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1 Introduction

1 Introduction

The Curry-Howard correspondence illustrates strong connections between mathematics and com-
puter science. This correspondence, also called proof-program correspondence, states that a proof and
a program are totally equivalent. As an example, described in Laurent’s course on proof theory [Lau08§],
the so-called simply-typed lambda-calculus is isomorphic to intuitionistic logic and natural deduction.
This isomorphism raises a correspondence between a type and a formula, and between S-reduction and
the cut-elimination procedure. But, this correspondence can go much further.

Linear logic and its differential counterpart give a strong framework to study the use of resources.
The development of these logics has been made through the study of deep connexions between syntax
and semantics, which corresponds to a connexion between a program and its mathematical interpre-
tation. Moreover, Curry-Howard can extends to implementation like with linear types in Haskell. The
theoretical construction for this implementation comes from BgLL, an extension of linear logic, when
S is the boolean semiring [BBNT18]. A last example of the power of Curry-Howard is realizability
theory. Introduced by Kleene in 1945 [Kle45]|, this theory led to some constructions which first im-
prove our understanding of intuitionistic logic. But when Girard introduced System F [Gir71], it raises
connexions between intuitionistic logic and programming languages. Through this link, realizability
gives tools to prove important results in programing theory.

Our aim here is to follow former works about a connexion between mathematical analysis and
logic through Curry-Howard. In particular, we develop a framework extending Curry-Howard to linear
partial differential equations.

Linear logic. Our work is based on a series of extensions of Curry-Howard which begins with Girard’s
definition of Linear Logic (LL) in 1987 [Gir87]. The ideas behind LL came from the study of the
denotational semantics of typed lambda-calculus. Girard was defining coherent spaces, which model
lambda-calculus, and he noticed that a notion of function linearity is hidden in coherent spaces. This
idea led him to the fundamental linear decomposition of LL:

(A— B)= (14 — B)

which means that a function from A to B is a linear function from !A (a space which extends A) to B.

This logic has been studied a lot as it gives a logical counterpart to the notion of resources. LL is
useful to represent resource management in programming languages because linear types (A4, B,...)
can represent objects used only once by the program, whereas non-linear types (!4, !B,...) are for
those used several times.

This notion appears for example in a logic defined by Girard et al. in 1991, Bounded Linear Logic
(BLL) [GSS91], which is the first attempt to use typing systems for complexity analysis. This logic
extends LL in the sense that the authors add several exponential connectives which are indexed by
polynomials. Since then, some other indexed logic have been developed, for example ILL [EBO1] where
the exponential modalities are indexed by some functions, or BgLL [BGMZ14, GS14, Mell2| where
they are indexed by the elements of a semiring S.

Differential linear logic. A second important step in the attempt to extend Curry-Howard to mathe-
matical analysis comes from an other extension of LL: Differential Linear Logic (DiLL).

In the conclusion of [Gir87], Girard mentioned that in a first version of LL, it was possible to find
something similar as Taylor expansion. This connexion has been formalized by Ehrhard and Regnier
in 2006 [ER06]. To understand this idea, we need to go back to the previous paragraph on LL. We
explained that LL is called linear because it is based on a notion of linearity from coherent spaces,
but this linearity is very explicit in LL. Some proofs are considered to be linear w.r.t. an hypothesis
(for example a proof of A - B w.r.t. A) and some are not (like !A - B w.r.t. A). This definition
makes sense from two points of view, as explained by Ehrhard [Ehrl8]. On the one hand, A - B is
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linear when A is used exactly once in the cut-elimination (which is a syntactical perspective). On the
other hand, the function interpreting a proof of A F B is linear in terms of linear algebra (which is a
semantical point of view).

The second idea is crucial for the construction of LL and DiLL. In LL, the dereliction rule is very
important. This rule states that if a proof is linear, one can then forget its linearity and consider
it as non-linear. Hence, DiLL is based on a co-dereliction rule which syntactically is the opposite of
the dereliction, but semantically it is different. It states that from a non-linear proof (or a non-linear
function) one can extract a linear approximation of it, which, in terms of functions, is exactly the
differential (we can notice that here, the analogy with resources does not work). Then, all models of
DiLL interpret the co-dereliction by different kinds of differentiation.

A differential linear logic indexed by an operator. The last advance in our direction was made by
Kerjean in 2018 [Ker18a|. In this paper, she define an extension of DiLL named D-DiLL. This logic is
based on a fixed linear partial differential operator D (which is the first D in the name D-DiLL). This
operator appears in additional connectives !p and 7p.

In order to include differential equations in DiLL, this logic is based on a model of DiLL made
from functions and distributions. Since DILL is a classical logic!, the fact that smooth functions and
distributions are each other’s dual space is a crucial point to build a model. The connective !A can
be interpreted as the space of distributions with compact support on the interpretation of A, whereas
7A is interpreted as smooths functions on the interpretation of A. Moreover, applying a linear partial
differential operator on spaces of distributions and of smooths functions does not remove this duality
property. Hence, formulae !pA and ?pA are interpreted following this idea, and this leads to the
definition of D-DiLL. One of the main feature of D-DilLL is the fact that the cut-elimination procedure
corresponds to the resolution of the differential equation associated to D, which is a big step forward
in our aim to extend Curry-Howard.

However, a crucial way to characterize a logic is to define a categorical semantics associated to it.
The point is to use category theory to describe which properties a model of our logic has to verify.
Even if categorical semantics are well defined for LL [Mel09] and for DiLL [BCS06, Fio07], there is no
satisfactory categorical semantics for D-DiLL. For the indexed logics mentioned before (BLL,ILL,BsLL),
there are some well-known categorical semantics (like [FK21] for BLL, or the articles cited before for
BsLL). Since the exponential modalities of D-DiLL are indexed, the original idea for this internship
was to develop an indexed differential linear logic, where the modalities are indexed by differential
operators, with the same features of D-DiLL. Hence, this may lead to an extension of the Curry-Howard
correspondence to differential equation, having a categorical semantics based on those of indexed linear
logics.

Contributions. In this report, we present the framework developed during the internship. The main
achievement of this internship is to define the syntax, the cut-elimination procedure, and a concrete
model of a an indexed differential linear logic (IDIiLL), strongly inspired by the denotational semantics
of D-DiLL.

First, in order to connect differential linear logic with indexed linear logics, we give some algebraic
structures to the space of linear partial differential operators. We also prove co-algebraic properties on
these structures which are useful in indexed linear logics. Then we develop topological structures on
spaces of smooth functions and distributions with a non-bounded number or variables, and we define
linear partial differential operators over them. We prove that previous properties on operators hold,
and this allows us to compose every operator.

Then we define an indexed differential linear logic, IDILL, which generalizes D-DiLL. This is were
we need to compose linear partial differential operators. For this logic, we define a cut-elimination

!a logic where the negation is involutive



3 Functional analysis : distributions and differential equations

procedure, using the co-algebraic properties that we proved before. We prove that this procedure
converges, using the analogous result for DiLL. Finally, we define a concrete semantics for IDiLL, and
we prove that this semantics matches with our cut-elimination.

Outline of the report. The two following sections give definitions and explanations that we will need
to define our indexed differential linear logic. In Section 2, we introduce some definitions and basic
properties of functional analysis, especially about distribution theory and linear partial differential
operators. Section 3 is about linear logic and its differential refinements DiLL and D-DilLL. The last
two sections are about how to define a correct indexed differential linear logic. In Section 4 we give
some algebraic properties on linear partial differential operators, and we generalize these operators to
be able to compose them. Finally, in Section 5 we use these operators and their algebraic properties to
define an indexed differential linear logic, with its cut-elimination procedure and a concrete semantics
based on distribution theory.

2 Functional analysis : distributions and differential equations

In mathematics, functional analysis stems from the study of spaces of functions, endowed with a
topology, which allows to consider questions on some notions as limit, continuity, differentiation and
others on these spaces of functions. This theory is used a lot to model physical phenomena for example.
As it is raised in Section 1, a natural way to introduce differential equations to DiLL is to use smooth
functions and distributions. In a first subsection we describe this duality between those two concepts.
Then we give a technical description of linear partial differential equations with constant coefficients.

2.1. Distribution theory. First, we denote the space of smooth functions from R" to R by C*>°(R", R)
or £(R™), where a smooth function is defined as differentiable with a smooth differential. If a smooth

function f € C°°(R™,R) has compact support?, f is said to be a test function and the set of test
functions from R™ to R is denoted by C°(R™,R) or by D(R").

Definition 2.1. A topological vector space (also written T'VS) is a R-vector space E endowed with a
topology such that the addition and the scalar multiplication are continuous. A topology which fulfills
this conditions is a linear topology on E.

Since D(R™) and E(R™) are TVS (see [Tre67]), they have a topological dual®. These dual spaces
are endowed with the topology of uniform convergence over compact sets. This topology is the one
where open sets are generated by the sets Uk ,, formed with the functions such that supg |f| < 7,
where K is compact and r > 0.

Definition 2.2. Let n be an integer. The space of distributions over R™ is the topological dual of
D(R™) (the space of functions with compact support), denoted by D’(R™). Similarly, the space of
distribution with compact support over R™ is the topological dual of the space of smooth functions
E(R™), denoted by &'(R™).

A distribution should be seen as a generalized function since for f € D(R™) and for g € E(R™), one
can define two distributions 7'y and T, by

<Tf L h e ERM) /fh) € &'(R") (Tg . h e DR") — /gh) e D'(R™). (2.1)

Then, this definition raises that distributions (resp. distributions with compact support) generalize
smooth functions (resp. smooth functions with compact support).

2where the compactness is defined with the topology induced by the canonical norm on R"
3The dual of a TVS E is the space of continuous linear forms.
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Example 2.3. A very common example of distribution (with compact support) is the Dirac distribution
at 0. This distribution, denoted by do, is defined by oo : f +— f(0). This example will come back later.

The right way to consider a monoidal product between functions and distributions is the notion of
convolution product. This is a binary operation which can be defined between two smooths functions,
two distributions and a function and a distribution with the right hypothesis on the support.

Definition 2.4. Let n be an integer and f € D(R"), g € ER™), ¢ € D'(R™) and ¢ € &'(R™). The

convolution product over smooths functions or distributions is defined as follows :

e The convolution between two smooths functions®, one of them having compact support, is
frxg:xeR"— /f(x —t)g(t)dt € D(R"™).

e The convolution of a distribution and a smooth function with compact support is defined as
¢ frx—= oy flz—y)) € ER).

e Finally, for two distributions, one having a compact support, the convolution ¢ * ¢ is the distri-
bution

d*1:heDR") = ¢z Yy hiz+y))) € D'(R").

The hypothesis on the support are made to ensure that the integral is well defined.
Some important properties of this convolution product are proved for example in [Hor63]. We
summarize them in the following proposition.

Proposition 2.5. Let n be an integer.

o A fundamental property is that the convolution product is associative and commutative : for
fyg € D(R™) and h € E(R™),

fxh=hxf (fxh)xg=fx(hxg)
and for ¢,7p € E'(R™) and ¢ € D'(R"),
Ppxp=p*¢ (P xp)x1h=¢x* ().

o Let g € D'(R™), ¢ € E'(R™) and f € D(R™). From the definition we have
(@)« f=dx(xf)
(@x)« f=ax (ox¥)(y = flz—y))
e Bz o bl f— 2~ 1))
=z ¢z (Y * [z —2))
= ¢ (¢ [).

Remark 2.6. The distribution dg from Example 2.3 is the neutral element for the convolution product.
For a smooth function with compact support f € D(R"™),

b * f(x) =bo(y = flz —y)) = f(z = 0) = f(x)
which leads to dg * f = f. Moreover, since 0y has compact support, for each ¢ € &'(R™)

(¢ #00)(f) = (x> doly = [z +y)) = (x> flz—0) =v(f)

implying that ¥ *Jdy = 1. Hence, Jy is neutral for functions with compact support and for distributions.

4Tt is possible to define this operation on continuous functions, but we only need to consider it on smooth functions
and distributions for our purpose.
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2.2. Linear Partial Differential Equations. Distribution theory is our first tool to model DiLL. A
second important ingredient to extend Curry-Howard is the notion of linear partial differential operator.
First, we need to introduce a generalized notion of partial derivative. In this subsection, we consider
that an integer n is fixed.

Definition 2.7. Let € N” with a = (a1,...,0a4) and |a| = a1 + -+ + a,,. We define the operator
0% : C*°(R™,R) — C*°(R™,R) such that for each f € C>*(R",R),

- olal
Pfiwe (8:1:‘1)‘1 ...8:1:%”f> ().

This definition leads to a general definition of a linear partial differential operator, which corre-
sponds to partial differential operators D such that for each smooth functions f and g, and for each
real t, D(tf + g) = tD(f) + D(g).

Definition 2.8. A linear partial differential operator (LPDO) D is a function from C*(R",R) to
C>®(R™,R) such that

D:frs (m ER" > Y ka(z) (07f) (@) (2.2)
aeNn?

where for each o € N”, ky : C°(R",R) — C*(R",R) and the number of non-zero k, is finite. If each

ko is constant, D is a linear partial differential operator with constant coefficients (LPDOcc).

Through the following, we will only consider operators with constant coefficients, because they
have useful properties that we will raise later, especially on their solutions. Hence, we will forget to
mention that the linear partial differential operators that we consider have constant coefficients.

A LPDO D =} cnn ka0 is defined on smooth functions. But this definition can be extended to
distributions : for a distribution ¢ (with compact support or not), we define

D:¢ (f — ¢ ( D (=1 (8%))) : (2.3)
aeNe
With this definition, if ¢ € D'(R") (resp. ¢ € £'(R")), D(¢) € D'(R") (resp. D(¢) € E'(R™)). We will
denote by D the LPDO
D23 (—1)*ka0".

aeN"

Remark 2.9. The fact that there are (—1)® in equation 2.3, while they are not in equation 2.2, comes
from the intuition of distributions as generalized functions. With this intuition, it is natural to want
that for each smooth function f, D(Ty) = Tp(y) where T'is the distribution from equation 2.1. Hence,
the calculus of Tp(y) with partial integration reveals the (—1)%.

LPDO and linear partial differential equations are deeply related : they are isomorphic. Since the
notion of solution is very important in the theory of differential equations, we define what is a solution
of a LPDO.

Definition 2.10. Let D be a LPDO. A fundamental solution® of D is a distribution Ep € D'(R™)
such that
D(Ep) = do.

The notion of fundamental solution is crucial. The differential equation associated to a LPDO can
be the description of a physical or a biological phenomenon, as the so-called heat equation for example.
The solution provides tools to understand this phenomenon. The following theorem explains why we
restrict ourselves to LPDO with constant coefficients.

® A more general way to define a solution is to fix a distribution ¢ and to look for a distribution v such that D(¢) = ¢.
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Theorem 1 (Malgrange-Ehrenpreis). Fvery linear partial differential operator with constant coeffi-
cients admits at least one fundamental solution.

Comments on the proof. There are several proofs for this important theorem, for example in [Hor63,
3.1.1]. This proof gives a construction of a fundamental solution of each LPDO D. We will denote this
particular solution by E};. n

To lighten the text, we will use Ep to denote fundamental solutions of a LPDO D.

Fundamental solutions and convolution. As it is described by Hormander, some useful results represent
the fact that the interaction between fundamental solutions and convolution is convenient. In this
subsection we will present some results from [Hor63].

Proposition 2.11. Let D be a linear partial differential operator, Ep a fundamental solution of D.
For each distribution ¢ € &'(R™),

D(Ep x ¢) = ¢.

Proof sketch. In order to prove this result, one may proves a lemma which states that for each LPDO
D and each distributions ¢ and 2,

D(¢+ ) = D(¢) x ¢ = ¢ D(¢)).

This lemma comes from the fact that the convolution product behaves well with partial derivatives.
Applying it with ¢ = Ep and @ = &g, one can conclude. n

Proposition 2.12.

1. Consider two LPDO Dy and Da, with fundamental solutions Ep, and Ep,. Then Ep, * Ep, is
a fundamental solution of Dy o Ds.

2. For a LPDO D and a fundamental solution Ep,we have for each f € D(R™),
Ep(D(f)) = (D(Ep))(f) = £(0) Ep +D(f) = f
Proof. The first equation comes from Proposition 2.11. Since D2(Ep, * Ep,) = Ep, we have
Dy o Dy(Ep, * Ep,) = D1(D2(Ep, * Ep,)) = D1(Ep,) = o

which implies that Ep, * Ep, is a fundamental solution of D;oDj. For the second one, the first equality
is by definition of LPDO over a distribution. The other is true because Ep * D(f) = D(Ep) * f (with
a lemma similar as the one described in the proof sketch of Proposition 2.11. u

3 Linear logic and differentiation

3.1. Linear logic. In Section 1, we explain the intuitions behind LL which are important for us. Some
technical clarifications had to be noted. In Figure 1a, the grammar of LL is formally defined. In this
grammar, X belongs to the set of atoms.

We only consider the classical linear logic. In this logic, the negation of a formula is defined
inductively. This definition is given in Figure 1b. We remark that for each formula A, the previous
definition gives that (A1)* = A : in LL, the negation is involutive. Through this negation, we can
define the linear implication mentioned in Section 1 as

A—-oB2 A% B.



7 Linear logic and differentiation

AB £2X|X+|0|1|T|L|A®B|A®B|A®B|A&B|!A|?A

(a) the grammar of LL

(1At 224 (A&B*r24teBt (AeBtE2AteBt 1tA21L 112
(PA) 214N (ABB)r2AteBt  (AeB)tLatmnpt otAT Ti2

(xhHtax

(b) negation of a formula in LL

FT,A FALA

—— ax
- A AL FT.A cut
_ FT N FI',A B 3 FIVA FAB
F1 FT, L FT,A® B FILA,A® B
T FT,A I—I‘,B& FT,A o FT,B &
FT,T FT,A& B FT,AeB - FT,AeB F
(¢) multiplicative and additive rules of LL (MALL rules)
FT L, I—F,?A,?AC FI,A p LA
FT,7A FT,7A FT,7A F7T, 1A

(d) exponential rules of LL

FI1GURE 1: Linear logic

Sometimes, one only considers a fragment of LL named the multiplicative-additive fragment (MALL).
The rules for this logic are detailed in Figure 1c, and the exponentials connectives ! and 7 are removed
in the grammar of this logic. The I' = Ay,..., A, in these rules represent a finite multiset of formulae.
This multiset is hence considered up to commutativity, which is why we do not need an exchange rule,
but the number of occurrences of a formula is important.

The other rules in LL are the exponential rules, in Figure 1d. The w is the weakening, the c is the
contraction, the d is the dereliction and the p is the promotion. The 7T in the promotion rule means
that 7T" = ?A4,...,7A, : every formula in ?I" has the form 7A;. The contraction and the weakening
rules are different from those of natural deduction for example. Since in LL the number of formulae
is important, we do not want to change the number of these rules, except for those of the form 7 A,
because the ? represents the "why-not".

Remark 3.1. These rules are sometimes presented as a two-sided sequent calculus. Since we consider
classical LL, we use a one-sided sequent calculus. This presentation is much lighter, so it is an easier
one to study proofs.
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Denotational semantics in real vector spaces. Here we will only deal with MALL formulae since the
logics we are interested in have different exponential connectives (and different interpretations for those
connectives).

Each MALL formula is interpreted by a finite-dimensional real vector space. The interpretation of
the formula A will be denoted by [A]. Let us recall the grammar for MALL:

AB =X|X'|0|1|T|L|A®B|A®B|A®B|A&B.

The ground formulae (X, X*,0,1,T, L) are interpreted by the vector space R. The interpretation of
the other formulae of MALL are defined inductively. To do this, one needs to use particular operations
on vector spaces : the tensor product (denoted by ®) and the direct sum (denoted by W). The
multiplicative connectives (® and %) are interpreted by the tensor product while the additive ones (®
and &) are interpreted by the direct sum :

[A® B] = [A® B] = [A] ® [B] [A® B] =[A& B] = [A] w[B]

which are also finite-dimensional real vector spaces.
The interpretation of a MALL proof will be a linear map between vector-spaces. First, a sequent
I'=A,... A, is interpreted by
]2 [A]®-® [4]

(if T is empty, its interpretation is R, the one of the ground formula 1, since 1 is the neutral for ®).
Then, a proof of - T, A is interpreted by a map f : [T*] —o [A]. This interpretation is defined
inductively on sequent rules of MALL, with natural operations on the tensor product and the direct
sum. The axiom rule is interpreted by the identity while the cut rule composes the proofs. This model
for MALL is defined in [Tas09]

The exponentials are interpreted by spaces of smooths functions or spaces of distributions, which
are not finite-dimensional.

3.2. Differential linear logic. Here, we present the differential extension of LL: DiLL. The grammar,
the negation, and the MALL rules of DiLL are the same of those of LL (given in Figure 1). However, we
add some exponential rules (@ which is the co-weakening, ¢ the co-contraction and d the co-dereliction),
we also remove the promotion rule. The exponential rules of DiLL are detailed in Figure 2.

CT FT,74,7A FT, A
w —— C
FT.74 FT.7A FT.74
o FTA FAIA . FT,A
Fr4 Y FT.AA ¢ Fraad

FIGURE 2: Exponential rules of DiLL

Remark 3.2. To be more precise, we consider here the differential linear logic without promotion (his-
torically called finitary DiLL). The original version of DiLL was without promotion, but it has been
extended with a promotion rule. Since we only consider extensions of DiLL without promotion in this
report, we do not present this system here.

Usually, the syntax of DiLL is not presented with a sequent calculus but with proof-nets (see for
example [Ehr18|). Proof-nets is an easier framework to study the dynamics of DiLL: the cut-elimination.
However, it is hard to study proofs formally with proof-nets, so we use sequent calculus.

STL is the sequent A7, ..., A+ where A;,... A, =T, and —o represents the fact that f is linear.
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The additional exponential rules in DiLL comes from the intuitions described in Section 1. The
co-dereliction corresponds semantically to the linear approximation of a proof. The other co-structural
rules, the co-weakening and the co-contraction, are here to provide symmetry in DiLL”. Thanks to this
symmetry, DiLL enjoys a cut-elimination procedure (see [Ehrl8]).

Theorem 2. There is a rewriting procedure ~pji such that for each proof-tree 11, the rewriting reaches
a proof-tree (I~ pir 1) and s cut-free.

Denotational semantics. For a denotational semantics of DiLL using functional analysis, the semantics
that we introduced for MALL can be the same. The notion of differentiation comes from the exponential
rules, and more precisely from the interpretation of the co-dereliction. In two-sided sequent calculus,
the co-dereliction rule is

AFB -
A+ B

so it deduces a linear proof from a non-linear one. This raises that the interpretation of this rule has
to give a linear approximation of the proof of !A + B. In the model where proofs are interpreted by
smooth functions, the co-dereliction rule is interpreted by Dy, the differential at 0. This is the best
linear approximation of the proof (since linear proofs are interpreted by linear maps). For example,
since the differential of a linear map is itself, the dereliction rule does not change the interpretation of
the proof which corresponds to the intuitions.

3.3. A differential linear logic indexed by an operator. The logic D-DiLL is an extension of DiLL.
We fix a LPDO D, and in the grammar we had two unitary connectives !p and ?p. The negation on
these connectives is naturally defined by

(IpA)= £ 7p(AT)  (2pA)*t 2 1p(Ah)
which keeps the involutivity. The rules on the MALL connectives are the same but the exponential rules

are slightly modified in order to describe the interactions between the usual exponential connectives
and the new ones : !p and 7p. These rules are detailed in Figure 3.

FT FF,?A,?DA FF,?DA
FT, 754 P T, 74 P rT.74 0
. FDA EA DA T.lpd
1A P FT,A IpA P 1,14 9P

F1GURE 3: Exponential rules of D-DiLL

Remark 3.3. To be completely precise, the grammar has to be a bit changed. In the semantics, MALL
formulae are represented by finite-dimensional vector spaces, and the exponentials by spaces of smooths
functions or spaces of distributions. Since these spaces are not finite-dimensional, we cannot consider
exponentials of exponentials : the only connectives that we can apply on exponential formulae® are
MALL connectives.

"Moreover, this is the reason why the first version of DiLL is promotion-free.
8Tt may be important to notice that Dy is not a LPDO.
formulae which contain an exponential connective
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Denotational semantics. The concrete model of D-DiLL given in [Kerl8a] is where the importance of
the new connectives !p and 7p arise. A MALL formula A is interpreted by a vector space isomorphic
to R™. For the exponentials, the interpretation is

[A] £ E'®R™)  [PA]2ER")  ['IpA] £ (DERM))  [?pA] = D(ER™)).

Through the new exponential connectives, the LPDO D appears in the types. The interpretation
of the exponential rules push this operator and some of its fundamental properties (Section 2) in
the calculus. For example, the co-weakening is interpreted by the introduction of Ep while the co-
contraction represents the convolution of distributions. The dereliction is the convolution with £p and
the co-dereliction apply D to a distribution.

We see how these rules use the nice behavior of LPDO theory in the cut-elimination. D-DilLL
also enjoys a cut-elimination procedure, which corresponds to its calculus (see Section 1). This cut-
elimination procedure corresponds semantically to the resolution of linear partial differential equations
with constant coefficients.

However, D-DiLL does not enjoy a categorical semantics. Moreover, the choice of D is arbitrary,
which are motivations to generalize D-DiLL to a logic with exponential connectives for each LPDO.

4 An algebraic structure for linear partial differential operators

Following our explanations from Section 1, our aim is to extend D-DiLL to an indexed logic. That
is developing a syntax where the exponentials are indexed by several LPDO which interact between
each other.

In indexed linear logics, this interaction is represented by the fact that indexes belong to an inter-
esting algebraic structure, for example in BgLL they belong to a semiring. The fundamental operation
that we consider for LPDO is the composition. We study then the structure of LPDO with the
composition.

4.1. The case of linear partial differential operators on finite-dimensional spaces. For each
integer n, we define the set Dgn of linear partial differential operators on R™. There are some useful
characterizations of this set from an algebraic point of view.

Proposition 4.1. Let n be an integer. The tuple (Dgn,o,id) is a commutative monoid.

Proof sketch. The difficulty is the commutativity. Schwarz’s theorem gives the commutativity of partial
derivatives, and the linearity of these allows us to manipulate the sums. For a formal proof, see
Proposition A.1. n

Definition 4.2. Let R be a non-zero commutative ring.
e R is an integral domain if for each x,y € R\{0}, xy # 0.
e An element u € R is a unit if there is v € R such that uv = 1.
e Two elements z,y € R are associates if x divides y and y divides z.

e R is a factorial ring if it is an integral domain such that for each = € R\{0} there is a unit
u € R and py,...,pn € R irreducible elements such that x = up;...p, and for every other
decomposition vq ... ¢y = upy . ..p, (with v unit and ¢; irreducible for each ) we have n = m
and a bijection o : {1,...,n} — {1,...,n} such that p; = g, for each i.

Proposition 4.3. For each n > 1, the ring R[X1, ..., X,] is factorial.

This proposition comes from the fact that for every factorial ring k, the ring of multivariate poly-
nomials over k is also factorial [Bos09, 2.7.7]. Since R is factorial, the proposition is true.
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Corollary 4.4. The ring Drn = (Dgn, +, 0,0, id) is also factorial.

Proof. Here we prove that Dgrn and R[X7, ..., X,,] are isomorphic. First, the decomposition of a LPDO
D as a sum is unique (we reason by absurdity : it is easy to construct a smooth function of the form
f(x1,...,zp) = 27" ...z such that one decomposition on f will be null whereas the other will not).
This allows us to define the following function :

Drn —)R[Xl,,Xn]
Ty Y ket = Y kaX . X0
aeNm aeN"

which is obviously bijective (the inverse f~! is trivial). Moreover, f maps the addition of linear partial
differential operators to the addition of polynomials and the composition of these operators to the
product of polynomials (this last point appears in the proof of Proposition 4.1). Hence, f is a ring
isomorphism. It implies that the rings Drr and R[X7, ..., X,,] are isomorphic, so that Dgn is also
factorial. =

Using these results, we will prove a co-algebraic proposition on Drn. The notion of multiplicative
splitting is used in [BP15]'” in order to describe some models of BsLL.

Definition 4.5. A ring R is multiplicative splitting when for each x1, z9, x3, x4 € R such that x1 X zs =
x3 X x4, there are elements w1 4, 1 p, 2,4, T2 € R such that

T1 = Tl,a X T1p T2 = X2.a X T2p T3 = Xl,a X T2,a Ty = X1 X T2p-

Proposition 4.6. For each integer n, the ring Drn (where the multiplication of the ring is the com-
position of operators) is multiplicative splitting.

Proof sketch. This result is proved in Proposition A.2. The proof uses the factoriality to construct the
decomposition, and its unicity to prove that it is the one wanted. u

4.2. Linear partial differential operators on R®“). In Section 4.1, we get some useful results
on LPDO. However, one may want to extend these results. In Section 3.1, we explained that MALL
formulae are interpreted by finite-dimensional vector spaces. For example, let A be a MALL formulae
interpreted by R"™. If we want to follow the ideas of D-DilLL, for each LPDO D, the formula ?p A, which
can be introduced by the weakening for example, is interpreted by D(C*°(R™,R)). But if D is defined
on C*(R™,R) with m # n, this interpretation cannot be defined. Moreover, we raised that we want
to compose operators, but since MALL formulae are interpreted by spaces with different dimensions,
this composition is not well defined. To solve this issue, we define smooth functions, distributions and
LPDO on a space named R®), which will encompass each R”. This space is defined by

R®) = {(an)nen € RY | 3i € N,Vj > i, 25 = 0},

In order to construct spaces of smooth functions we need some topological arguments. This construction
is made in Appendix B.

Now that we can extend our first definition of LPDO to LPDO on R, let us define, for o € N,
N) being the set of finite tuples of natural numbers, the operator 8% : C*°(R“),R) — C®(R®) R).
This operator is such that for each f € C‘X’(R(‘*’),R),

olel f

ap Rw) v J
Of=we H@m?l...(?m%"(x)

10The notion defined in this paper is slightly different, because it is defined on the addition of the ring, but the idea
is the same
HRe is defined as the set of sequences of R, often written RY
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where a = (g, ...,0p,0,...), o] =a1 + -+ + @, and
0 t
/ (z) = lim flw + twi)
89% t—0 t

and z; = (0,...,0,1,0,...) (where the 1 is on the i-th coordinate). This definition implies that for
f€C®(RW,R), 9°f € C*(RW,R).
Definition 4.7. A finitary retraction A = (|Al,t4) is a pair, where |A| is a finite dimensional real

vector space and ¢4 : |A| = R is a linear injection.

For a finitary retraction A, we define its projection 4. This is a map 74 : R@) — |A| such that
for each x € RW if 2 = 14(y) with y € |A|, ma(z) = y. If there is no y € |A| such that = t4(y),
ma(x) = 0p4). The injectivity of 14 ensures that 74 is well defined. Moreover, the definition of 74 gives
that

Ao Ly = id)y| (4.1)

Remark 4.8. From a finitary retraction A, |A| is a finite-dimensional real vector space, so it is isomorphic
to R™ (with n the dimension of |A|), through a basis of |A|. Hence, it is easy to define an LPDO on
|A| as an LPDO on R"™. Moreover, the result of such a LPDO does not depend on the choice of the
basis. This set of LPDO is denoted by D 4.

Definition 4.9. For a finitary retraction A, let us define the map F4, on D4. For D)4 € Dy, such
that D4 = > ,enn ka0 (n is the dimension of |A[), this map is defined by

Fa(Da)) = Fa (Z koﬁ“) 23" ka0 (@),

aeN" aeN"

Hence, F4 : Dy — (C®(R@ R) — (R@ — R)). We define Dy the set of linear partial differential
operators on R by

Dy = {Fa(Dy4)) | A is a finitary retraction and D4 € Da}.

Proposition 4.10. The previous definition leads to

Dpw) = Z ka0 , where the number of non-zero kq is finite
aeNw)

Proof sketch. The first inclusion is easy. For the other one, we use the definition of R to see each
LPDO as LPDO on R" for n well chosen. This result is formally proved in Proposition A.3. u

The following proposition characterize the fact that LPDO on R“) are well defined. It is proven
in Proposition A.4.

Proposition 4.11. For each finitary retraction A, D4 € Da and f € C®(R®) R), we have Fa(D4)(f) €
C®(R® R), and Fa(D,4)) is linear and continuous.
In Section 4.1 we gave some important characterizations of LPDO on finite-dimensional spaces. To

get these properties for LPDO defined on R, we need to transform LPDO in Dp(w) into LPDO in
Dy.
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Definition 4.12. Let A be a finitary retraction and Dy be in Dg(.) such that D) = >~ cnw) ka0
We define the map I4 such that

1>

TA(D()) = 1a Z ko 0% Z oo A )

aeNw) aeNW)
and I : Dgey — (C(|A[,R) = (|A] = R)).

Proposition 4.13. For each finitary retraction A, D(,) € Dyw) and f € C*®(|A[,R), Ia(D))(f) €
C®(R®) R) and IA(Dyy) is linear and continuous.

Proof sketch. Since the decomposition for a LPDO in Dy or in Dy is the same by Proposition 4.10,
this proof uses the same arguments as the proof of Proposition 4.11. =

Proposition 4.14. For each finitary retraction A and each LPDO D\ € Day,
IA(Fa(D)a)) = D)ay-

This result shows that I is well defined, because it can transform an LPDO already transformed
into the same one. We prove it in Proposition A.5.

Algebraic properties of Dpw). We have now a framework to study the composition for each LPDO,
not only those defined on C*°(R"™, R) for the same n. However, since algebraical properties are useful to
develop an indexed logic, we will prove here that the algebraical results on LPDO on R™ (see Section
4.1) can be extended to LPDO on R®. In order to prove this properties, we need two technical
lemmas, given and proved in appendix (see Lemmas A.6 and A.7). Then, as in Section 4.1, we have
the following algebraic propositions.

Proposition 4.15. The tuple Dy(w) = (Dgw), o,z'dpR(w>) is a commutative monoid.
Proposition 4.16. The ring Dgw) = (D), +, °, O’idDR(m) is multiplicative splitting.

These results are straightforward with the technical lemmas. They are respectively proved in
Proposition A.8 and A.9.

5 An indexed differential linear logic

Now that we are able to compose every linear partial differential operator with an other one, we
can extend D-DiLL to an indexed differential linear logic. Since this logic is an extension on the
exponentials, the rules on multiplicative and additive connectives are the same of those of D-DiLL (see
Figure 1c). For each D € Dy, we add two connectives !p and ?p, and we do not have connectives !
and ? (since they would semantically correspond respectively to !;4 and 7;4). Our first goal is then to
define the exponential rules on these new connectives.

5.1. First, a naive approach. For this naive approach, we try to stay as close as possible to D-
DiLL. The semantical interpretation of formulae will then be the same. Since the interpretation of !A
(resp. ?A) in D-DiLL is E'([A]) (resp. E([A])), it is equal to (id(E([A]))’ (resp. id(E(R™))) which is the
interpretation of l;5A (resp. 7;3A). Then, the dereliction and co-derelictions rules are the same of those
of D-DiLL where ! (resp. ?) is replaced by l;g (resp. 7;4). For the contraction and the co-contraction
rules, we want to use the composition to have interactions between LPDO. We have then a naive
indexed linear logic, IDiLLy, which is defined as for D-DiLL except that there are more connectives
and the exponential rules are detailed in Figure 4. This logic enjoys a cut-elimination procedure and

a concrete semantics'?.

12We will not detail these here because IDiLLy is presented only to explain the origin of IDiLL.
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? ?
T T ATA FTLpA
FT.7,A F T, 70on, A F T, 7,44
- _ I—F,!DlA FA,!DQA _ FF,'DA -
F1,4 P FT,A, pon, A PeP Eroga o

FIGURE 4: Exponential rules of IDiLLy

5.2. Syntax. Since our goal is to be able to use intuitions from indexed linear logic, we will develop
a more general logic which will be closer to these indexed linear logics. An important idea in BgLL
for example, in the notion of order in the dereliction rule. Here, our main operation on indexes is
the composition. Then the order, which is partial, will be D1 o Dy > D;. This leads to an indexed
differential linear logic (IDiLL), where the exponential rules are the same of those of IDiLLy but with
generalized (co-)derelictions. These rules are detailed in Figure 5. The grammar of IDiLL is the one of

=5 A FT M0 AT, AL FL 7 pionad
F F, ?DA |7 F7 ?D10D2A e F F? ?D2A Dl

E FT,!p,A FAp,A S T pop, A -
F1pA FT,A, pon, A o2 -T,!p,A P

FIGURE 5: Exponential rules of IDiLL

D-DiLL but with exponential connectives !p and ?p for each LPDO D € Dy). One must note that
Remark 3.3 stills valid here. The grammar of IDILL can then be formally described by

AB 2 X|XY|0|1|T|L|A®B|AB®B|A®B|A&B
E,F £ \pA|7pA|EQF|EXF|E@F|E&F.

The negation is also defined inductively, and each connector has the same one in IDILL and in
D-DiLL (see Section 3.3 for this definition). Moreover, the MALL rules are those from LL.

5.3. Cut-elimination. This logic enjoys a cut-elimination procedure. We explained before why it is
so important. This procedure gives a computational interpretation to IDiLL. Since IDILL is maid to
create links between computer science and differential equation theory, it is crucial to understand its
calculus.

Case of derelictions. Since IDILL syntax is close to the one of D-DilLL, one may think that their cut-
elimination will be similar, but they are not. Some cases, for example a cut after a contraction and a
co-dereliction, cannot occur in D-DiLL, because principal formula of the co-dereliction'® has the form
!A whereas the one of the contraction has the form ?pA : only one of those is indexed.

The fact that some other cut can occur in IDILL raises some difficulties, especially with (co)-
dereliction. Hence, we define two rewritings which remove the (co)-derelictions in a proof-tree, by
moving them up to the axioms.

Definition 5.1. We define two rewriting procedures ~~4 and ~- ; on derivation trees of IDIiLL. The first
one is defined by :

3the one modified by the rule
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1. When a dereliction is applied after a rule r and r is either from MALL (except the axiom) or
r a co-weakening, a co-contraction or a co-dereliction, the rewriting ~»41 exchange r and the
dereliction (which is allowed since r and the dereliction has not the same principal formula).

2. When a dereliction is applied after a contraction, the rewriting is

FI,7?p, A, 7p, A

? ? dp
L 'DIA’ 'DzA CD1,Ds ~7d2 =T, ?Dl aA’ ?DQA o
l_ F? ?D10D2:D3OD4A : dDQ b
dD4 FF,?DlaA,?D2aA ’
l_ 1—" ?D3A : 2 . CDl,ayDQ,a
FI,?p,A
8. If it is applied after a weakening, the rewriting is
FT
——————— WpyoD
F F, ?DIODQ-A o “rd3 7|_ Fl_?r A Wp,
FT,7p, A 2 i
4. And if it is after an axiom, we define
ax ar — @
- 1D1o0y A, ?Diepy AT . F1p, A, 7p, A F i, A E;’?D
Do ’ 1,02
F1p,op, A, 7, AT F1pop, A, 7p At

Then we define ~~,4 applying ~~4; for the smallest possible i and ends when no ~+4; can be applied.
The second rewriting is similar. It is defined by :

1. When a co-dereliction is applied after a rule r and r is either from MALL (except the axiom) or
r a weakening, a contraction or a dereliction, the rewriting ~~ 7, exchange r and the dereliction
(which is allowed because r and the co-dereliction cannot act on the same formula).

2. When a co-dereliction is applied after a co-contraction, the rewriting is

FLp A FAA o Fhind g0 FAA 4
FL, A Diop,=Dgon, A e a2 I_F7!D1,¢1A e

FTLA I, A 4o FT,A, 1A

8. If it is applied after a co-weakening, the rewriting is

- _

Y Wp,0D, Ny - _

= !DlngA CZ d,3 1o A Wwp,
Fip A P2 o

4. And if it is after an axiom, we define

? ! T
5 N yE ax F?p,Alp A wp
+DioDg41y - DyoDy 5 ~ T 1 2
dD2 d,4 H ?DlA, !DlA ,?DQA

F ?pyon, A, I, AT

= ?Dyop, A, 1D, AT

CD1,Do

Then ~ 7 is defined by applying ~~;; for the smallest possible ¢ and ends when no ~~;; can be applied.
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Even if this definition is non-deterministic, this is not a problem. Every (co)-dereliction goes up in
the tree, without meeting an other one. This implies that this rewriting is confluent : the result of the
rewriting does not depend on the choices made.

These two rewriting are firsts examples of the usefulness of the multiplicative splitting property.
It helps us to handle the cases of a (co)-dereliction after a (co)-contraction. This decomposition also
occurs in the cut-elimination procedure. The cases of this procedure are given in Figures 6 and 7.

T F®
1 w —— WD
FT.7pA 2 FipAL eut - T
ET cut
FT.?2p A, 7p, A -
s D141y - Do €Dy .Ds %leng >t
FT,7p,0p, A F1p,op, A
ET cut
F o,
F1,7p,4,7p,A  Flp,A - -
FT,7p,A F1p, A tl
FT cu
| | =
l_r,~D1A '_Aa -DQA EDLDQ - F= T ’LUDIOD2 ~ et
T, A, 1Dop, A F 2, 7D,00, A
FT,A,= cut
= wp,
FT,!p, A - Z,7p, At .
FT,= wp el
FT,E,7p, AL A, A
FT.E.A cut

FIGURE 6: Cut elimination for IDiLL: (co-)weakening cases

Remark 5.2. 1t is easy to define a forgetful functor U, which transforms a formula (resp. a proof) of
IDILL into a formula (resp. a proof) of DiLL. For a formula A of IDiLL, U(A) is A where each !p (resp.
?p) is transformed into ! (resp. ?7), which is a formula of DiLL. For a proof-tree, the idea is the same :
when an exponential rule of IDILL is applied in a proof-tree 1, the same rule but not indexed is applied
in U(I1), which is a proof-tree in DiLL. Moreover, we notice that if [T~ ¢y 1o, U(I1))~pi U (115) with
the cut-elimination in |[Ehr18] (following the rules presented in [Ker18b, 2.4.1.3]).

Now we can define a cut-elimination procedure :

Definition 5.3. The rewriting ~~ is defined on derivation trees. For a tree [, we apply ~+4, ~+7 and
~cut s long as it is possible. When there is no cut, the rewriting ends.

Theorem 3. The rewriting procedure ~~ terminates on each derivation tree, and reaches an equivalent
tree with no cut.
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1 1 _
|_F7?D1A 7?D2A l_A, 'DSA =, .D4A —
T CDy,D; — CD3,Dy ~eut
l_Fj?DloDQA |_A7‘:‘7!D30D4A ¢
— CU
FT,A =2
cc
HS
1L 1 1L
FT, 7., AL, 70, , AT, 70, AT F A Ip A
5 1o T cut
FT,A,7p, , A, 7p,, A
n €Dy 4,Dzp _
FI,A?p,A = !p,A cut
FT,A =
T axr T axr
) 70y, AL, 1D, A L
116 — T T 2,a,2b n n
1 l_?Dz,aA ,?DQ’bA 7!D2A I—F,?DIA 7?D2A .
CUu

1 1 1L
FT,%p, AL, 7p, , AL, 75 A

T axr T axr
Hgé — F ?DlﬂaA v!Dl,aA F ?Dl,bA ’!Dl,bA =

CDlale
1 1 AT
F7p A ,?Dl’bA Ip,A
cc cc
Hl H2
1 1 1 1 1
—_— FT,7p,, At 7p, AT, 7p, A "Dy AT 7, A Ip A
3 = cut

1 1 1 1
FT,7p, AL, 7p, AL 7p, AL 7p,, A

T, ?7p, A, 7p,, AL 7 p AL

ch,a7D2,a

FIGURE 7: Cut elimination for IDiLL: contraction/co-contraction case

In order to prove this theorem, we first need to prove a lemma, which show that our (co)-derelictions
elimination is well defined. :

Lemma 5.4. For each derwation tree 11, if we apply the rewriting ~q and the rewriting ~ 7 to 11, this
procedure terminates such that [1~~gll~ 115, and there is no dereliction and no co-dereliction in

The formal proof of this result is described in Appendix C.1. This lemma leads to the proof of the
convergence of the cut-elimination procedure.

Proof of Theorem 3. If we apply our procedure ~~ on a tree Il we will, using Lemma 5.4, have a tree
such that [I~gll 7 and there is no dereliction and no co-dereliction in . Hence, the
procedure ~» applied on II gives a rewriting

~

cut cut - - -

Applying the forgetful functor U from Remark 5.2 on each tree (for i € N) the cut-elimination
theorem of DiLL (Theorem 2) implies that this rewriting terminates at a rank n, because the cut-
elimination rules of IDILL are those of DiLL when the indexes are removed. Then, [I~~1], where is
cut-free. (]
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5.4. Denotational semantics. Another useful way to characterize a logic is to find a concrete model.
This is to give a mathematical understanding of a proof. Here we give a concrete model based on the
functional analysis model of D-DiLL, but since our operators are indexed by several operators, it is
important to push these operators in the model (for a formula where exponential connectives appear).
For example, the contraction rule in D-DiLL is interpreted by the pointwise function product. If D(f) :
?pAand g : ?A, applying the contraction rule will be represented in the model by transforming D(f)®g
into D(f).g. Now, if we want to use the same idea for IDILL, for Di(f): ?7p, A and Ds(g) : 7p, A, the
contraction rule would be interpreted by D1 (f).D2(g). This function should be explicitly in ?p,op, A4,
and as such we need to construct the function h such that Di(f).Da(g) = D1 o Da(h).

First, let us define the interpretation of formulae. The interpretation of a formula A will be denoted
by [A].
Definition 5.5. Let A be a MALL formula. Its interpretation is the one given at the end of Section
3.1. For a LPDO D € D), we define

['pA] = [(Ia(D) (€ ([A] R))Y [7pA] £ [(Ip4)(D))(C>([A], R))]-
Remark 5.6. In the previous definition, when D = id we get
[tiaA] = (C=([ALR)) = £'([A]) [7iaA] = C=([A], R) = E([A]).

The next definition, the interpretation of the sequent rules of IDiLL, raises why we needed a specific
fundamental solution E}) of a LPDO D (see the comments of the proof of Theorem 1).

Definition 5.7. Now, we define the model for the exponential rules (the MALL rules being the one
described at the end of Section 3.1).

e The weakening wp is given by

) R — r?D|A|
DUV o (1a(D))(est)

The co-weakening wp is given by
R —! D|A’
.

.|.
1 — EIA(D)

The contraction cp, p, is given by

{?DI‘A| ® 7py|Al = 7Dy, |4l
C 1, o -
Prb2s ) ra g — ((I4(Dy)) o (IA(DQ)))((EL(DI) *f)-(E}A(DQ) *9))

The co-contraction ¢p, p, is given by

) D Al @ 1p,| Al = !pron,| Al
C .
PPl ) gy = (F = (60 La(D1) * (6 0 LaD2))E], o om * )

The dereliction dp, is given by

{?D10D2|A| - ?D2|A|
D1: -i-
f —> EIA(Dl) x f
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e The co-dereliction dp, is given by

e !Dyon, Al = D, | Al
Py = (¢ f = (Y(Ia(D1)f)))

Remark 5.8. From an informal point of view, our interpretation of the (co)-dereliction respects the
intuitions of DiLL. For the differentiation at 0 (this is why this remark is informal, since Dy is not
a LPDO), the dereliction is interpreted by the identity since 0y is a fundamental solution for Dg (if
this notion was defined on non-linear operators), which is the dereliction in DiLL. The co-dereliction
in DiLL applies the operator D, which is also its interpretation here for Dy.

Since we hope that one may define a categorical semantics, it is interesting to look at some important
categorical properties. First, it is natural to require that !p is functorial. For a LPDO D € Dy, we
have defined the map !p (resp. 7p) on MALL formulae, which is their interpretation on our concrete
semantics. This map'? can be extend as :

e A = [(Ta(D))(C>(|A[,R)))
YTl A= B = (¢ (g d(gol)))

where £ : A — B is a linear map.
Theorem 4. The map !p is well defined, and it is a functor.

The proof is given in Appendix C.2. The concrete semantics that we described here fits well with
our cut-elimination procedure. We give more precisions in Appendix C.3.

6 Conclusion

On the whole, we extended D-DiLL to a new logic : IDILL. In order to define this new logic, we first
focused ourselves on a generalization of linear partial differential operators with constant coefficients.
While these operators are usually defined on spaces of functions of finite-dimensional domain, we
defined these on more general functions, in order to compose operators. We also raised that these
operators endowed with composition fulfill nice algebraic properties.

From this, we then define an indexed differential linear logic, its cut-elimination procedure, and a
concrete semantics. We proved that these two characterizations operate well together.

Even if these results are encouraging, a lot of others directions should be studied. First, since IDiLL
is an indexed logic, it may be possible to use ideas from logics as BsLL or ILL to construct a categorical
semantics of IDIiLL, which is a very important characterization. Next, it may be interesting to add a
promotion rule in IDiLL, which would allow us to higher order.

On a mid-term perspective, a relevant extension would be to consider not only LPDO with constant
coefficients but LPDO in general, or even non-linear partial differential operators. Since the study of
differential equations is deeply linked with physics and a lot of physical phenomena are non-linear, this
extension may give new connexions between different fields.
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MwWe only define it for !p since the ideas for 7p are dual.



An indexed differential linear logic 20

Despite the particular conditions that one can find during an internship in the middle of a global
pandemic, I had a great time at LIPN, whether it was talking about computer science, the world of
research, the weather or the sheeps of Villetaneuse. Thanks to all those who contributed to these nice

moments.
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A Algebraic properties of LPDO

A.1. The case of LPDO over functions of domain R". In this subsection, we prove the main
algebraic results on LPDO defined on C*°(R", R).

Proposition A.1. Let n be an integer. The tuple (Dgn,o,id) is a commutative monoid.

Proof. The only difficulty is to prove the commutativity of o. First, for i,j < n, Schwarz’s theorem
gives that for f smooth we have
0? 0?
8$iaxjf:: 8xjaxi

which can easily be generalized : for o, § € N,

f

0P f =050°f. (A1)

Moreover, partial derivatives are linear (by linearity of the limit), which can also be generalized to 0.
Hence, for D1 =) k1,,0% and Dy =) k2 0% such that Dy, Dy € Drn we get that for each
f smooth,

aeN” aeN”

Dy o Dy(f) = Di( ) ko pd°f)

BeNn

=) k1a0%( ) ko pd”f)

aeNn BeENn

= Z Z kLak’g,g@aaﬂf (linearity of 0%)

a€eN? BeNn
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= Z Z ki oko 50° 0% f (by equation A.1)
a€eN? BeNn
= Z Z kzwgk‘l,a@ﬁ@af (sums with finite support)
BENM aeNn
= D2 e} Dl(f)
This calculus implies that Dy o Dy = Dy o Dy. ]

Proposition A.2. For each integer n, the ring Dgrn (where the multiplication of the ring is the com-
position of operators) is multiplicative splitting.

Proof. Let Dy o Dy = Ds o Dy be in Dgn.
- If Dy =0, then D3 =0 or Dy = 0 because the ring has an integral domain.
- If Dy = 0 then let
Dyq= D3 Dyp=0 Dy o =id Doy = Do

which gives the wanted result.

- If D3 =0, we can reason symmetrically.
- We can also reason symmetrically if Dy = 0.

- If D1 and D> are non-zero, D3 and D, are also non-zero. Then by factoriality of the ring Dgn
(Corollary 4.4) we have the following decomposition for 1 <i <4 :

D; = uiQu_110+ 0 Qn,

with ng = 0, u; units and @); irreducible. The equality D1 o Dy = D3 o Dy gives

uiug@Qro---o Qn1+n2 = U3U4Qn1+n2+1 ©:--0 Qn3+n4

but ujug and uguy are units, so using the factoriality again, there is a bijection o : {1,...,n1 +
na} — {n1+n2+1,...,n3+n4} where Q; and Q, ;) are associates. Then, for each i there is v,
such that v;Q; = Qu(;)-

Now we can define A3 = o~ '({n1 +n2+1,...,n3}) and Ay = o~ ({ng+1,...,n4}). Then, with

Alg=A3N{l,...,n1} =p1,...,Pm, and Dy 4 = ugvp, Qp, 0 -0 vplepml

Ay =An{l,....m}=q, .. .gmyand Dy =2-LQ  0---0 ﬁmeg

U3 Vqq

Ag’a = A3nN {7’L1 +1,... ,77,2} =T1,...,Tmg and D27a = UT'ler O OUTmSQTmS

1 1
Ayp=AsnN{ni+1,...,n2} =51,...,8m, and Dy = U2~ Qs, 00 T Qsm4
my

we have a decomposition implying that the ring Drn is multiplicative splitting.
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A.2. The case of LPDO over functions of domain R“). Thanks to the definition of LPDO on
R®), we are able to generalize LPDO over R", but first some properties are important to ensure that
our definition is correct.

Proposition A.3. The definition of LPDO on R“) (Definition 4.9) leads to

Dpw) = Z ko 0% , where the number of non-zero ky, is finite
a€NW)

Proof. Let D,y be in Dg(w). Then there is A finitary retraction of dimension n and D)4 = (Z aEN? kaﬁo‘) €
Dy such that D,y = Fa(D)y4)). Let us define kg for each 3 € N such that kg = ko when 3 = 14(a)
and kg = 0 if there is no a € N with 8 = 14(«). This is well defined because ¢4 is injective. This
definition leads to

Diy= Y ka0 = 3" kgd’+ > ko’ = Y k0’

acN” BeN®) BeN®) BeNw)
BELa(N™) BEra(N")

=0

which proves the first inclusion. Now let Dy = >~ cnw) ka0 (With a finite number of non-zero k)
and a1, ...,y be the indexes such that k,, is non-zero for each 1 <7 < m. We define n; by the last
non-zero index in «; and n = maxj<;<m ni. Let A = (R",14) where ¢4 is the canonical injection from
R™ to R@ Then for each 1 < i < m, denoting §; = ma(oy), we define kg, = ko, and kg = 0 for

B¢ {P1,...,0m}. Moreover, for each f3;, ta(8;) = «; since 74 is the canonical projection of A. Hence,
we have
m
D) = Zkaiaai - Z kﬁatA(B) + Z kﬁam(ﬁ) - Z /%,am(ﬁ) = Fu( Z kg@ﬁ)
i=1 BeEN™ BeEN™ BeENT BEN?
/ge{ﬁl77ﬁm} ﬂ%{ﬁ1775m}
=0
which gives the second inclusion. u

Proposition A.4. For each finitary retraction A, Dy € Da and f € C>®(RW),R), we have Fa(Da)(f) €
C®(R®), R), and Fa(D,4)) is linear and continuous.

Proof. Let A be a finitary retraction, D4 be in Dy, f and g be in COO(R(“’), R) and ¢ be a real number.

First, by definition,
Digj= Y kad®
aeNn
where n is the dimension of |A|. Then,

FADa)(f) = D ka0

aeN"

and we proved that §*A(*)(f) is smooth, which leads to the fact that Fa(Da)(f) € C®(R® R).
Moreover, we have

Fa(DpaD(tf +9) = Y ka0 (tf +g)

aeN"

Bfor x = (z1,...,2n) €ER", va(z) = (21,...,2n,0,...) € R which is linear
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= Z ko ( t A (f) 4+ gral®) (g)) (by linearity of the limit)

aeN"

_ (t > ka<am<a><f>>) + (Z ka<am<a><g>>>
aeNn S

(since the support of the sum is finite)
= U(Fa(Dya)(f)) + Fa(Dy4)(9)
which implies the linearity. The continuity comes from the fact that a partial derivative is smooth. =
Proposition A.5. For each finitary retraction A and each LPDO D)y € Da,
TA(Fa(Dya)) = D)4

Proof. Let A be a finitary retraction and D)4 € D4. Then,

Diaj= 3 kad"

aeN"

Fa(Dya)) = Z ko0t Al

aeN”

and

Since ¢4 is injective, we can define for each 8 € N such that if 3 = ta(e), kg = kq and if there is no
a € N such that 8 = 1a(«), kg = 0. Hence,

Fa(Dpa) = D kad*® = Y kgd®+ D kg’ = Y ko’

acN” BeN®) BeN) BeNw)
BeLa(N") BeLa(N™)
=0
This equality leads to
IA(Fa(Dpa)) = > kg™ = N~ ko™ @ N~ kgo™)
BEN®) BEN) BEN®)
BeELa(N™) Beéea(N")

=0
- Z k074 a(8) — Z ko = D)y

aeN” aeN”

since 14 : (N" — ((N")) is bijective and 74 0 14 = id|4| (equation 4.1). (]

Algebraic properties of Dp(.). 'To prove that algebraic properties for LPDO on R" still valid for LPDO
on R let us prove two technical lemmas.

Lemma A.6. For each tuple of LPDO (Ds,...,Dy,) where each D; is in Dy, there is a finitary
retraction A and LPDO Dy 1 ..., Dja|m € Da such that for each 1 <i <m, D; = Fa(D)4);)-

Proof. Let (Dy,...,Dy,) be such a tuple. For each 1 <i <m,
pi
X bt = S
aeNW) =0

by Proposition 4.10, since the number of non-zero k;  in the first decomposition is finite. By definition
of N there is an integer n; such that for each 0 < [ < p;, a;; = (a1,...,an,;,0,...). We define
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n = maxj<i<m N, and the finitary retraction A = (R",14) where ¢4 is the canonical injection for
R™. Then, for each 1 < i < m and each § € N" we define k; 3 by k; o with a = 14(3). Moreover,
if 1a(B) = a;; we denote f = B;;. This notation is unique since ¢4 is injective, and by definition of
n and by the fact that ¢4 is the canonical injection of R", for each «;; there is 3 € N" such that
ta(B) = aig = ta(fiy) : the function oy + B;; is bijective. Then, defining

Dy = Z ki 50",

BeEN™

we have

Fa(Diap) = Fa | D kigd® | = ) ki) = Zk,m g+4(0i) Z’% 0 051 =
BeN” BeN”
because the bijectivity mentioned before implied that for a 8 which is not equal to a 3;;, kg =0. =
Lemma A.7. Let A be a finitary retraction and D, 4|1, D|a)2 € Da. We have

FA(Djaj1 0 Djaj2) = Fa(Dyaj1) o Fa(D)a)2)-

Proof. Let A be a finitary retraction, D41 and D)2 be two LPDO in D4 such that

D|A|71 = Z kLaaa D‘A|2 Z kQ 585

aeENn ﬁeNn

Using these decompositions, we have :

Fa(Diaj10Dja2) = Fa (Z kl,aaa> o Z kg 50°

aeNn BEN?
= F, > kakspo*d” (by linearity of 8)
aeN", BeNn

= Fy > kiakso*t?
aeN" BeNn

=Fa Z Z kiakopg | O7 (rewriting the sum index)
vyEN™ \ aeN?, BeEN?, a+B=v

_ Z Z k1 ako s A0

veN? \ aeN", BeN", a+p=y

- (Z kl,aamw) o [ 3 Fapra®

aeNn BeEN™
(using the linearity of 14 we reverse the previous calculus on the whole sum)

= Fa(Da)1) © Fa(Dy4),2)-
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Thanks to these lemmas, we can now proved the wanted algebraic properties.

Proposition A.8. The tuple Dy() = (Dy),©, idpR(w)) 1$ a commutative monoid.

Proof. As for Proposition 4.1, the difficulty is to prove the commutativity of the composition. Let
D1, Dy € D). By Lemma A.6, there is a finitary retraction A and D41, D)4 2 € Da such that

Dy = Fa(Dya)1) Dy = Fa(D)4),2)-

Hence, we have

Dy o Dy = Fa(Dyg)1) 0 Fa(D)4)2)
= Fa(Dya),1 0 Dja)2) (Lemma A.7)
= Fa(Dja)2° Djaj1) (Proposition 4.1)
= Fa(D)a)2) © Fa(D)a),1) (Lemma A.7)
=Dyo Dy
50 Dp(w) is a commutative monoid. L]

Proposition A.9. The ring Dgw) = (Dgw),+, 0,0, id'DR(w)) 1s multiplicative splitting.

Proof. Let Dy o Dy = D3 o Dy be in Dpw). By Lemma A.6, let A be a finitary retraction and
D|A|71,D|A"2,D‘A|,3,D|A|74 be in Dy such that for each 1 < i < 4, FA(D\AM) = D;. Then, from
Proposition 4.6, there are D|A\,(1,a)7 D‘Alv(lvb)’ D|A\,(2,a)7 D\A|,(27b) S DA such that

Dyaj1 = Dyaj,(1,a) © Dyaj,(1,b) Dyaj2 = D)aj,2,0) © Dyag2.0)

Daj3 = Diaj,0) © Dyaj(2,0) Diaja = Diajap) © Dya2p)-
These decompositions lead to
Dy = Fa(Dya)1)
= Fa(D)a|,(1,0) © Dyaj,(1,5))

= Fa(D)a),(1,0) © Fa(D)aj, 1)) (Lemma A.7)
and similar calculi give
Dy = Fa(Dya),(1,a)) © Fa(D)a),(1,0)) Dy = Fa(D)4),2,a)) © Fa(D)4),2,0))
D3 = Fa(Dya),(1,0)) © Fa(D)a|2,0)) Dy = Fa(Dyaap) © Fa(Dyaj,2,))-
These equalities show that Dy is multiplicative splitting. [

B A topology for smooth functions and distributions defined on R®)

Let us recall from Definition 2.1 that a topological vector space (TVS) is a vector space endowed
with a topology such that addition and scalar multiplication are continuous w.r.t. this topology.

Definition B.1. Let (E,.7) be a TVS, z € E and .4 a set of neighborhoods of = (a neighborhood of
x is a subset of E which includes an open set containing x). .4 is a basis of neighborhood of x if for
each neighborhood N of x, there is N’ € 4" such that N C N. The TVS (E, .7) is metrizable if there
is a metric d on F such that for each x € E, the set of open balls B,(z) = {y € E | d(z,y) < r} for
each r > 0 forms a basis of neighborhood of & w.r.t. the topology 7.
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Here we consider a particular TVS defined by :
R®@ = {(z,)neny € R¥ | 3i € N,Vj > i,2; = 0}16.

This set has a structure of vector space (as a vector subspace of R¥). Then, we only need to define a
linear topology on R(®),

For each n € N, we define an injection ¢, : R® — R®) by ¢, : (x1,...,2,) — (1,...,2,,0,...)
where the number of 0 before « is n. These injections are linear, and using a proposition from Jarchow
[Jar81, 4.1.1] and the fact that R is a TVS, there is a finest linear topology .77 on R®) such that ¢,
is continuous for each n € N, implying that R“) is a TVS (with the topology 7).

From this, we can define the space of smooth functions on R“). Using the usual topology on R
(defined as the topology induced by the usual metric on R), we first define the differential df of a
function f: R® — R as

R@ R
df(x): y H%il% f($+tyt)—f(m)

when the limit exists. A function f : R©“) — R is differentiable when df(x) is defined for each z € R®)
and its differential is the function = — df(z).

Definition B.2. A function f : R@) — R is smooth if it is differentiable, and if its differential is
smooth. The space of smooth functions from R(“) to R is denoted by C>°(R“) R).

From this set of smooth functions, one can easily define a vector space, but in order to define a
linear topology on this vector space, we need to introduce some notions and properties.

Definition B.3. A seminorm'® p on a vector space E is a function p : E — R, such that :
e for each z,y € E, p(x + y) < p(z) + p(y) (triangle inequality) ;
e for cach z € F and A € R, p(Az) = |A|p(z).

From this definition, and following ideas from metric spaces, a family on seminorms p = (p;);er on
a vector space F induces a topology 7 ((p;)icr). First, for z € E, i € I and r > 0, we define

By(z)={y € E | pi(z —y) <r}
and the topology induced by p is the one generated by the set
{Bi(z) |z € E,icI,r>0}.

This notion of seminorm gives a very convenient way to characterize metrizable spaces, with the
following proposition from [Jar81, 2.8.1]

Proposition B.4. A locally convex and Hausdorff'? TVS E is metrizable if and only if its topology is
induced by a countable family of seminorms on E.

Remark B.5. In |Jar81|, this theorem states the equivalence (under the previous hypotheses) between
being metrizable and having a countable basis of 0. Our proposition is correct since having a countable
basis of 0 and being generated by a countable family of seminorms is also equivalent.

16R is defined as the set of sequences of R, often written RY

" This topology is called the inductive linear topology since it is defined from injections. An other way to see this
construction is to consider that we are defining the direct sum of the R" as a vector space and as a topological space.

18The difference with a norm is that a non-zero vector can have a null seminorm

9A TVS is said to be locally convex when 0 has a neighborhood basis of convex sets. It is Hausdorff when each for
each distinct vectors  and y there are neighborhoods of each, disjoint from each other.
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Now, in order to use this proposition to give a topological structure to COO(]R(“’), R), let us define a
family of seminorms. Let n and N be two integers, and p, n is defined on C®(R™),R) as

pan(f) =  sup  (|fP(x))?

[lz||[<N,k<n

which is obviously a countable family of seminorms since the absolute value is a norm. The topology
on C®(R®, R) is defined as .7 ((pn,N)n.nenz), the one induces by this family of seminorms. This is
also the usual topology on spaces of smooth functions when R“) is endowed with the the final topology
with respect to the injections of finite dimensional spaces (see [Jar81]).

Definition B.6. A TVS is said to be reflexive when it is linearly homeomorphic to its double dual.

By Proposition B.4, C*°(R®) R) is metrizable and it is complete. This ensures its reflexivity
[Jar81, 11.4] and the fact that it interprets formulas of classical LL. Moreover, its dual is the space of
distributions over R().

C Syntax and semantics for IDiLL

C.1. The cut-elimination theorem. Let us prove here a technical lemma which is important is the
proof of the convergence of our cut-elimination procedure.

Lemma C.1. For each derivation tree 11, if we apply the rewriting ~4 and the rewriting ~- 3 to 11, this
procedure terminates such that [1~~gll~ 5115, and there is no dereliction and no co-dereliction in

Proof. Let 11 be a proof-tree. Each rule has a height (using the usual definition for nodes in a tree). We
define the antiheight of a node as the height of the tree minus the height of this node. The procedure
~~4 terminates on 11 : let ¢p,..., ¢, be the contraction rules in II, ordered by their height (c; has the
smallest height). For each ¢;, let d(11,¢;) be the number of dereliction rules applied after ¢;, d(I1) be
the number of derelictions in [l and a(I]) is the sum of the antiheights of each dereliction rule in
Now, let

H(11) = (d(11,¢1),...,d(11,¢p),d(11),a(11)) € N2

For each 11,~q;11;, (for 1 <14 < 4), we have H(Il,) <o H(!];) where <j¢, is the lexicographic order
on N*t2 .

1. If I1,~q1!1;, the antiheight of the dereliction rule implied on the rewriting decreases. For the
other derelictions, the antiheight does not change. Moreover, the number of derelictions does
not change and the number of derelictions after a specific contraction does not change (because
there is not any contraction implied in the rewriting). Hence, H(I1,) <jer H(I1}).

2. If I1,~ 42!}, let ¢; be the contraction implied in the rewriting. Using the fact that for each j < 1,
the height of ¢; is smaller than the height of ¢; in II, this rewriting does not change the number
of derelictions after c¢;. But the number of derelictions after ¢; decreases with the rewriting which
implies that H(11,) <je, H(11}).

3. If 11,~43ll;,, the number of derelictions under a contraction can not increase, and the total
number of derelictions decreases, so H(11,) <jer H(I1}).

4. I 11,~q4ll;, the number of dereliction decreases and the other quantities do not change. Hence,

H( )<lexH( )

20\where the norm of z is the 1-norm, which exists by definition of R®)
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Using this property and the fact that <., is a well-founded order on N"*2 this rewriting procedure
has to terminates on a tree I1,;,. Moreover, if there is a dereliction in 11, this dereliction is below an
other rule, so ~4; for 1 < i < 4 can be applied which leads to a contradiction with the definition of
. Then, there is no dereliction in
Using similar arguments, the rewriting procedure ~-; on ends on a tree where there is no
co-dereliction (and no dereliction because the procedure ~»7) does not introduce derelictions). n

C.2. The functoriality of the exponentials.

Theorem 5. The map !p is well defined, and it is a functor.

Proof. Let us show first that it is well defined : let D be an LPDO in Dy and g be in [(Ig(D))(C*(|B|,R))].
Then there is h € C*°(|B|,R) such that g = Ig(D)(h) so for £ : A — B,

gol=(sD)W)ol = Iy(D)(E],p * Us(D)(h)o0)).

Proposition 2.11

€ C=(JALR)

Let us now show the functoriality of !p. Let A, B and C be finitary retractions and ¢/ : A — B and
£ : B — C be linear maps. First, for the identity, for each distribution ¢ and each smooth function f,

Ip(ida)(9)(f) = o(f oida) = ¢(f)
which implies that !p(ida)(¢) = ¢ so !p(ida) = idy,,(4). For the composition, for each ¢ and f,

Ip(€) o Ip(€)(@)(f) =p(O)(g = d(g o )(f) = (g dlgolol)(f) = ¢(folol)=Ip(lol)(d)(f)
'n(

)
which implies that !p(¢o ') =1p(¢) o !p(¢'). Hence, !p is a well defined functor. ]

C.3. The semantical behaviour of our indexed differential linear logic through cut-elim-
ination. We have defined two important features of our logic : a cut-elimination procedure and a
concrete semantics. We proved that these features are well defined by Theorem 3 and Theorem 4.
However, it is important to check if these two features work well together.

A way to understand that is through the fact that the cut-elimination transform proofs. On the
other hand, the model interprets proofs mathematically. Then, it is important that the interpretation
of a proof-tree is the same before and after its cut-elimination. To verify this, we will study the
semantical interpretation after each possible rewriting step. We annotate the different rewriting cases
in Figure 8 (for the (co)-derelictions elimination) and Figure 9 (for the cut cases). In these figures,
the interpretation of a proof by the semantics from Definition 5.7 is written in green. To lighten the
text, we forget to mention the map I4 or the fact that we consider a particular fundamental solution,
E}.

Let us prove that each of these cases does not change the interpretation of the proof. In the
following calculi we will use a lot Propositions 2.11 and 2.12, so we will not precise on each particular
step they are used. First, we need a lemma for the case of a cut of a contraction and a co-weakening.

Lemma C.2. Defining for each f smooth the smooth map ]?: x — —f(x), let Dy be a LPDO. We
have :

(@) Di(f) = Di(f) (b) Di=Dy
Proof. Let f be a smooth map and Dy be a LPDO with D; =) a € N"k,0.

) ) . 0 /=
(a) By linearity of 0, since % (f) = —f,

=" kad*(f) Z 1)%kad*(f) = D1(f).

aeN" eNn
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FI,f:?p,A,g:7p,A c
D1,D2 ~d,2
=T, (Dl © DQ)((ED1 * f) (ED2 *g)) D10D2 D3OD4A d
ET, Ep, * (D10 D2)((Ep, * f).(Ep, * g)) : Tps A

Dy

LSt s Ty

FL,Ep,, + 7D, A9 7D, A

FT, EDU) x ?DMA, EDM * g ?DMA

T, (D10 D24)((Epy, * (Ep,, * f)).(Ep,, * (ED,, *9))) : 7D, A
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dD2,b
ch,a,DQ,a

T w
T, Dyo Dafesty) : ?pion, 4 1?11 T -T,D (FtF) oA
FT, Ep, * (D1 0 Da(csty)) : 7o, A P2 PO
FT,6:1p, A F AW D, _
€D1,D; ~d2
H F,A,f = ((Qb o Dl) * (7/) © D2))(ED10D2 * f) D10D2 D30D4A d ’
FT,A, f e (6o D1) * (0 D2))(Epyop, * (Da(f))) : I, A 78
FLo:p A FAY D p
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F EDloDz : !D1OD2A d
- f > Ep, % Ep,(D2(f)) : Ip, A 72

le oDs WJ,B '—

_ W
FEp, i lp A

FIGURE 8: Semantics of dereliction elimination for IDiLL

(b) Using the fact that 2|a| is always even, we have

E:Z( 2ak8a Zkaa

aeN” aeNn

We can then study each case of Figures 8 and 9.

e For the commutation of a dereliction after a contraction :

Ep, * (D1oDs)((Ep, * f).(Ep, *g))

= Ep, * (D30 Dy)((Ep, * f).(Ep, *g))

= D3((Ep, * f)-(Ep, * 9))

= (D1,a 0 D2,o)((ED, , * (ED,, * f))-(ED,,, * (ED,, * 9)))-




Syntax and semantics for IDILL

T F -
w — Wp
FT, D(csty) : TpA P Ep :1pAt ; eut FT
FT,Ep(D(csty)) : R u
FIT,f:7p, A qg:7p, A _
7f D14, 9 Do ¢Dy.Dy - - WD, oD,
I_F, (Dlol)g)((E‘Dl *f)(EDz >)<(])) : ?DlngA l_EDlODQ . !DlngA cut
) ED1OD2((D1 © D2)((ED1 * f)(EDz * Q)>) : ?pyopy 1 R
C .9 ? ;'U_)D2
~ ot FI,f:?p,A,g:7p, A FEp,:!p,A cut - B
= F?f : ?D1A7 EDQ(.(J) 'R H ED1 : 'DlA cutl
H FaEDI(f) : Rv EDQ((}) 'R
FT,0:!1p A FAY: DA =
7§/) Di — 71/} Do CDl,DQ — F - T WPi0Dy ~ oyt
F,A,C((/),’l/)) : -DlngA H .:,Dl o DQ(CStl) . -D1OD2A cut
FTUAE, ((poDy) x (o Dsy))(esty) : R
= wp,

FT,¢:!p,A  FZE Di(cst1): 7p, At
FI,E, ¢(Di(est1)) : R
wp,
FT,E, Do(csty) : 7p, At FA:Ip,A
FT,E, A, ¢(Di(cest1)) : Ryp(Da(esty)) : R

cut

cut

FIGURE 9: Semantics of cut elimination for IDiLL: (co-)weakening cases

For the commutation of a dereliction after a weakening :

Ep, * (D1 o Dy(cst1)) = Ep, * (D2 o Dy(cst1)) = Ep, * (Da(D1(cst1))) = Di(csty).

For the commutation of a co-dereliction after a co-contraction :

[ ((¢oD1)x (1o D2))(Epyop, * (Da(f)))
= f = ((¢oD1)* (¢ oD2))(Epy x Ep, * (Da(f)))
=fr= ((¢poDipoDia)*(¢oDapoD24))(ED, 0D, * f)-

For the commutation of a co-dereliction after a co-weakening :
[+ Ep, * Ep,(Ds(f)) = f = Ep,(f) = Eb,.
For the cut between a weakening and a (co)-weakening :
Ep(D(est1)) = do(esty) = est1(0) =1

which gives that this case does not change the interpretation since 1 is the neutral interpretation
(the interpretation of the empty proof).
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e For a cut between a contraction and a co-weakening, since f € D1(CYg) and g € Da2(CT%), there
are F, G € C*(A,R) such that f = Dy(F) and g = D3(G). Hence,

Ep,op,((D10 D2)((Ep, * f)-(Ep, * g)))

e For a cut between a co-contraction and a weakening :

((p 0 D1) * (¢ 0 D2))(cst1) = (¢ o Di)(y — (Yo D2)(2 — 1))
— (60 D1){y = (G(Dalest1))))
= (¢ 0 D1)(csty(Dy(estr)))
= (¢ o D1)(¢p(D3y(csty)).csty)
= (Da(cstr)).0(D1(csty)) (by linearity)

Hence, the cut-elimination procedure does not change the interpretation of a proof in each case de-
scribed in Figures 8 and 9.

Remark C.3. The link between semantics and cut-elimination that we highlighted here is not formal.
This is not a theorem, but it helps to know if our definitions are correct. We see that it is not formal
for example with the fundamental solutions. The equality Ep,.p, = Ep, * Ep, is not rigorous, it
only represents that Ep, * Ep, is a fundamental solution of D; o Dy. Moreover, we do not deal with
some cases : the cases where the axiom rule is used. This rule is complicated to be interpreted in our
formalism (one-sided sequent calculus) and it complicates the calculi.
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