?,A) = J. The corresponding J-indexed families (!, A) and (7, A) are
defined by (1, A); = (?uAd); = m((A)]-1(5))-

The linear negation AL of a formula A of domain J is the formula of domain .J obtained by
applying recursively the usual De Morgan laws between dual connectives, for instance (!uA)l =
7.(A1).

For these formulae of indexed linear logic, we have defined a sequent calculus, that we have
called LL(I). A sequent of LL(I) is an expression of the shape F; I' where J is a subset of I and I"
is a (possibly empty) sequence (Ay,...,A,) of formulae of LL(I) such that each A; has domain J
(a sequence I' of formulae satisfying this condition will sometimes be called a contezt, and we shall
denote by d(T") the common domain of the elements of I', when I" is not empty). Before giving the
rules of this sequent calculus, we need to define the operations of restriction and re-indexing on
formulae.

Restriction. If A is a formula of LL(I) with d(A) = J, and if K C I, we define the restriction of
A by K, denoted by A|g, which is a formula of LL(J) with domain J N K, as follows:

T|K =T and O|K =0.

Lk = Link and 15| = 1jnk.

(A® B)|x = Alk®B|k, (A% B)|x = Alg B Blk, (A® B)|k = A|lx®B|k and (A & B)|x =
Alx & Blx.

(wA) |k = lo(Aly-1(kns)) where v : u Y (K NJ) — KnNJis obtained by restricting u. The
definition of (?7,A)|x is similar.

IfT" = (Ay,..., A,) is a context, one defines I'|x = (A1]k, - .., An|k) so that again, d(I'|x) = d(I')N
K. Last, observe that trivially A-|g = (A|g)>. It is also easily checked that (A|x)|z = Alxnz
and that (A|x) is the restriction of the family (A) to d(4) N K.

Re-indexing. When ¢ : J — K is a bijection, one can define, for each formula A of domain J, a
formula ¢, A of domain K, as follows:

e 0, T =T and ¢,0 =0 (in that case, J = K = 0).
L] SO*J_J = J_K and go*lJ == 1K-
¢ 0.(A®B)=p, AR p.B and p. (AR B) = p. A% p,.B.



o 0.(A® B) =1, AD x«B where ¢ : d(A) — ¢(d(A)) and x : d(B) — ¢(d(B)) are obtained by
restricting ¢ (observe that K = ¢(d(A))+¢(d(B)) as ¢ is bijective). The formula . (A & B)
is defined in a similar way.

o 0.(IyA) = oA and (7, A) = 7 0v A.

Then one checks easily that (¢, A) is the element 3 of |A| defined by Boj) = (A); (for each j € J).
We recall now the rules of LL(]).
We have the following axioms:

Fyly

and

Fo I, T

this latter making sense only under the assumption that I' is empty, or has empty domain.

Multiplicative rules:
F;T

T, Ly
-, T, A -, A,B
-, T,A,A® B
-, T,A,B
-, T,A% B

Additive rules. In the introduction rules for &, observe that B must have an empty domain.

Fs LA F;T,A
F;T,A® B F;I,B® A

Assume that d(A) = L, d(B) = R with LN R = (), and that d(I') = L + R.

|_L F|L,A FRF’R,B
Frar [, A& B

We give now the exponential rules. For A a formula of empty domain, 07 denoting the empty
function from ) to J, the weakening rule is the following:

;T
FsT,7%,A
For A a formula of domain K, u an almost injective function from K to J, K; and Ky two

subsets of K such that K = K+ Ko, u; (for i = 1, 2) the almost injective function K; — J obtained
by restricting u to K;, the contraction rule is the following:

g O ?Ul (A|K1)v ?u2 (A‘Ké)
- T 7, A




Let ¢ : J — K be a bijection. The dereliction rule is the following:
Fr oA
Fr D, 7,A
Let (A;i)i=1,...n be a family of formulae and let K; be the domain of A;. Let J be a set and,

for each i = 1,...,n, let u; be an almost injective function from K; to J. Let A be a formula of
domain J and let v : J — L be an almost injective function. The promotion rule is the following:

g Pu Ary e T Ay A
F2 Zvous Al -+ s Toou, Any 1o A

The only structural rule is the exchange rule, which is

Fs AL, Ay

FJ Ao‘(l)7 B Aa(n)

where o is any permutation of {1,...,n}.
Last, the cut rule:
T, A g A AT
F; T A
With respect to the denotational semantics of linear logic presented above, the main property
of LL([) is the following.

Proposition 1 Let R be a formula of linear logic, let J be a subset of I and let o € |R|?. The
following properties are equivalent.

o There exists a proof ™ of F R in linear logic such that o € (7*)7 (that is 7 contains the
range of «).

e There exists a formula A of LL(I) such that A = R and (A) = «, and such that the sequent
Fy A is provable in LL(I).

e For each formula A of LL(I) such that A= R and (A) = «, the sequent t; A is provable in
LL(I).

1.4 Symmetric product phase spaces

Remember that phase spaces have been introduced by Girard in [Gir87] for giving a truth-value
semantics to linear logic. As this is standard material, we just recall here the basic definitions and
a few easy properties that we use implicitly in the sequel. A phase space is a pair (Q, L) where
Q@ is a commutative monoid and L is a subset of ) on which no special requirement is made. If
U C Q,onedefines Ut = {pc Q|YgcUpqgec L} A fact is a subset U of Q such that U = U+
(the inclusion U C UL+ always holds, obviously). The following basic properties are useful (U and
V being subsets of Q):

e UCV=VEtcUt,

° UJ_J_J_ — UJ_;



e (UUV)r =ULNnVL,
)J_

o (UVEL)y" = (UV)*, where UV = {pq|p € U and q € V}.

In particular, U~ is always a fact, and for showing that U+ C F (when F is a fact), it suffices to
show that U C F.

Phase semantics consists in interpreting each formula of linear logic as a fact, to be considered
as a kind of “truth value”. A fact is true when it contains the unit of (), and indeed one shows that
any provable formula is interpreted in any phase space as a true fact (soundness). Moreover, this
semantics of linear logic is complete (the proof of this uses a particular phase space (Q, L) where
@ is the monoid of all contexts of linear logic, and where L is the set of all provable contexts).

We develop now a phase semantics for indexed linear logic. In that way, through the corre-
spondence above between families and formulae, we shall be able to define a fact-valued notion of
coherence on webs.

Let Z(I) be the category whose objects are the subsets of I and whose morphisms are the
injective functions between them.

Given a set E, we denote by Famp the contravariant functor from Set to Set which to J
associates the set of all J-indexed families of elements of E: Famg(J) = E/ and if f : J — K,
Famg(f)(a) = ao f, for any o € EX. In the sequel, we shall only consider the restriction of this
functor to Z(I) (a small sub-category of Set), and we shall denote Fampg(f) by f*, according to
a well established tradition. In particular, when K C J C I, we denote by g : B/ — EX the
projection function given by mxg = u* where v : K — J is the inclusion.

If Q is a monoid, and if we consider Q” (for J C I) as equipped with its structure of product
monoid induced by the monoid structure of ), then the functor Famg becomes a contravariant
functor from the category Z(I) to the category of monoids.

A product phase space is a pair (POI , L) where Py is a commutative monoid possessing an
absorbing element 0 and | C POI is non-empty and satisfies ey L C L for each J C I (where
e € Pl is defined by (¢7); =1ifi € J and (e5); =0if i ¢ J).

If M= (POI , L) is a product phase space, then for any J C I, we define a product phase space
M(J) = (P, L(J)), where 1(J) = 7;(L). We denote by 17 the unit of the monoid Py and by
Far(J) the set of all facts of the local phase space M(J).

A product phase space (POI , L) is symmetric, intuitively, if L is invariant under all permutations
of I. However, this condition is too weak for our purpose. The precise definition is as follows.

Definition 2 A product phase space (P{, L) is symmetric if for any J, K C I and any bijection
¢:J — K, one has L(J) = ¢*L(K).

One checks easily that this condition is equivalent to the following: for any J C I, if u,v : J — I are
injections, then u* L = v* L. When M is symmetric, so are all of the local spaces M (.J). Moreover
the local spaces M (J) and M (K) are isomorphic as soon as J and K have the same cardinality.

Lemma 3 Let M = (POI, 1) be a symmetric product phase space. Let J, K C I andletu: J — K be
injective. If F € Fpr(K), then u*F € Fr(J) and u*(FL) = (u*F)*. Moreover, if F,G € F(K),
then u*(F @ G) = (u*F) ® (u*G).

The proof is easy, and can be found in [BEO1]. This turns the operation J — Fj(J) into a
contravariant functor from Z(I) to Set.

10



We explain now how the exponentials are interpreted in such a phase space. Let u: J — K be
almost injective. For any commutative monoid @), there is a functorial covariant way of defining a
monoid morphism wu, : Q7 — QX as follows:

(ux(p))k = H Dj -

jeu=1l(k)

In particular, when ¢ is a bijection, ¢, = (¢*) 7'
It F e Fu(J), one sets ,F = (w,F)'" € Fy(K) and 7,F = (u(FL))" € Fy(K), two
operations which are obviously De Morgan dual of each other.

Lemma 4 If ¢:J — K is a bijection and if F' € Fpr(J), then
| F = 2,F = g, F.

The behavior of these operations under injective re-indexing is easy to understand, as soon as
one observes the following simple fact.

Lemma 5 Let QQ be a commutative monoid. If the following diagram in Set is a pull-back

J/

where K, J,K',J C I, u is almost injective and v is injective, then v' is injective and u' is almost
injective, and moreover, the following diagram is commutative®*.

U

Q¥ Q’
' v*

;U ,

Qr Q’

In particular, if Q = Py and if F € Fp(K), then one has
V(I F) =y (W F).

The interpretation of a formula A of domain J as a fact A®* € Fys(J) is based on these logical
constructions on facts, together with the following interpretation for the constants: 0* = T* = {0}
(the only fact of Fys(0)) and L;* = L(J), 1;* = L(J)". T = (Ay,..., A,) is a context of domain
J, it will be interpreted as the element I'* € Fps(J) given by I'* = A4;°* X --- ¥ A,,°. Then the
soundness theorem is expressed as follows.

4Actually this commutation also holds if v is not injective.
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Theorem 6 Let M be a symmetric product phase space and I' be a context of domain J. If the
sequent ;T is provable in LL(I), then, in M, one has 17 € A®.

In [BEO1], we showed how to associate to any symmetric product phase space M = (P{, 1) a
categorical denotational model of linear logic C(M) (a new-Seely category, in the sense of [Bie95]).
An object of this category is a pair X = (|X|, X) where |X| is a set (the web of X) and Xisa
natural transformation from the functor Fam x| to the functor s (both considered as contravariant

functors from Z(I) to Set). Then a subset z of |X| is an M-clique if 17 € X;(a), for any J C I
and any « € 2/ (that is, any J-indexed family a whose range is included in ). As far as the webs
are concerned, the logical constructions on these M -spaces are identical to their analogues in the
category of sets and relations. For a formula R of linear logic, let us denote R}, the associated
M-space, we have therefore |R},| = |R|. Moreover, the model C(M) is defined in such a way that,
for any LL(/) formula A,

—

(Ah);({4)) = A°

where J is the domain of A.

2 An extension of indexed linear logic

In any symmetric product phase space M = (P{, 1), one has A®* = {0} for any LL(I)-formula A
such that d(A) = 0, since {0} is the only fact of the (trivial) local space M (), but 1% = 0 and
hence 144) € A® as soon as d(A) = (. Moreover, if A is any LL(I)-formula, we have (}q4)°® =
(Id, A*)*+ = (A*)™ = 4° and therefore, 194 € (A — 114A)°.

We define an extension LL™ (1) of LL(I) which admits these additional principles. The formulae
of this new system LLT(I) of indexed linear logic are built like those of LL(I) with the following
differences: there is only one additive constant, {2, there are no additive connectives, and no
multiplicative constants (they will be definable). As in LL(I), each formula A has an underlying
formula of linear logic A and a domain d(A) C 1.

e There is only one constant €. Its domain is empty: d(£2) = 0.

e If A and B are formulae with d(A) = d(B) = J C I, then A® B and A % B are formulae,
with d(A® B) = d(A % B) = J.

o If A is a formula with domain d(A) = J C [ and if K C I and v : J — K is an almost
injective function, then !, A and 7, B are formulae, with d(!,4) = d(?,A) = K.

If A is a formula, A" is the formula defined as usual, using the De Morgan rules extended by the
equation Q+ = Q. There is nothing special to say about the restriction and re-indexing operations
on these formulae: they are defined like in LL(I), and behave in the same way.

Let J C I. A context of domain J is a sequence (A}*,..., Ali») where, for each i = 1,...,n,
A; is a formula and u; : d(A;) — J is an almost injective function. The expression “A7*” denotes
the formal pair (A;,u;). A sequent is an expression of the form +F; I" where J C I and I is a
context of domain J. If A is a formula of domain J, the pair A% will be simply written A. If
I' = (A", ..., Al») is a context of domain J and if u : J — K is an almost injective function, we
define I'* as the context (A}°"*,..., At°%") of domain K.

12



We give a sequent calculus for these formulae. Our system has only one axiom:

Fo
The multiplicative rules are given by
F;T,A F; A B
F;T,AJA® B

F;T,A B
F; T, A® B
Observe that in the premises of these rules, both occurrences of formulae A and B must have
the identity function as exponent.
We give next the exponential logical rules. Dereliction:
F; T, A"
F; T, 7. A
as soon as u : d(A) — J is almost injective. Promotion is given by
F;T,A
Fr TV LA

as soon as v : d(A) = J — K is an almost injective function. Observe that in the premise, A must
have an identity function exponent.
There are four kinds of structural rules: weakening, contraction, re-indexing and exchange.
Weakening is given by
F;T
Fy T, A%

when d(A) = 0 (0; denotes the empty function from ) to J).
Contraction is given by
Fr T, (AlL) (Alr)"

kg T, AT

where d(A) = L+ Rand [l : L — J and r : R — J are two almost injective functions and
l4+r: L+ R — Jis the “co-pairing” of [ and r, which is almost injective. Our exponential
notations for contexts are motivated by these two rules.

There are two re-indexing structural rules. The first rule allows to globally re-localize a context.
If o : J — K is a bijection, we have the rule

;T
Fx T¢

The second rule allows to extract a bijective factor from an exponent and will be called factorization

in the sequel. If ¢ is a bijection, then
Fy T, AY%

Fr T (0 A)*

13



Exchange is given by
By AT, o Apn

Us(1) Us(n)
Fy AL A

where o is a permutation on {1,...,n}.
Last the cut rule is
i T, A% ;A AL
Fr T, AY

This rule may seem weird because it is not symmetrical, but it is apparently the best version of the
cut rule available in this system. The version with an exponent on both sides would not be sound
in our phase semantics, and, with an identity exponent on both sides, it would be impossible to
eliminate the cut rule in general: consider the case where the last rule on the left is a !-rule and
the last rule on the right is a ?-rule.

Observe that there is no specific rule concerning €2, and so this formula can only be introduced
by weakening.

We say that two formulae A and B with d(A) = d(B) = J are provably equivalent in LL™(I) if
both sequents +; AL, B and F; A, B+ are provable in LL*(I).

Lemma 7 Any formula of LLT(I) is provably equivalent to itself.
The proof is by induction on the formula.
Lemma 8 Let A be a formula of LLT(I), let ¢ : J = d(A) — L be bijective and let u : L — R be
almost injective. Then the formulae 4o, A and !y« A are provably equivalent in LLY(T).
Proof: We check just one of the two directions:
s
Fy At A
Fr AT, (p.A)?
Fr (AT)%, p.A
FR (AT)"0P 1,0, A

— (Factorization)

(Re-localization)

(Promotion)

T (Dereliction)
FR TuopA™, lup A

where 7 is a proof whose existence results from Lemma 7. "

We explain now in what sense the present system is an extension of LL(I). For this purpose,

we explain first how a formula A of LL(J) can be represented as a formula A of LL™ (1) satisfying
d(A) = d(A). This mapping A — A is surjective but clearly not injective.

e T=0=0.

° 14/_8\5/3 = !ZK® I, B and A/G\a/B = ?lﬁ % ?TE, where A and B are formulae of domain L and
R respectively, with LN R = (), and [ and r are the injections of L and R in L + R.

° ,1? =1lp,Q and I] = 70, where 0; denotes the empty function from () to J.

14



When A contains no additive connectives and no multiplicative constants, Alis simply obtained
by replacing in A all occurrences of T and 0 by .
By the first statement of the next lemma, A is always a well-formed formula of LL™* ().

Lemma 9 Let A be a formula of LL(I). One has d(A) = d(A) and AL = AL Let K C I, then
Alg = Alg. Let ¢ : d(A) — K be a bijection. If A contains no additive connectives and no

multiplicative constants then the formulae 90*11 and @A are identical. In general, they are provably
equivalent in LL™(T).

The only statement which is not completely straightforward is the last one. It is proved by induction

on A and the only interesting cases are when A = B & C and when A = B® C. The main tool for

dealing with these cases is Lemma 8. . .
If T is a sequence (A1, ..., A,) of formulae of LL(I), we denote by I the sequence (A1, ..., Ay).
We call LL***(I) the sequent calculus LL(I) extended with the axioms

Fo
called partiality and
Fy AT 1A

(for each LL(I) formula A of domain J) called linearization. This sequent calculus does apparently
not enjoy cut elimination, otherwise there would be no point® in introducing the new system LL™ (I):
we shall show that the systems LL***(I) and LL"(I) are equivalent.

Lemma 10 Let T' be a context of domain J C I in LL(I). If the sequent +; I' is provable in
LL®™Y(I), then the sequent F; T is provable in LL™(I).

Proof: It suffices to show that the additional axioms of LL***(I) are provable in LL™(I) and that,
if the sequent F; I" is provable in LL(]), then the sequent +; [ is provable in LL*(T).

The partiality axiom of LL***(I) is an axiom of LLT(I). Next, let A be a formula of domain .J
of LLT(I), we must show that the sequent F; AL, !1qA is provable in LLT(I). By Lemma 7, the
sequent Fj; A+, A is provable. A promotion rule in LLT (1) yields directly +; AL, !4 A.

By induction on the proof 7 of F; I in LL(I), we define now a proof 7’ of ;I in LL*(I).

If 7 is the proof

Y

then 7" is the proof

Fo
Fy Q07
F7 1,9

® Apart from the fact that proving the Completeness theorem 24 for LL®*(I) seems to be an intractable task.
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If 7 is the proof
Fo I, T
then 7’ is the proof

Fo
Fo T, Q

applying several times the weakening rule, as indeed in that case we have d(I') = () and thus
d(T) = 0.

If 7 is a tensor or a par rule, the construction of 7’ is straightforward.

Assume now that 7 ends with a left plus rule (the case of a right plus rule is of course similar):

P
F;T,A
F;T,A® B
then by inductive hypothesis we have a proof o' in LLT(I) of the sequent f A. Applying a
weakening rule, we get F; T, A, B since we must have d(B) =0 . Two dereliction rules lead to

;T ‘?IdA 70JB and then, by a par rule we get a proof 7’ of F (7 IdA) X (70 B) as announced.
Assume that 7 is the proof

:A P
'_L F|L,A |_R F|RaB
FronT A& B

where L and R are two disjoint subsets of I which are respectively the domains of A and B. By

inductive hypothesis, we have a proof X of Fp I'|;,A. Applying a promotion rule in LLT(I),
— -

we obtain a proof of Frigr I'|r,1jA, where [ is the inclusion of L into the disjoint union L + R.

Similarly, we obtain a proof of Fpip I‘|RT, rB where r is the inclusion of R into L + R. Now
applying a tensor rule, we obtain a proof of the sequent

o~
Fr+r Tz, I|r ,1A® B

The context I' is a sequence of formulae (Ci,...,Cy) of domain L + R, and by Lemma 9, we
— — — — — —
have T, = ((C1|)%, ..., (Cpl|p)") and similarly F|RT = ((C1|r)", -+, (Cnlr)"). So applying several
exchange rules and n contraction rules, we get a proof of the sequent Frir I',1;A ® |, B as required.
Assume that 7 is the proof
P
;T
FsT,7%,A

where A is a formula of empty domain. By inductive hypothesis, we have a proof in LL* (1) of
FJy r. Applying a weakening rule, we obtain a proof of ;I AOJ and then by a dereliction rule,
we get a proof of F;I,7g JA as required.
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Assume that 7 is the proof

Fs T, 2A[L, T AlR
s T, ?lJrrA

where L and R are disjoint subsets of I, A is a formula of domain L + R, [ is an almost injective
function from L to J and r is an almost injective function from R to J. Then by inductive
hypothesis, the sequent ~; I',?;A|r, 7, A|g is provable in LLT(I) (we also apply here Lemma 9).

B
By Lemma 7, the sequent p Alp, Az~ is provable in LLT(I). Applying a promotion rule, we
~ ~ 1 ~ ~ L
obtain a proof of the sequent F; Al ,l;(Alr ). Similarly, the sequent I A]Rr,!T(A]R ) is
provable in LL™(I). So, applying two cut rules (and some exchange rules) in LLT (), we get a proof

~ ~ | ~
of the sequent +; T', Al , A| RT in LL™(I). We conclude, applying a contraction rule, and then a
dereliction rule in LL* ().

Assume that 7 is the proof

s f, P A

FrT,7,A
where A is a formula of domain K and ¢ is a bijection from K to J. By inductive hypothesis, the
sequent ; I', 4 A is provable in LLT(I). By Lemma 9 (using a cut rule), the sequent +; I', p. A
is provable in LL™(I). Applying a re-localization rule, we get a proof of kg re ', ((p*A)‘p_l.~By~a
factorization rule, we get a proof of Fx e , A. Re-localizing again, we obtain a proof of +; I'; A%
and we conclude applying a dereliction rule in LL™ ().

Assume that 7 is the proof

F 20 Chy ey 20, Cy A

Fr 2oou; C1s - -+ Toou, Cn, WA

where each u; is an almost injective function from d(4;) to J and v is an almost injective function
from J to K. Then, by inductive hypothesis, and applying the same kind of cuts as in the case
of a contraction rule above, we obtain a proof in LLT(I) of the sequent (71“1, cee (’JZ"",E We
obtain a proof of kg ayoul, e é\;voun’ 1L, A by a promotion rule in LL*(I) and then conclude,
applying n times the dereliction rule.

If m ends with an exchange rule, one concludes straightforwardly, and also if 7 ends with a cut

rule. n

The next lemma, is trivial and will be implicitly used in the sequel.

Lemma 11 Let A be a formula of LL(I) which contains no additive connectives and no multiplica-
tive constants.

. IfX:chenA:TorAzo.

o If A isof the shape B' ® C", then A is of the shape A = B® C with B=B and C =C', and
similarly if A is of the shape B' % C'.
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o If A is of the shape |,B’ then A is of the shape A = 1,B with B = B', and similarly if A is
of the shape 7, B’.

Lemma 12 Let I' be a context of formulae of LL(I) of domain J and let ¢ : J — K be a bijection.
If +; T is provable in LL(I) (resp. in LL™%(I)), then Fx I is provable in LL(I) (resp. in
LLE*(T)).

Proof: Straightforward induction. Let us just consider the case of the additional linearization
axiom. Let A be a LL(I)-formula of domain .J, we must prove the sequent Fg (@, A)", lLA.

p
Fro oAt A
R 21 (e AT), A

Fie (e A) T, a(peA) Fie Tra(peAt), 1A
Fr (e )T, 1A

is a proof in LL™*(T), where p is a proof in LL(I) of F; A+, A (the analogue of Lemma 7 holds of
course for LL(T)).

Lemma 13 Let Aq,...,A, be formulae of LL(I) which contain no additive connectives and no
multiplicative constants, let J be a subset of I and, for each i = 1,...,n, let u; be an almost
injective function from d(A;) to J. If the sequent Zﬂul, .. .,ANnun is provable in LLT(I), then
the sequent by 24, A1, ..., %, An is provable in LL**(I).

~ Un

Proof: By induction on the proof 7 in LL™(I) of the sequent ng’ L Ap
If m consists of an axiom Fy , then n = 0 and we conclude immediately because Fp is an
axiom of LL®*(T).

If 7w ends with a tensor rule, then, by Lemma 11, 7 must be of the shape

—~vp

;B ,...,B, "B FCL LG

Wq

,C

BB G BeC

By inductive hypothesis, the sequent ; 74 By,..., 7, By, 71qB is provable in LL®*(I), and so
(applying a cut rule with a linearization axiom), the sequent tj 7, Bi,...,7, By, B is prov-
able in LL***(I), and similarly for the sequent F; ?,,C1,..., 7w, Cq, C. Therefore, the sequent
Fr 20 By 0, By 70, O, -, 7w, Cg, B ® C'is provable in LL®**(I), and, applying a dereliction
rule, we obtain that the sequent ; 7y, B1,...,%,Bp, 75,C1, . .., 7w,Cq, T1a(B ® C) is provable in
LL®*(T), as required.

When 7 ends with a par rule, one proceeds in a similar way.
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Assume now that 7 ends with a promotion rule, so that, by Lemma 11, 7 must be of the shape

;B ,...,B, "\ B
——7DoU1 ——70ov

Fxk Bi,...,B, ", 1,B

and so, by inductive hypothesis, the sequent +; 7, Bi,...,7,, By, 714B is provable in LL***(T), and
therefore (applying a cut rule with a linearization axiom), the sequent tj 7, Bi,...,7, By, B is
provable in LL*™*(I). We are in position of applying a promotion rule in LL(I), obtaining a proof in
LL®**(I) of the sequent g ?yop, B1, ..., ?vou, Bp, v B, and we conclude as above, with a dereliction
rule.

When 7 ends with a dereliction rule, one concludes straightforwardly.

Assume that 7 ends with a contraction rule (the case of a weakening rule is similar, and simpler).
Then, by Lemma 9, 7 is of the shape

—~ ~uvp, ——I r
F;yB1 ,....,By, ,B|L.Blr

V1 =~ Up ~l
-y By ,...,B, " BT

where B is a formula of LL(]) of domain L + R and [ : L — J and r : R — J are almost injective
functions. By inductive hypothesis, the sequent = 7, Bi,..., %, By, 7(B|L), 7+(B|r) is provable
in LL®**(I), and one concludes, applying a contraction rule of LL(T).

Assume that 7 ends with a factorization rule

—~v —~vp vo
;B ..., By ", Cv%
=7

LB ... B, (0.C)Y

with C' a formula of LLT(I) and ¢,C = B for a formula B of LL(I) which contains no additive

connectives and no multiplicative constants. Then C = D where D = ¢ '.B, since p~1,.B =
¢~ !, B by our assumption that B contains no additive connectives and no multiplicative constants.
By inductive hypothesis, the sequent t; 7, Bi,..., %y, Bp, Tvo,D is provable in LL**(I). But the
sequent F lyou(DL), 7,(p. D) is provable in LL(I) as follows

- p
Fapy D07 (D)
Fapy D, ?7-10:D
F7 Yyou (D), 20(¢s D)

where p is the “identity” proof, and so, applying a cut rule, we obtain that the sequent F;
T0B1, ..., 7, Bp, Ty(¢«D) is provable in LL®**(I), as required.
If 7 ends with a re-localization rule, one applies Lemma 12. The case where 7m ends with an

exchange rule is trivial.
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If m ends with a cut rule, it is of the shape

v SV e —~ w1 ~Wq |
Fx Bi y...,B, ", D F;C ., Cy D
——T7powWT =——T0Wq

Fk Bi ... B, . C1 LG,

where D is a LL*(I) formula of domain J. Let E be any LL(I)-formula which does not contain
additive connectives and satisfies £ = D (it is easy to see that such a formula E exists). Then by
inductive hypothesis, the sequents Fx 7y, B1,...,7, By, 7o E and ?wlCl,...,?quq,?Id(EL)
are provable in LL**(I). So, by a cut rule with a linearization axiom of LL®*(I), the sequent
g Twi C1se v T, O E' is provable. We apply a promotion rule, and obtain a proof in LL®*(T)
of the sequent g ?you; C1, - - - s Tvow, Cqs lw(EL) and we conclude with a cut rule in LL(I). .

As a corollary of these lemmas, we obtain the following result, which states that the systems
LL* (1) and LL**(]) are equivalent.

Proposition 14 Let A be a LL(I) formula of domain J C I. The sequent +; A is provable in
LL®*(I) iff the sequent & A is provable in LLT(I).

Proof: The “only if” part is just an application of Lemma 10. For the “if” part, consider first the
case where A contains no additive connectives and no multiplicative constants. Then Fj; 7[qA is
provable in LL**(I) by Lemma 13. With a cut rule on a linearization axiom we obtain that ; A
is provable in LL®*(T).

Observe now that, when B and C are LL(I) formulae of disjoint domains L and R, the sequents
Fror 1B ® ?,0,B+ & C+and Fp g |B®!.C, B+ @ C* are provable in LL™"(I), where [ : L —
L+ Rand r: R— L+ R are the injections. The first of these sequents is indeed already provable
in LL(I). We give a proof of the second. The sequent + B, B is provable in LL(I), hence also
the sequent 7 B, B+ @ C| .+ since d(C|p) = 0. Applying a dereliction rule, and then a promotion
rule, we obtain a proof of Fr g /B, 7(B+ @ C’\LL) in LL(Z). Similarly, we obtain a proof in LL(I)
of Frig 1+C, 7 (B|r" @ CL) in LL(I). Applying a tensor rule on these sequents, we obtain a proof
in LL(I) of the sequent bp,p }B®!,C,7(B+®C|Y), 72.(B|rt @& CL). Now a contraction rule
leads to Fr g 1B ®!.C,714(B+ @© Ct) and then a cut rule on a linearization axiom yields a proof
in LL™*(I) of the required sequent. One proves similarly in LL®*() (in LL(J) indeed) the two
sequents Fj ?0,0,17and F; Ly, !o, T.

To any formula A of domain J of LL(I), we can associate a formula A’ of domain J of LL(I)
which contains no additive connectives and no multiplicative constants, mimicking the translation
A A (B&CY =B @,C", 1, =72,0, (B&C) =B ', (1,B) =1,B, 0 =0 and dually
for the other cases. Then, using the observation above, one proves easily, by induction on A, that
the sequent F; A’ L Ais provable in LL®*(I). Moreover, it is clear from the definition of A’ that
A=A

Let A be a LL(I) formula of domain J, and assume that +; A is provable in LL*(I), that
is Fy Al s provable in LLT(I). Since A’ contains no additive connectives and no multiplicative
constants, F; A’ is provable in LL®%(I). But we have seen that +; A’ A is provable in LL®%(T)
and we conclude with a cut rule that +; A is provable in LL**(T). 0

Until the end of the paper, the only system of indexed linear logic under consideration is LL™ (T).
We describe the phase semantics of this system and state a soundness theorem for this semantics.
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Let M = (P{, 1) be a symmetric product phase space. To each formula A of domain J C I, we
associate a fact A®* € M(J) exactly as we did for LL(I) in Section 1.4. Of course, Q° is the unique
fact of M(0). If I' = (A}*,..., A}") is a context of domain J, one defines I'* = 7, (4;*) & --- %
Tu, (An®).

Theorem 15 If the sequent ;T is provable in LL*(I), then 17 ere.

The proof is completely similar to the soundness proof in [BEO1].

3 The completeness theorem

For a formula A of LLT (1), one defines A as the underlying formula of A in linear logic, deciding for
instance that Q = T (one can also take Q = 0). For any formula A, one also defines (A) € |A|4A),
like in LL(I) (see Section 1.3). Given two formulae A and B, we say that they are denotationally
equivalent, and we write A ~ B, if d(A) = d(B), A = B, and last, (A) = (B). The three next
lemmas immediately result from this definition.

Lemma 16 Let B be a formula. If Q ~ B, then B = Q).

Lemma 17 Let A1 and As be two formulae of domain J. Let B be a formula. If A1 ® Ay ~ B,
then B = By ® By for two formulae By and By such that A; ~ B; for i = 1,2. Similarly for
A1 W As.

Lemma 18 Let A be a formula and let u : d(A) — J be an almost injective function. Let B be
a formula. If 1A ~ B, then B = 1,C where C is a formula, v : d(C) — J is an almost injective
function, and moreover, there exists a bijection ¢ : d(C) — d(A) such that uop =v and p,C ~ A.

Proof: B must be of the shape !,C where C is a formula and v : d(C') — J is an almost injective
function. Then we must have A = C'. Moreover, we recall that (!,C); = m({C)|,-1(;)) for each
j € J. So for each j € J, there is a bijection ¢; : v71(j) — u~1(j) such that, for all k € v=1(j),
one has (C) = (A)y;r)- Then, defining ¢ : d(C) — d(A) by p(k) = @yx)(k), we define a bijection
satisfying the announced conditions. "

Let I' = (A}",..., A») be a context of domain J and let A = (B}*,...,B2") be a context of
domain K. We say that I" and A are denotationally equivalent and write I' ~ A if J = K, n =m,
and for ¢ = 1,...,n, there is a bijection ; : d(4;) — d(B;) such that ;, A; ~ B; and v; 0 ¢; = u;.

Two contexts which are denotationally equivalent differ only by the indexes used in the expo-
nential constructs they contain, but have exactly the same structure. Therefore, they behave in
the same way with respect to (cut-free) provability, and this will be essential in the forthcoming
completeness proof.

Lemma 19 Let IV be a context of domain J and assume that ;T is cut-free provable. Let A be
a context such that A ~T'. Then b A is cut-free provable.

Proof: We proceed by induction on the cut-free proof o of +;I".
If o consists just of an axiom, then J = () and A =I" is the empty context.

21



If o ends with a par rule, then IV = (', A; & A2) and o is of the shape

7 F,.Al,A2
F;T, A1 & Ay

and then A must be of the shape A = (A, BY) with A ~ I', and there must exist a bijection ¢ : J —
d(B) such that vo ¢ = Id; (that is, v = 1), and p,(A; B As) ~ B. Therefore, by Lemma 17,
B is of the shape B = By % By with ¢, A1 ~ By and p,As ~ B, hence (I', A1, A1) ~ (A, BY, BY)
and so, by inductive hypothesis, the sequent F; A, BY, BS is cut-free provable. Re-localizing, we
obtain that the sequent 4y A%, By, By is cut-free provable. We conclude, applying a par rule
and then a re-localization rule again (with v = ¢! as bijection). The case where ¢ ends with a
tensor rule is similar.
Assume now that the last rule of o is a dereliction rule, that is, o is of the shape

-, T, A"
-, T.7,A

where u : d(A) — J is an almost injective function. Then A must be of the shape A = (A, (7,B)"),
with A ~ T', and there must exist a bijection ¢ : J — K (where K denotes the co-domain of v, which
is also the domain of w) such that wo ¢ =1Id; (that is w = ¢™1) and ?4ey A ~ 7, B. Therefore, by
Lemma 18 there is a bijection ¢ : d(A) — d(B) such that voy = pou and ¢, A ~ B. Then we have
(A, B‘p_lov) ~ (T, A*). So by inductive hypothesis, the sequent F; A, B¥7 'Y ig cut-free provable,
and hence so is the sequent Fx A?, BY (re-localization), and then so is Fx A¥,7,B (dereliction),
and last, sois Fj A, (7,B)" (re-localization again).
Assume next that o is of the shape

T, A
Fre T, 1L,A

Then A must be of the shape A = (A, (I,B)"), with A ~ IT'*, and there must exist a bijection
¢ : K — L (where L denotes the co-domain of v, which is also the domain of w) such that
wop = Idg (that is w = ¢~ 1) and lpoy A ~ !, B. Therefore, by Lemma 18 there is a bijection
¢ : d(A) — d(B) such that vot = pou and ¥, A ~ B. The context I is a sequence (C}*,...,Chn),
and A is a sequence of the same length, A = (D7}*,..., D), and we know that, for i = 1,...,n, there
is a bijection 6; : d(C;) — d(D;) such that 6;,C; ~ D; and v; 0 0; = uwow;. Let us set t; = u; o 0,7,
so that v; = uot;. Then we define a new context A’ = (D!',..., Dt) which satisfies A = (A’)* and
A ~ T (since t; 0 ; = u;). We have therefore (I', A) ~ (A, BY"") and so, by inductive hypothesis,
the sequent -, A/, BY™" is cut-free provable. Hence, so is Fasy A Y B (re-localization), and then
sois Fr A'°Y 1,B (promotion), and, therefore, so is Fg A'“flovow, (1,B)? " (re-localization), but
this latter sequent is identical to Fx A since 90_1 ovoy =wuand uot; =uv;.
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Assume now that o ends with a contraction rule (the case of a weakening rule is trivial), so o
is of the shape

Fr T (Al (AlR)"
by T, AT

Then A must be of the shape A = (A, B*) with A ~ T and there is a bijection ¢ : d(A) =
L+ R — d(B) such that o, A ~ Band u= (I +7)o¢~ 1. Let L' = p(L) and R’ = ¢(R), so that
d(B) = L'+ R and let A : L — L’ be the bijection obtained by restricting ¢, define similarly a
bijection p: R — R'. Last, let I’ : L' — J and v’ : R" — J be the restrictions of u to L’ and R’, so
that w = I’ + /. Then (A, (B|p)", (Blr)") ~ (T, (A1), (A|g)"). Indeed, we have ¢, A ~ B and
therefore (¢« A)|rs ~ B|r/, but it is easily checked (induction on formulae) that (@ A)|r = A (A4|L).
Moreover, we have I’ o A = [. Applying the inductive hypothesis, and then a contraction rule, we
deduce that F; A, B“*" is cut-free provable, as required.
Assume next that o ends with a re-localization rule

;T
e T

where ¢ is bijection. Then since A ~ I'?, we have A¥"' ~ T and so, by inductive hypothesis, the
sequent AP is cut-free provable. Applying a re-localization rule, we conclude that the sequent
Fx A is cut-free provable.

Assume last that o ends with a factorization rule (the case of an exchange rule is trivial)

ey
l_J Fa (@*A)u

where ¢ is a bijection d(A) — K. Then A is of the shape A = (A, BY) with A ~ I and there
is a bijection ¥ : K — d(B) such that 9.p.A ~ B and vo ¢ = u. That is (p o), A ~ B and
vo(hop)=wuop,and so (I', A¥¥?) ~ A, B". Hence, by inductive hypothesis, F; A, BY is cut-free
provable. "

We define now the syntactic commutative monoid P which will be used in our completeness
proof.

Let £ be a fixed infinite denumerable set whose elements will be called labels. Let P be the
set of all finite multi-sets of the shape [(I1, Ri,a1),. .., (ln, Rn,ayn)] where, for each i = 1,...,n,
l; € L, R; is a formula of linear logic and a; € |R;|. We consider P as a commutative monoid (the
free commutative monoid generated by the triples (I, R,a)). We use multiplicative notations for
denoting the operation of this monoid. When A is a formula and | € £, we define (A,l) € paA)
by (A,1); = (I, A, (A);) for each i € d(A). If T" = (A}*,..., A¥%) is a context of domain J and if
A= (l,...,1,) is a vector of labels of the same length, we define (I',\,.J) € P’ as follows (for

23



jedJ):

(F,)\,J>j = H(Uz*<Aml>)

The presence of J in (I', A, J) is usually superfluous, it is useful only when I" is the empty context,
and in that case, (I, \,.J) is the unity of the monoid P’. So we tend to omit this additional
information.

For J C I, we denote by A the set of all the pairs (I', \) where I is a context of domain J and A
is a sequence of pairwise distinct labels having the same length as I'. These pairs will be sometimes
called adapted pairs. Before proving the Main lemma 23, we first prove three decomposition lemmas.
It is only in the second of these lemmas that we use the labels and the definition above of an adapted
pair in a crucial way.

Lemma 20 Let J C I and let p,q € P?. Let (T,)\) € Ay, and assume that (I',\) = pg. Then
there exist A and A such that (A, N), (A, X) € Ay, (A, N) =p, (A, \) = q, and, moreover, for any
context ® of domain J, if the sequent 5 A, A, ® is cut-free provable, then the sequent F;I', ® is
cut-free provable.

Proof: Writing I' = (A}*,..., A% ) and A = (l1,...,1,), we have, for each j € J:

piq; = H H lhAz’ 7 s)

1=1 sed(A;)
ui(s)=j

Let j € J. For each i = 1,...,n, we can write u;l(j) as the disjoint union of two sets, u;l(j) =
Si; + T; ;, in such a way that

and

For each fixed i = 1,...,n, the sets S; ; (for j € J) are pairwise disjoint, and we set .S; = Zje.] Sij-
Similarly we set T; = Z ¢ T;,j. Moreover, for j, j' € J, S; ; and T; j are disjoint, so that S; and T;
are disjoint, and clearly S +T; = d(A;). We define v; : S; — J as the restriction of u; to S; and w; :
T; — J as the restriction of u; to T;, so that u; = v; +w;. We define A = ((A1]s,)", ..., (Anls,)"™)
and A = ((A1]7y)"™, ..., (Anlz,)™). Then of course (A, \) € Ay and (A, \) € A;. Moreover, for
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j € J, we have

as S; j = SiNu; 1 (§). So (A, \) = p and similarly (A, ) = ¢. Now let ® be a context of domain J and
assume that Fj; A, A, ® is cut-free provable. Applying some exchange rules and then n times the
contraction rule (between the occurrence (A4;|s,)" in A and the corresponding occurrence (A;|z;)"
in A), we get a cut-free proof of +; I', ®, since S; + T; = d(4;) and v; + w; = u;. "

The next lemma will be of constant use in the proof of Lemma 23. It uses heavily our particular
definition of P as well as the notion of denotational equivalence and Lemma 19.

Lemma 21 Let J C I and let p € P?. Let (I,\) € Ay and let A be a formula of domain J.
Let | € £ and assume that (I', \) = p(A,l). Then there exists a context A of domain J such that
(A M) € Ay, (A, X\) = p and such that, moreover, if the sequent t; A, A is cut-free provable, then
the sequent - I' is cut-free provable.

Proof: By Lemma 20, there are two contexts A and A such that (A, \), (A, \) € Ay, (A N) =p,
(A, Ay = (A,l) and such that, if F; A, A is cut-free provable, then so is F; I'. So we assume that
Fs A, A is cut-free provable, and show that so is F; A, A, and this will prove the lemma.

The context A can be written A = (B}*, ..., BJ*) where n is the common length of the sequences
I'and A = (I1,...,l,). For j € J, we have

H H (lh&a <BZ>S) = (laA7 <A>J)
=1 SEd(Bi)
vi(s)=j

and therefore, there is exactly one pair (i(j),s(j)) with i(j) € {1,...,n} and s(j) € v~ '()),
and for that pair (i(j), s(j)), we have (I;(;), Bi(j), (Bij))sj)) = (I, 4, (A);). But the pair (', \) is
adapted, so the elements of \ are pairwise distinct®, so the index i(j) does not depend on j, and
we can assume, without loss of generality, that i(j) = 1 for all 7 € J, and then [y = [. Now we
have v171(j) = {s(j)} for all j € J, so that v; is a bijection ¢ : d(B;) — J. For i > 2, we have
v;71(j) = 0 for all j € J so that d(B;) = {) and v; is the empty function 0;. Moreover, we clearly
have By = A and for each j € J, (B1),-1(j) = (A)j, so that ¢.B; ~ A. So by Lemma 19, the
sequent Fj A, p, B is cut-free provable. Applying a re-localization rule, we get that the sequent
F7 AP (puB1)? " also is cut-free provable. By a factorization rule, F; A% ' B is cut-free
provable, and so, re-localizing again, the sequent t; A, BY is cut-free provable. Applying next
n — 1 weakening rules (and some exchange rules, but we shall not mention them anymore), we get
that the sequent Fj; A, A is cut-free provable, as required. .

5This is the only place of the completeness proof where we really use the labels, but their réle is crucial.
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Lemma 22 Let J,K C I, let p € P’/ and let v : J — K be an almost injective function. Let
(T,\) € Ax and assume that (U'; \) = uyp. Then there is a context A such that (A, \) € Ay,
(A, \) =p and A" =T.

Proof: We write I' = (A",..., A¥) and A = (I1,...,l,). For each k € K, we have

(Fa)‘>k’ = | | (livé7 <A1>S) = | | bj.
1=1 sed(A;) jeJ
u;(s)=k u(j)=k

Let k be a fixed element of K. For each j € u~!(k) and each i € {1,...,n}, we can find a subset
Sﬁj of u;71(k) C d(A;) in such a way that:

e for each fixed i € {1,...,n}, the sets S{fj are pairwise disjoint (for j € u~1(k)), and moreover
ui (k) = Zj@fl(k) Sf:jv

e and p; =[], [Lsesr (lis Ai, (Ai)s) for each j € u” (k).
'L,] -

Observe also that, when i € {1,...,n} is fixed, and when k, k' € K are distinct, the sets ngj and
Sff;-, (when j € u=1(k) and j' € u=!(k")) are disjoint as they are respectively subsets of u; (k) and
u;~Y(K'). Therefore d(A;) = > S We denote by S; ; the index set Szj(.j) and, for each s €

JjeJ ~ig
d(A;), we denote by v;(s) the unique element of J such that s € S; ,,,(s) = SZE:ES)) C ui Hu(vi(s))),
defining a function v; : d(A;) — J which satisfies u o v; = u; and is almost injective.

We define the context A of domain J as A = (A}',..., A’). By construction, we have A* =T
and (A, \) = p. The second equation results from the fact that, for each i € {1,...,n} and each
j € J, v Yj) = Si; (by definition of v;, for each s € d(4;), one has v;(s) = j iff s € S; ;). .

Now we are in position of proving the main lemma for establishing completeness. We consider a
particular product phase space, whose underlying monoid is P. The support monoid is POI , Where
Py is obtained by adding a zero element to P. But we prefer to consider this product monoid as the
sum ) ;e P/ with neutral element and product defined in the natural way (through the obvious
bijection between the sets P{ and > JcI P7). We keep denoting this support monoid by P{. The
subset L of POI defining our phase space is described as follows. Let J C I and let p € P’/. We
decide that p € L if:

for each K C J and each (I',\) € Ak, if (I', \) = p|x,
then the sequent g I'is cut-free provable.

We first prove that we have defined in that way a symmetric product phase space M = (P{, 1).

First, L is not empty, as it contains 0, the unique element of PY. Indeed, let (I',\) € Ay be
such that (I', \) = 0. So ' = (A}",..., Al") is a context of empty domain, so each of the formulae
A; has empty domain (since u; : d(4;) — 0), and u; = 0p for i = 1,...,n. Now the sequent Fy is
cut-free provable, and so the sequent Fy I is also cut-free provable (apply n times the weakening
rule).

Next we check that L is closed under restriction. Let J C I and let p € L NP7, Let K C J, we
must prove that p|x € L N PX. Solet L C K and let (I, \) € PL be such that (I', \) = (p|x)|L =
p|lr. The sequent kT is cut-free provable, since p € L and L C J.
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As to symmetry, we take two subsets J and K of I and a bijection ¢ : J — K, and we must
prove that ¢,(L(J)) € L(K). Solet L C J and let p € P" be such that p € 1(J), that is, p € L.
Let R C ¢(L) and let (I', A) be such that (I', \) = (¢«p)|r, we have to show that kg I' is cut-free
provable. Let S = ¢~'(R) C L, so that (¢«p)|r = ¢«(p|s). Then we have (I, X) = p|s so that
the sequent kg ° " is cut-free provable, since p € 1. Now, applying a re-localization rule, we get
that the sequent kg I' is cut-free provable, as required.

So the pair M = (POI , L) defined above is a symmetric product phase space. The next lemma
is the key lemma for proving completeness. Following [Oka94, Oka99], the main idea is to prove an
inclusion and not an equality between the two facts involved, as for proving this inclusion the cut
rule is not needed. In that way, one can derive a cut elimination theorem from the completeness
theorem, combined with the soundness theorem.

Lemma 23 Let J C I and let A be a formula of domain J. Then, in the model M defined above,
one has A* C {(A,1) |l € L}, that is A* C Ve {(A D}

Proof: By induction on A. We denote by A° the fact {(A,1) |l € £} of the local phase space
M(J).

Assume A = Q so that J = (). Then both A® and A°, being facts, must be equal to {0}, the
unique fact of M(0).

Assume A = B % C, so that d(B) = d(C) = J. We know by inductive hypothesis that B®* C B°
and C* C C°, so that A* C B° % C° and so it will be sufficient to prove that B° % C° C (B % C)°.
We have B® % C° = {(B,I)(C,m) | ,m € £L}*. Let K C J and let p € PX be such that p € B> %
C°. We want to prove that p € (B% C)°, so let [ € L, and let us show that p(B % C,l) € L.
Let L C K and let (I',\) € A be such that (I',\) = (p(B% C,1))|r = p|(B|r ¥ C|1,l). By
Lemma 21, there exists A such that (A, \) € Az, (A, ) = p|r, and such that, if -7 A, Bl % C|L,
is cut-free provable, then tj I' is cut-free provable. Now let k,m € L be distinct, and distinct
from all the elements of A. We know that p € {(B, k)(C,m)}* and hence p|z(B|L,k)(C|p,m) €
1. But from our assumptions about k and m, we have (AB|.C|p,Akm) € Ap, and moreover,
(AB|LC|L, \Nkm) = p|(B|L, k){C|L, m), so that, by definition of L, the sequent Fr A, B|r,C|L, is
cut-free provable. Hence (applying a par rule), the sequent Fp A, B % C|1 is cut-free provable.
Hence tp I' is cut-free provable, as required.

Assume A = B® C, so that d(B) = d(C) = J. We know by inductive hypothesis that B®* C B°
and C* C C°, so that A* C B° ® C° and so it will be sufficient to prove that B°® C° C (B ® C)°,
i.e. B°C° C (B®(C)°. Solet p € B®° and q € C°. Without loss of generality, we assume that,
for some K C J, one has p,q € PX. Let L C K and let (I',A\) € A be such that (I',\) =
plrg|lL(B|L ® C|L,l), we have to show that Fp I is cut-free provable. By Lemma 21, there exists
I such that (I, \) € Ap, IV, \) = p|rq|r and, moreover, if 5, IV, B|, ® C|f, is cut-free provable,
so is Fp I'. By Lemma 20, there exist A and A such that (A, \), (A, \) € AL, (A N) = p|L,
(A, \) = q|, and moreover, if 7 A, A, B|;, ® C|p, is cut-free provable, so is IV, B|, ® C|. Let
m € L be different from all the elements of A\. We know that p(B,m) € L since we have taken
pin B°. But (AB|r,Am) € Ap and (AB|r,Am) = (p(B,m))|r since (A, \) = p|r, and hence
Fr A, B|f, is cut-free provable. Similarly, 1 A, C|f is cut-free provable, so applying a tensor rule,
we get that the sequent Fp A, A, B|p ® C|p is cut-free provable and we conclude that Fp T is
cut-free provable.

Assume now that A = 7,B with d(B) = K C [ and v : K — J almost injective. Then, as
before, it will be sufficient to show that ?,,(B°) C (?,B)°. For any m € L, we have (B,m) € B°*,

27



$0 U (B, m) € u,(B°") and therefore ?,(B°) C {u.(B,m)}*. Hence it is sufficient to show that,
for any [ € L, one has

(M {us(Bm)}) € {(7uB.D}

meL
Solet L C J and let p € P be such that p(u.(B,m))|r € L for each m € L. Let | € L, we
show that p(?,B,l) € L. Solet R C L and let (I',\) € Ag be such that (I', \) = p|r(?uB,1)|r-
According to Lemma 21, we can find A such that (A,\) € Ag, (A, \) = p|r and moreover, if
Fr A, (7uB)|r is cut free provable, so is Fr I'. Now let m € £ be different from all the elements
of A\. We know that p(u.(B,m))|; € L by our assumption about p. Let S = u~!(R) C K, and let
v : S — R be the restriction of u to S, so that the diagram

u

K J
o p
[ p— R

(where p and o are the inclusions) is a pull-back in Set. Then we have (A(B|g)?,Am) € Agr and
(A(B|3g)?, Am) = (A, My (B|s, m) = p|r(us«(B, m))|g by Lemma 5. Therefore Fr A, (B|g)? is cut-
free provable, and so, applying a dereliction rule, the sequent Fgr A, 7,(B|g) is cut-free provable,
i.e. the sequent Fr A, (?7,B)|r is cut-free provable, and therefore, so is g I, as required.

Assume last that A = !, B with d(B) = K C [ and u : K — J almost injective. Then, as
before, it will be sufficient to show that !,(B°) C (!,B)°. For this, it is enough to show that
u.(B°) C (1,B)°. Let L C K and p € B°N PL. Then, by definition of u, : P& — Py, we have
UeP € PR, where R C J is

R={jeJ|u'(j)CL}.

Let S=u"'(R) C L and let v: S — R be the restriction of u to S, so that the diagram

u

K J
o p
[ p— R

(where p and o are the inclusions) is a pull-back in Set, therefore u.p = (u«p)|r = v«(p|s) by
Lemma 5. We must show that v.(p|s) € (1,B)°. Let | € L, we have to show that v, (p|s)(!.B,l) € L.
So let T'C R and let (I', \) € Ap be such that (I'; \) = (vi(pls){luB, )| = wi(plv){lw(Blv), )
where U = v~ }(T) = u=1(T) C S and w : U — T is the restriction of u (or of v: these restrictions
are equal). By Lemma 21, there exists A such that (A,\) € Ar, (A, \) = ws(p|v) and, if Fr
A, (B|y) is cut-free provable, then so is Fp I'. By Lemma 22, there exists A such that (A, \) € Ay,
(A, \) = ply and A = A. Let m € £ be a label not occurring in A, so that (AB|y, Am) € Ay and
(AB|y, Am) = ply(B,m)|y € L since p € B°. Therefore, iy A, B|y is cut-free provable. Applying
a promotion rule, we get that Fp A !, (B|y) i.e. Fr Al (B|y) is cut-free provable and hence so
is F¢ I' as required. "
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Now we can prove the completeness theorem.

Theorem 24 Let A be a formula of indexed linear logic with domain J C I. If, in each symmetric
product phase space M = (POI7 1), one has 17 € A®, then F; A is cut-free provable.

Proof: Take for M the particular symmetric product phase space defined above. By Lemma 23,
we have 17 € A°. So let | be any element of £. We have (A,1) € L. Setting I' = (A) and X = (1),
we obviously have (I'; \) € Ay and (I', \) = (A,[) and so, by definition of L, the sequent ;T is
cut-free provable. "

Combining the completeness and soundness theorems, we derive easily the cut elimination
theorem.

Theorem 25 Let A be a formula of indexed linear logic with domain J C I. If the sequent ;5 A
is provable, it is cut-free provable.

Remark: In these two theorems, we can also replace the formula A by an arbitrary context I' of
domain J. Indeed, the rules for the par and for the interrogation mark connectives being reversible,
it by ?,A1 X %7, A, is cut-free provable, so is Fj A}*, ... Alin.

Remark: This cut elimination theorem does not provide any procedure for “locally” eliminating
the cut rule, in the style of Gentzen cut elimination theorem for LK. It expresses precisely that
the rules given in Section 2, cut rule excluded, are sufficient for proving the formulae which are
true in all models: the system is complete in the sense that there is no point in adding any new
rule to it. In particular, the cut rule we have given in Section 2 is superfluous, as would be any
other deduction rule. For instance, a weaker cut rule (with both A and A+ having the identity as
exponent) would be superfluous as well, although it would clearly not give rise to a local elimination
procedure: consider a cut with main formulae of the shape !, A and (!uA)J‘. Nevertheless, it can
be proved that the cut rule we have given admits a local elimination procedure, a result which is
stronger than Theorem 25.

4 Appendix: the interpretation of proofs in the category of sets
and relations

To each proof 7 of a sequent in first order propositional linear logic F ®, we associate a subset of
7" of the set |®| defined in Section 1.2, by induction on 7.

Tensor unit: if the proof 7 is

then 7* = {x}.
With unit: if the proof 7 is

then 7* = 0.
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With: if the proof 7 is
T : 2
FW,S Fo,T
FU,S&T
then 7 = {(c, (1,0)) | (¢,a) € m*)} U{(c, (2.8)) | (¢,) € ")}
Left plus: if the proof 7 is

%
Fw,S
FU,.SeT
then 7" = {(¢, (1,a)) | (c,a) € m*)}. And similarly if 7 ends with a right plus rule.

Par unit: if the proof 7 is

-

-0
N
then 7 = {(¢, %) | c € m1*}.
Par: if the proof 7 is
. m
U, S, T
FU,SHT
then 7* = {(c, (a,b)) | (¢,a,b) € m1*}.
Tensor: if the proof 7 is
- L Ty
-0, S o, T
F9,0,S®T

then 7* = {(c,d, (a,b)) | (c,a) € m*) and (d,b) € m*}.
Weakening;: if the proof 7 is

.ﬂ'l

-0
Fw, 78
then 7* = {(¢,[]) | ¢ € m*}.
Contraction: if the proof 7 is
-
Fw, 75,78
Fw, 78

then 7 = {(c,x + y) | (¢, z,y) € m*} where x + y denotes the sum of the multi-sets x and y.
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Dereliction: if the proof 7 is

- M

-0, S
Fw,?78
then 7* = {(c, [a]) | (¢,a) € m*}.
Promotion: if the proof 7 is
L

F2st .28k S
28t ..., 7518

then 7* is the set of all k 4+ 1-tuples of the shape (Z?=1 .le, e z;‘:l x?, [a1,...,a,]) where

,;1:;?, a;j))j=1,...n is any finite family of elements of 7 *.

Exchange: if the proof 7 is

 m
St sk
e gok)

where ¢ is a permutation of {1,...,k}, then 7* = {(as(1), -, aow)) | (a1,...,ax) € m*}.

Cut: if the proof 7 is

E7T1 57T2
Fw, S Fo,st
R NC)

then 7* = {(¢,d) | 3a(¢,a) € m* and (d,a) € m*}.
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