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Categorical models of linear logic revisited

Paul-André Mellies

CNRS, Université Paris 7

Abstract

In this survey, we review the existing categorical axiomatizations of linear logic, with
a special emphasis on Seely and Lafont presentations. In a first part, we explain why
Benton, Bierman, de Paiva and Hyland had to replace Seely categories by a more
complicated axiomatization, and how a while later, Benton managed to simplify
this axiomatization. In a second part, we show how Lafont axiomatization may be
relaxed, in order to admit exponential interpretations different from the free one.
Finally, we illustrate with a few examples what categorical models can teach us
about linear logic and its models.

1 Introduction
Seely’s axiomatization and related categorical models

A year after Girard published his seminal work on linear logic [17] two al-
ternative definitions of categorical model of intuitionistic linear logic (noted
ILL) were already formulated. The first axiomatization by Lafont [24] was
simple and elegant, based on a free construction of the exponentials. Un-
fortunately, the axiomatization did not encompass key models, in particular
Girard’s original coherence space model [17], see section 7.1 for details. The
second axiomatization by Seely [29] was a bit more complicated, but captured
(and still captures) all existing models of intuitionistic linear logic. For that
reason, most authors chose to promote this latter definition [6,25,1,3].

In Seely’s axiomatization, linear logic is explicitly reduced to a decomposi-
tion of intuitionistic logic. To quote Seely in [29]: “what is really wanted [of
a model of intuitionistic linear logic| is that the kleisli category associated to
[the comonad] (!, 6, €) be cartesian closed, so the question is: what is the min-
imal condition on (!, d,¢€) that guarantees this — ie. can we axiomatize this
condition satisfactorily?”
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A few years later, four authors: Benton, Bierman, de Paiva and Hyland [8,20]
reconsidered Seely’s axioms from the point of view of linear logic and its cut-
elimination procedure, instead of intuitionistic logic. Surprisingly, they discov-
ered that something was missing in Seely’s picture. More precisely, Bierman
points out in [12,13] that Seely’s axiomatics is not sound for ILL. This means
that two proofs m and 7’ equivalent by cut-elimination in ILL may be inter-
preted as different morphisms [r] and [7'] in a Seely category — that is, in a
category verifying Seely’s axioms. In other words, the interpretation of proofs
in a Seely category is not necessarily invariant under cut-elimination. The rea-
son is that key commutative diagrams are missing from the axiomatization,
crucially the diagram (1) which interprets the duplication of an exponential
box lgod, :!A —!B inside a proof-net hodgolgodso f: T' —!IC.

| ) oa 1A 9 B
ds ldB (1)
LAQIA —249%4_ 11 A A—92Y | BoIB—" C

At this point, it is worth recalling Seely’s definition, as Bierman formulates it

in [12,13]:

Definition 1 (Seely) A Seely category C consists of

(1) a symmetric monoidal closed category with finite products (C,®,1,&, T)
together with a comonad (!,9,¢€),

(2) for each object A of C, a comonoid (A, d4,es) with respect to the tensor
product,

(3) two natural isomorphisms n !AQ!B 2I(A&B) and p : 1 =IT,

(4) the functor! takes the comonoid structure of the cartesian product to the
comonoid structure of the tensor product.

Let U - F denote the canonical adjunction between the category € and the

kleisli category € associated to the comonad (!, 4, €).

G! L C (2>

As indicated earlier, the main purpose of Seely’s definition is to ensure that the
kleisli category C, is cartesian closed. As a cartesian category, the category €
is also symmetric monoidal. Consequently, the adjunction U - F' relates two
symmetric monoidal categories. Bierman shows that a Seely category is sound
when the canonical adjunction U = F' is symmetric monoidal, see Section 2
for a definition. This motivates the following definition.

Definition 2 (Bierman) A new-Seely category is a Seely category in
which the canonical adjunction (2) is symmetric monoidal.

Soundness of new-Seely categories is proved by relating them to linear cate-
gories, another axiomatization of intuitionistic linear logic introduced by Ben-
ton, Bierman, de Paiva and Hyland in [8], see also [13,20].



Definition 3 (Benton,Bierman,de Paiva,Hyland) A linear category C
consists of
(1) a symmetric monoidal closed category (C, ®, 1) together with:
(2) a symmetric monoidal comonad (!,0,€,ma g, my), such that
a. for every free I-coalgebra (1A,04) there are two distinguished monoidal
natural transformations with components ey 'A — 1 and d, 'A —
TA®R!A which form a commutative comonoid and are coalgebra mor-
phisms,
b. whenever f: (1A,04) — (!B, 0p) is a coalgebra morphism between free
coalgebras, then it is also a comonoid morphism.
Soundness of linear categories is proved in [8,12]. This is the cornerstone of the
theory. Soundness of other axiomatizations is generally deduced by reducing
them to linear categories.
Lemma 4 (Benton,Bierman,de Paiva,Hyland) Every linear category is
a sound model of ILL.
For instance, one shows that diagram (1) commutes in every linear category,
by introducing the morphism d4 :!A —!!A in the diagram, and using the fact
that the two morphisms 64 :!A —!!A and !g :'A —!B are comonoidal, as

coalgebra morphisms between free coalgebras (point 2b. of definition 3).
Lg% 4——2—— 1B
|

dy a4 dg

!A®!AM!!A%>!!A 999\ BBt 8.

r

Soundness of new-Seely categories follows from their characterization as linear
categories with finite products.

Lemma 5 (Bierman) FEvery new-Seely category is a linear category, and ev-
ery linear category with finite products is a new-Seely category.

Linear, and new-Seely categories are sophisticated but defensive axiomatiza-
tions of linear logic. They protect us from unsound models, but their formu-
lation is complex and can be hard to establish in practice. Quite fortunately,
inspired by discussions with Hyland and Plotkin, Benton was able to extract
the essence of new-Seely and linear categories, with a simple definition, see [9)].
Here, we follow Barber and Plotkin [4,5] and do not mention the cartesian
closedness condition found in Benton’s original paper.

Definition 6 (Benton) A linear-non-linear (LNL) adjunction consists
of:

(1) a symmetric monoidal closed category (C, ®,1),

(2) a category (M, x, e) with finite products,

(8) an adjunction U - F between functors U : M — € and F : € — M:

M+ e
F



(4) isomorphisms map : U(A x B) — U(A) @ U(B) and m, : 1 —
U(e) making (U,ma g, me) a strong symmetric monoidal functor from
(M, x,€e) to (C,®,1).

One proves soundness of linear-non-linear adjunctions by reducing them to

linear categories.

Lemma 7 (Benton) FEwvery linear-non-linear adjunction induces a linear cat-

egory.

The definition of linear-non-linear adjunction articulates a wonderfully simple

axiomatics of linear logic, which deserves to be better known. This is one

reason for writing this survey. Another reason is our recent discovery of Kelly
characterization theorem (recalled in section 3.2). The theorem states that an
adjunction U - F between (symmetric) monoidal categories is (symmetric)

monoidal iff the left adjoint functor U is strongly monoidal. This shows that a

linear-non-linear adjunction is alternatively defined as a monoidal adjunction

between a cartesian category M, and a symmetric monoidal closed category C.

This elementary observation clarifies the status of new-Seely and linear cate-

gories, with respect to linear-non-linear adjunctions. Indeed, given a symmetric

monoidal closed category € and a comonad (!,4d, €) over it, it appears that:

e the category C defines a new-Seely category precisely when the category €
is cartesian and the adjunction with the kleisli category of the comonad
(1,6, €) defines a linear-non-linear adjunction,

e the category € defines a linear category precisely when the adjunction be-
tween the category € and the category of Eilenberg-Moore coalgebras of the
comonad (!, d, €) defines a linear-non-linear adjunction.

Conversely, every linear-non-linear adjunction induces a monoidal adjunction

between the symmetric monoidal closed category C, and its kleisli category on

one hand, and its category of Eilenberg-Moore coalgebras on the other hand.

This comes as an instance of Street’s 2-categorical description of monads [30].

All this justifies to write that the notion of linear-non-linear adjunction cap-

tures the essence of new-Seely and linear categories.

Lafont’s axiomatization

To summarize, Seely’s early axiomatization, because it is unsound, induced a

series of later axiomatizations inspired by the theory of monoidal categories

(recalled briefly in section 2.)

(1) new-Seely categories [which correct Seely categories]

(2) linear categories [which are sound|

(3) linear-non-linear adjunctions [the essence of new-Seely and linear cate-
gories].

Unfortunately, these axiomatics are often difficult to check on particular mod-

els, especially when one deals with game-theoretic models. Defining a new-

Seely or a linear category requires to construct a comonad on the monoidal

category €. Defining a linear-non-linear category looks simpler, but it requires



to introduce the cartesian category M at the same time as the monoidal cat-
egory C. The two methods are often counter-intuitive in practice (and a risky
business: see section 7.4 for an illustration.).
For that reason, we will study another kind of axiomatics here, in which the
coherence diagrams of monoidality are replaced by a simple universality prin-
ciple making everything work technically: soundness, etc... This principle was
formulated for the first time by Lafont in his PhD thesis [24]. Instead of start-
ing from the comonad (!,d, €) like Seely does, Lafont starts from the category
Mon(C, ®, 1) of commutative comonoids over (€, ®, 1) and the forgetful func-
tor U : Mon(C, ®,1) — €. This approach is arguably closer to the original
spirit of linear logic, more concerned with structural rules and the difference
between linear and comonoidal formulas, than with monoidal functors and
adjunctions.
By construction, the category Mon(C, ®, 1) has finite products (given by the
®-product and unit 1) and the functor U is strictly monoidal. Thus, according
to definition 6 of a linear-non-linear adjunction, there only remains to ask that
U is a left adjoint. This leads to the following definition.
Definition 8 (Lafont) A Lafont category consists of
(1) a symmetric monoidal closed category with finite products (C,®,1,&, T),
(2) for each object A of C, the object |A is the free commutative comonoid
generated by A.
Point 2. means that the forgetful functor U : Mon(C, ®,1) — C has a right
adjoint F, and that ! = UF is the comonad of this adjunction.

U

/—\

Mon(C, ®,1) L e

~_

F

Bierman proves in his PhD thesis (oddly enough, the result does not appear
in the TLCA paper) that

Lemma 9 (Bierman) FEvery Lafont category is a linear category (with finite
products.)

Remark. Of course, lemma 9 is obvious when linear categories are reformulated
as linear-non-linear adjunctions. The point is that Bierman did not know this
reformulation at the time.

It follows from lemmas 4 and 9 that Lafont categories are sound models of
ILL. Unfortunately, Lafont axiomatics requires to interpret the exponential
modality as the free comonoidal construction. So, the axiomatization rejects
key models, in particular Girard’s original coherence space model [17], see
also [24,31,18], and section 7.2; as well as game models, in which several ex-
ponentials generally coexist, each of them expressing a particular memory
management or uniformity paradigm, see [14,20] and [28] for a discussion.



For that reason, it is worth relaxing the definition of Lafont categories, to
overcome these technical limitations — what we do in Section 5. Because the
resulting axiomatization is still a bit complicated, we carry on and deliver in
Section 6 a new axiomatization cross-breeding Lafont and Seely formulations.
The axioms we obtain (definition 27) are particularly simple to check on most
models of linear logic — and especially on game models.

Remark. Linear categories, linear-non-linear categories, and new-Lafont cate-
gories are models of ILL without products, presented in figure 1. as a sequent
calculus. On the other hand, new-Seely, Lafont and Seely-Lafont categories are
models of ILL with products, whose sequent calculus admits the additional
rules of figure 2.

In a model of ILL with products, the kleisli category associated to the comonad
is cartesian closed. In a model of ILL without product, one does not deduce
a cartesian closed category, but only a cartesian category (M, X, e) equipped
with an exponential ideal [2], formulated here as: (1) a category € and a functor
F:C— M, (2) a functor =: M x € — € (3) and a natural bijection:

M(A x B, F(C)) = M(A, F(B = C)) (3)

This is enough to interpret the simply-typed A-calculus (without products). In
a linear category, the base types are the objects of C; the functor = is defined
as A= B =U(A) — B; and a sequent Ay, ..., A, b M : B is interpreted as a
morphism f : F(A;) x ... x F(A,)) — F(B) in the category M. It is worth
noting that an exponential ideal may be obtained in M without requiring that
the category € is monoidal closed. This happens in models of continuations,
formulated using polarized linear logic [?]. The interested reader will look at
the conclusion of the article.

Remark. In their categorical axiomatization of linear logic, most authors limit
themselves to describing intuitionistic linear logic, instead of full linear logic.
This is only an apparent limitation, since duality at the monoidal level —
that is starting from a x-autonomous category C instead of just a symmetric
monoidal closed category — ensures that a linear category is a sound model
of full linear logic, see [12,13].

Synopsis. After the necessary preliminaries on monoidal categories in Sec-
tion 2, we reformulate linear categories as linear-non-linear categories in Sec-
tion 3. This leads to another formulation of new-Seely categories in Section 4.
Then, we relax Lafont categories in Section 5, and cross-breed the axiomatiza-
tion with Seely categories in Section 6. Finally, we illustrate the difference of
spirit between Seely and Lafont axiomatizations with coherence space models,
and discuss a deficient “exponential construction” on a relational model, in
Section 7.
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Fig. 1. Sequent calculus of intuitionistic linear logic (ILL)
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Fig. 2. Addendum to figure 1: ILL with products

2 Preliminaries on monoidal categories and monoidal functors

We recall briefly the standard definitions of symmetric monoidal closed cate-
gory, of symmetric (strong) monoidal functor, of monoidal natural transforma-
tion, of commutative comonoid, of comonoidal morphism. We refer the reader
to [26] for the definitions of comonad, coalgebra of a comonad, and coalgebraic
morphism between coalgebras.

A monoidal category is a category C equipped with a functor € x € — €, an
object 1 of €, and natural isomorphisms

QA7B70A®(B®C)—>(A®B)®C )\A1®A—>A pAA®1—>A



making the two diagrams below commute:

A® (B® (C® D)) o (A® B) ® (C ® D)

Asal Jo

A9 ((B®C)®D)—2>(A®(BC) @ D—2L (A2 B)®C)® D

A® (1® B) < (A®l)® B

A®>\l J{p@B

A® B A® B

and such that
>\1 =p1 : 1® 1—1

A symmetry for a monoidal category (€, ®, 1) is a natural isomorphism
Yap: A®B — B®A

verifying that vp 4 0 5 4 = idagp, and making the two diagrams below com-
mute:

A®(B®C)—222C . A3 (C® B)—4%2 . (AgC)® B
CVA,B,Cl l’m,c@B
(A B)@ C—222° . 0@ (A® B)—222 . (C® A)® B

YA 1

A®1 1®A
A

A closed structure on a (symmetric) monoidal category is given by a bifunctor
(— — —): C? x € — C together with an isomorphism

C(A® B,C) = €(B,A—C)

natural in A, B and C. A symmetric monoidal closed category is a monoidal
category equipped with a symmetry and a closed structure.

Suppose that (M, x,e) and (€, ®,1) are symmetric monoidal categories. A
symmetric monoidal functor is a functor U : M — € equipped with mediat-
ing natural transformations

map:U(A)®@U(B) — U(A x B) me: 1 — Ule)



making the diagrams commute:

UA (UBUC)—*—=(UA®UB)®UC

UA@mB'Cl lmA,B(XJUC
UA® U(B x C) U(Ax B)® UC
MA BxC lmAxB,C

U(A x (B x C))%U((AXB) x ()

Ae

UA®1 pe UA 1®UB UB

UA®mel TU(pM) me®UB TU(AM)

UA@Ue—2° >U(Axe) Ue®UB—=2 ~U(e x B)

UA® UB e UB®UA
MA,B mp,A
U(vam)

U(A x B) U(B x A)

A symmetric monoidal functor is strong when m, and every my4 p are isomor-
phisms. It is strict when they are identities.
A monoidal natural transformation

0:(U,mag,me) — (F,nap,n): (Mx,e) — (C,®,1)

between symmetric monoidal functors is a natural transformation between the
underlying functors 6 : U — F making the two diagrams below commute:

UA®UB—22 > U(A x B) 1— ™ e
9A®9Bl lGAxB H lee
FA® FB—*2 . F(A x B) l———=Fe

Lemma 10 Symmetric monoidal categories, symmetric monoidal functors and
monoidal natural transformations form a 2-category.

A comonoid in a symmetric monoidal category (€, ®, 1) is a triple (A, d4,ea)
consisting of an object A and two morphisms

da

A® A A—H 1

making the diagrams below commute:

A—HB o AgA—22 A (A® A)
da lC‘fA,A,A
A® A dawd (AR A)® A




| diq Joa

1@ A=—421 Ao A—2%4 . Ag1

A—9 AxA
H A
e _AQA

Suppose that (A,da,e4) and (B, dpg,ep) are two commutative comonoids. A
morphism f : A — B is comonoidal when the diagrams below commute:

1 iy 1
A ! B
dAl ldB
A® A fo] B® B

3 Reformulating linear categories as LINL categories (Benton)

The section is devoted to Benton’s reformulation as linear-non-linear cate-

gories [5] of Benton, Bierman, de Paiva and Hyland’s linear categories. We

establish that the two axiomations of linear logic are equivalent, in six steps:

(1) every linear category defines a linear-non-linear category (Section 3.1)

(2) we recall and establish in full details Kelly’s characterization of monoidal
adjunctions (Section 3.2)

(3) we show that strong monoidal functors preserve commutative comonoids
(Section 3.3)

(4) we introduce the commutative comonoid (UFA,dy,e,) induced by a
linear-non-linear category (Section 3.4)

(5) we show that every coalgebraic morphism between free coalgebras is a
comonoidal morphism (Section 3.5)

(6) we conclude from steps 2,3,4 and 5 that every linear-non-linear category
defines a linear category (Section 3.6.)

3.1 Linear-non-linear categories

We recall the definition of a linear-non-linear category.

Definition 11 (Benton) A linear-non-linear category consists of:
(1) a symmetric monoidal closed category (C, ®,1),

(2) a category (M, X, e) with finite products,

10



(3) an adjunction U 4 F between functors U : M — € and F : € — M:

U
/\
F

(4) isomorphisms map : U(A x B) — U(A) ® U(B) and m, : 1 —
U(e) making (U,ma g, me) a strong symmetric monoidal functor from
(M, x,¢e) to (C,®,1).

It is not difficult to see that

Lemma 12 FEwvery linear category defines a linear-non-linear category, where

(M, x, e) is the category of coalgebras of the comonad (1,9, €).

PROOF The category of coalgebras (M, x, e) is shown to have finite products

in [12], with tensor product of coalgebras as cartesian product

mA,B

(A%14) x (BIB) = (A® B"“1AgI1B ™21(A® B))

and the coalgebra m; : 1 —!1 as terminal object. Symmetric monoidality of
the “forgetful” functor

(U, idags, id)) : (M, x,e) — (€, ®, 1)

follows quite immediately. ]

The main task of Section 3 is to establish the converse property: that every
linear-non-linear category induces a linear category. The property is estab-
lished in Section 3.6 (theorem 22) after the series of preliminary lemmas of
sections 3.2 — 3.5. At this point only, linear categories and linear-non-linear
categories will appear as equivalent notions.

3.2 From adjunctions to monoidal adjunctions (Kelly)

First, we recall a nice characterization lemma® by Kelly [22,21]. We establish
Kelly’s lemma in full details, mainly for pedagogical reasons. The diagrams
we obtain should be compared with similar diagrams appearing in Bierman’s
PhD [12].

Lemma 13 (Kelly) Suppose that (M, x,e) and (C,®, 1) are monoidal cate-
gories, and that U 4 F is an adjunction between the categories M and C.

M C

\/

F

1 Kelly proves also a converse to lemma 13: an adjunction U - F is monoidal iff
U is strong. This shows that every new-Seely category defines a linear-non-linear
category with (M, x,e) = (Cy, &, T).

11



Suppose also that the functor (U, ma g, m.) is strongly monoidal from (M, X, e)
to (C,®,1). Then, the adjunction U - F' is monoidal.
PROOF By universality, the adjunction U - F' defines two morphisms in M

FAx FB—22 -~ F(A® B) e— = F1

making the diagrams commute in C

U(FAx FB)—2%42) _1p(A® B) Ue—2") 1
mF}L\,FBl lﬁA@B mell lq
UFAQ UFB—%%5 . A% B R

Naturality of ps p in A and B, that is commutation in M of the diagram, for
any morphisms f: A — A’ and g: B — B’ in C:

FAx FB—*2 - F(A® B)

FfXFgl J{F(f®g)

FA' x FB—22 L F(A @ B)

follows from equality of in C:
cap oUF(f®g)opap) = eapolU(papo(FfxFg))
established by the diagram:

UF(A® B)

y/ (n\

U(FAXFB) 1 UFA@UFBWA@B
Ma.B ‘
U(FfxFg) (2) UFf®UFg (3) f®g 4)

e l

U(FA' x FB')—22 L JF A @ UF B 452
()

EAI®BI

U(;nA/’B/
UF(A'® B')
(1, 17) by definition of p4 g and par p (2) by naturality of m
(3) by naturality of € ® € (4) by naturality of e

This proves that p; and p4 p define natural transformations
p1:e— F(1) pap: F(AxB)— FA® FB

Now, we verify in three diagrams that (F,p4 g, p1) is a monoidal functor.

12



The first commutative diagram

FAX (FBx FC) . (FAX FB) x FC
FAxpp.c pa,BXFC
FAx F(B®C(C) F(A® B) x FC

PFA,F(B®C) PF(A®B),FC
F(A® (B® () Fae F(A® B)® ()

follows from the commutative diagrams below:

U(FA x (FB x FC)) Yoo U((FA x FB) x FC)

| 1 |
U(FAx (FBx FO)—~UFAQU(FB x FC) —=UFA® (UFB® UFC)* (UFA® UFB) ® UFG~—U(FA x FB) © UFC=—U((FA x FB) x FC)

mFA FBxFC ®Mpp po | MpAFB mFAxFB FC |

(FA\>|V<pB c) (2) UFA@\)VUPBC (3) UFA®$B®EC) 5A®EBJ®UFC' U(pA,$><FC)
U(FAx F(B®C))+—UFAQUF(B A% P tEpAe (BoC) © (A®B)@UFC ) U(F(A® B) x C)
| " JF(B®C) T (5) | | |
U(pa,Bec) €A®EBgC €A®(BRC0) (A®B)®ec Upags,c
v @ €A®(B®C) v v €(A®B)®C v
UF(A® (B®C)) A (B C) (A2 B)&C UF((A® B) @ C)
| ® |
UF(A® (B®C)) Ulae UF(A® B)®C)

(1)  monoidality of U (2)  naturality of m™! (3,4)  definition of p

(5) bifunctoriality of ® (6) naturality of ae (7) symmetric to (2-6) (8) naturality of e



The second and third commutative diagrams in M

FAx e— FA ¢ x FB—2 FB
FAXpl TFp@ plXFBl TF}\@
FAx F1—" ~F(A®1) F1x FB—% ~F(1® B)

follow from the commutative diagram below (and its analogue for \) in C:

U(FAx e) o) UFA
I el
U(FAxe)—2>UFA® Ue "
U(FAxp1) 3) UFA!X)Upl (2) FAgm.?

m—l
U(FAx F1) "2 UFA® UF1UFAsaUFA®1-2—~UFA
Upana (6) EAl@El (5) 6A®1/(4)

UF(A®1)—22 - Ax1

UF(pe) (7) re
UFA = A
(1) monoidality of (U, ma g, m.) (5) bifonctoriality of ®
(2) definition of py (6) definition of p4 ;
(3) naturality of m ™! (7) naturality of €
(

4) naturality of pe

This proves that (F,pa p,p1) is a monoidal functor. There remains to prove
monoidality of the two natural transformations

e:UF — Ide n: Idy — FU

As composites of monoidal functors, the two functors UF : € — € and
FU : M — M are monoidal, with mediating natural transformations:

UFA®UFB—E4E2 _[J(FA x FB)—222 L UF(A® B)
1 —" e —2 ~UF1
FUA x FUB—24Y2  P(UA @ UB) —242
e—2 —p1—"" - FUe

FU(A x B)

14



Monoidality of € : Ide — UF translates as commutativity of the diagrams

UFAR UFB—4%E . A B |————1
U(FA x FB) Ue

UpA,Bl Upll

UF(A® B)—2%" A% B UFl———1

which follows from the definition of the natural transformations p4 g and p;.
Monoidality of  : Idy; — F'U translates as commutativity of the diagrams:

Ax B—X5 _ FUA x FUB p=———=t
lpUA,UB lpl
F(UA®UB) Fl (4)

lFme

lFmA’B
e T~ FUe

Ax B—*2~TFU(A x B)

Commutativity of left-hand side follows from equality in C
cvasus © U(puaup o (Na X NB)) = €vasup © U(FmZ}B © NAxB)

the two morphisms U(A x B) — UA ® UB being shown equal to mj,lB by
the commutative diagrams below:

U(A x B)-2m8)_17(pUA x FUB) ZPAYE) 7 (U A ® UB)
|

1) m;%]@,FUB 2
map UFUA®UFUB CUAQUB
/
Una®Ung (3) EUAQEUB
UA®UB UA®UB
UFleB
UFU(A x B) : UF(UA® UB)
U e SN
NAXB (4) €U(AXB) (5) €UAQUB
A i
U(A x B) U(Ax B)—22~UA® UB
(1) naturality of m~! (2) definition of pyaup
(3) property of adjunction (4) property of adjunction

(5) naturality of e

Similarly, commutativity of right-hand side of equation (4) follows from def-
inition of p; as €; o U(p1) = m_ !, and equality €; o U(Fm_ ' on.) = m;!
established in the diagram

15



B;FUe UF1 (1) property of adjunction
Une (1) CUe (2) €1 .
N (2) naturality of e
e Ue———1

Corollary 14 Suppose that in lemma 13, the strong monoidal functor

(U, ma g, me) is symmetric between symmetric monoidal categories (M, X, e)
and (C,®,1). Then, the adjunction U 4 F is symmetric monoidal.

PrROOF We only have to check that the functor (F, pa g, p1) is symmetric when
the functor (U, ma g, m.) is symmetric. In other words, we have to prove that
the diagram below commutes in M

FAx FB—"2 -~ F(A® B)
'YFA,FBl lF’yA,B

FBx FA—"2 ~F(B® A)

This follows from commutation of the diagram below in C:

UF(A® B)

y/ (1) \A@B
\

U(FAx FB)————>UFA®UFB

MpA FB

€ARER

Uyra,FB (2) YUFAUFB (3) YA,B (4) UFvya,B

—1

U(FB x FA)—25  TPB @ UFA-224

! /
(1) €EBRA
U(pp,a _—

UF(B® A)
(1, 17) by definition of ps p and pp 4
(2) by symmetric monoidality of (U, ma g, m1)
(3) by naturality of ¢
(4) by naturality of €

Corollary 15 In every linear-non-linear category, the category CF¢ of UF -
coalgebras is symmetric monoidal.

PrOOF This a well-known fact of symmetric monoidal adjunctions. The tensor
product of two coalgebras

ha

A UFB

UFA B

16



is defined as the coalgebra

A® B—4% | 1pA 9 UFB—"EATE L [J(FA x FB)—242 . UF(A® B)

The unit coalgebra is defined as

Upe

1——U1

UF1

The category CF'“ defines a symmetric monoidal category with the same struc-
tural isomorphisms (associativity, left and right neutrality, symmetry) as in
(€, ®,1). This is established by a series of elementary diagrams, that we omit
here. [

Corollary 16 (lift) In every linear-non-linear category, the adjunction U -
F “ifts” to an adjunction U 4 F where (C,®,1) is replaced by its category
(CFC ®,1) of UF-coalgebras. The functor U : (M, x,e) — (CFY ®,1) is
strong symmetric monoidal.

PROOF The adjunction U - F between U : M — CF¢ and F : @F¢ — M
follows from basic category theory, see for instance chapters IV and VI in
[26]. By construction, the functor U transports an object A to the coalgebra
Uns : UA — UFUA and a morphism f : A — B to the coalgebraic
morphism Uf : (Una) — (Ung).

Corollary 15 tells us that the category (€F“ ®,1) is symmetric monoidal,
with the same structural isomorphisms (associativity, left and right neutrality,
symmetry) as in (G, ®,1). We prove now that the functor U equipped with
the mediating maps ma g : UA®QUB — ﬁ(A x B) and m, : 1 — Ue is
strong symmetric monoidal. Symmetric monoidality reduces to proving that
the morphisms my4 p and m, are coalgebraic: their mere existence in CrG
ensures that the coherence diagrams commuting in (C,®,1) commute also
in (€Y ®,1). Coalgebraicity of ma g and m, is established in the diagrams
below.

UA®UB Tt U(A x B)
Una®Ung ) 1 e Ue
UFUAQUFUB  Utnaxiz) ml /
MPUA,FUB / Unaxs Ue 2) Une
U(FUA x FUB) @ Upll
Upvaus UF1— = U FUe
UF(UA®UB)— 48 _[FU(A x B)
(1) by naturality of my g
(2) by monoidality of the natural transformation 7.

We conclude by observing that the morphisms my4 g and m, are isomorphisms
in CF¢ as well as in C. [

17



3.8 Strong monoidal functors preserve commutative comonoids

We prove that

Lemma 17 (preservation of commutative comonoids) Consider a
strong monoidal functor (U,map,m.) : (M, x,e) — (C,®,1) between
symmetric monoidal categories (M, x,e) and (C,®,1), and a commutative
comonoid (A, Ax, T 4a) in (M, x,e). Then, the object UA equipped with the
maps da and ey below defines a commutative comonoid in (C, X, e).

dy = UA—L24  U(A x A)— 24 L UAQUA

(5)
€4 = UA

ProOF This follows from the series a diagram chasing below, one for asso-
ciativity:

m=1
UA L U(A x A) A4 UAQUA
U(A>\|;AA) @) UARUA 4
mfl
UAa M UAx(Ax A)—222UARQU(A x A)
UCLM UAgmy,',
U(AaxA)
UAx A)UBUD_Giax'Ayx A)  ® UAde (UA®UA)
|
mZ}A 2 mgle,A ae
v

mZIA@)UA

UA@UA-Z249UA, /(A x A)@ UA (UA®QUA) @ UA

(1) comonoidality of (A, A4, T4)
(2,2")  naturality of m™!
(3) monoidality of (U, ma g, m.)
one for left neutrality (a similar diagram is required for right neutrality):
UA UA

]
U(A x A)ZED 7o x A)—T2a UA
W ) mi; (3) TAUA
UA®UA-LAVA e g ya-mS0 g o

(1) comonoidality of (A, A4, Y 4)
(2)  naturality of m™!

(3) monoidality of (U, ma g, m.)

18



and finally, one diagram for symmetry:

UAx A)—22 _UAQUA
UA

UA 1) Uva,a 2) TUA,UA

UAa j 1
UAxA)—2 ~UAQUA

(1) symmetry of the comonoid (A, A4, T 4)

(2) symmetry of (U, ma g, m.).
u

Remark. Lemma 17 may be strengthened to a functorial property, stating
that the functor U lifts to a monoidal functor between the categories of com-
mutative comonoids of the respective categories M and C.

3.4 The two morphisms dy : UFA — UFAQRUFA andey : UFA — 1

In this subsection, we establish that the series of properties required of the
morphisms d, and e, in the axiomatics of linear categories, holds in every
linear-non-linear category. But first of all, we need to define the two mor-
phisms.

In every linear-non-linear category, every object A of (M, X, e) defines a com-
mutative comonoid

Ag Ta

Ax A A e

generated by the cartesian structure. In particular, every image F'A in M of an
object A in €. For every object A of €, the morphisms d4 and e, are defined
below:

dy= UFA—Y204 L U(FAx FA) —EA URA® UFA )
UYpa me !

€q = UFA Ue

1

Lemma 18 (commutative comonoid) In every linear-non-linear category,
(UFA,dy,ey) defines a commutative comonoid.
PrROOF Simply apply lemma 17. ]

We take the opportunity to say even a bit more.

Lemma 19 (coalgebraic) The morphisms d, and e, are coalgebraic.
PRrROOF Apply lemma 17 on the “lifted” adjunction U 4 F' defined in corollary
16. ]

Now, we check that
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Lemma 20 (monoidal naturality) In every linear-non-linear category, the
morphisms dy : UFA — UFA®QUFA andey : UFA — 1 define monoidal
natural transformations.

PROOF Every object A of (M, X, e) is equipped with the comonoidal structure

Aa Ta

A e

Ax A

induced by cartesian product. It follows from universality and an elemen-
tary diagram chasing that the two families (A ) aent and (Y 4) aene define mo-
noidal natural transformations. Consequently, the families (UAp4)ace and
(UTY 4) ace define monoidal natural transformations

(UAFA)Aee . UFA—>U(FAXFA) (UTFA)AGG . UFA%U€(7)

We may prove this directly by diagram chasing, or remember that symmetric
monoidal functors and monoidal natural transformations form a 2-category,
and that the functor (U, ma g, m.) is symmetric monoidal.

Now, the families (d4)ace and (e4)ace are obtained by postcomposing (7)
with the monoidal natural transformations

(mypavra)ace : U(FAXFA) — UFAQUFA (m; N ace @ Ue—1

Thus, the families (d4)ace and (e4)ace are monoidal natural transformations.
We conclude. n

3.5 FEwvery coalgebraic morphism between free coalgebras is a comonoidal mor-
phism

Here follows the last property required by the axiomatics of linear categories.
Lemma 21 FEwvery coalgebraic morphism between free coalgebras

(UFA"™ UFUFA) — (UFB "% UFUFB)

1s a comonoidal morphism
(UFAQUFA & UFA £41) — (UFB®UFB & UFB 2, 1)
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PROOF In order to understand why the coalgebraic morphisms are also co-
monoidal, it is useful to reformulate the morphisms d, and e, as below:

Unra
UFA UFUFA UFA Unra UFUFA
UAra 1 UAFUFa J
U(FA x FAY Y5 ) i FUPA x FUFA)  Utes (1) UTrura
—1 —1
MpAFA (2) MPUFA,FUFA
UFA@UFATEASIA G py pA @ UFUFA - Y€ Ue
(3) EUFAREUF A mfl mfl
UFA@UFA=——=UFA® UFA L L
(1) naturality of A (2) naturality of m p
(3) comonad rule of (UF, e, Ung) (4) naturality of T

Then, comonoidality of a coalgebraic morphism f : UFA — UF'B follows
from the diagram below ; we omit the similar diagram proving that f and e,
commute:

UFA f UFB
Unpa (1) Unrg
UFUFA UFf UFUFB
UApUuFa ) UArurs

U(FUFAx FUFA) U(FfxFf)——U(FUFB x FUFB)

—1

MRy A, FUFA 3) MU RB,FURE
UFUFA®R UFUFA UFfoUFf——UFUFB @ UFUFB
CUFARQEUF A (4) €UFBREUFB

UFAQUFA fof UFB®UFB
(1) coalgebraicity of f (2) naturality of A
(3)  naturality of m™! (4)  naturality of €

3.6 Main result

Now, we are ready to establish theorem 22, the converse of lemma 12.
Theorem 22 (Benton) FEwvery linear-non-linear category defines a linear cat-
eqgory.

Proor Follows from the lemmas established in sections 3.2, 3.3, 3.4 and 3.5.
The symmetric monoidal comonad (!, 6, €, m4 g, m,) is defined as the comonad
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(UF,Unpg, €) associated to the symmetric monoidal adjunction

(U,map,me) 3 (F,pas,p1)

By lemma 20, the families of morphisms dy : UFA — UFA ® UFA and
ey : UFA — 1 defined at the beginning of Section 3.4, form monoidal natural
transformations. Every triple (UFA,dy,e,4) is a commutative comonoid in
(C,®,1) by lemma 18, in the category (€Y ®,1) of U F-coalgebras by lemma
19. To conclude, every coalgebraic morphism between free U F'-coalgebras is
comonoidal, by lemma 21. |

Remark. Consider a linear category whose underlying category € has finite
products, or equivalently, a new-Seely category. Then, the kleisli category
associated to the comonad ! over C, is cartesian closed. In the absence of finite
products in C, it is the full subcategory of “exponentiable” objects in the
category CF'C of coalgebras, see [8,12]. By the way, Hyland showed that this
category is the whole category CF¢ of coalgebras when CF'“ has equalizers of
coreflexive pairs.

4 Reformulating new-Seely categories

Here, we mention briefly another more explicit formulation of new-Seely cat-
egories, resulting from lemma 13 and 14.

Lemma 23 A Seely category is a new-Seely category precisely when the dia-
grams below commute, for every objects A, B,C of C:

1A®!B 4 |(A&B)
da&B
54865 (A& B) (8)
1y b2
NAR!B = (1A&!B)
IA® (IBRIC) —2— (1ARIB)RIC
!A@g&cl lﬂA’B(@!C
IA®!(B&C) (A&B)®IC
DA B&C Dp&B,C

(A& (B&C)) —= (A& B)&C)

1A® 1 P A 1®!B A 'B
!A®1_9Tj T!p 1_9T®!B Tp\

ARIT —2L S [(A&T) 1 TR®IB——2 > |(T&B)
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A B ——22 (A& B)

“/!A,!Bl l!'YA,B
n

IBRIA ——"2—1(B&A)

PROOF (<) We show that every Seely category in which the five diagrams
above commute, is a new-Seely category. In definition 1 of a Seely category, the
family of isomorphisms n4 g is required to be natural wrt. the morphisms of C.
It is not difficult to deduce from diagram (8) that the family of isomorphisms
n, p is also natural wrt. the morphisms of €. In diagram (8), the morphism
(Imy,Ima) 1(A&B) —1A&!B is the cartesian pair of cartesian projections
m : A&B — A and my : A&B — B. The four remaining diagrams indicate
that the functor (U, n, 5,p.) : (C, &, T) — (€, ®, 1) is symmetric monoidal.
We conclude by lemma 13 and 14 that the adjunction (2) itself is symmetric
monoidal.

(=) We prove that the five diagrams above commute in every new-Seely cat-
egory. Every new-Seely category is an instance of linear-non-linear category,
with (U, n4 g, p,) as strong monoidal functor from (Cy, &, T) to (€, ®, 1). So,
corollary 16 applies, and states that the morphism n, p :!A®!B —!(A&B) is
coalgebraic for every A, B. Let f,g !A®!B —!(lA&!B) denote respectively
the upper and lower side of diagram (8):

f=KIm, m) odagonapy  g=mapo (0a®dp)

Both morphisms f, g are coalgebraic. It is not difficult to deduce from theorem
22 that the series of equality holds between the morphisms !A®!B —!A&!B:

€lagip o f =Ty, !mo) ony p = (pao(A®ep), Ao (es ® B)) = €rag1p 0 g.

The equality €4g15 © f = €148 © ¢ implies that the coalgebraic morphisms f
and g are equal; alternatively, that diagram (8) commutes. The four remaining
diagrams commute because the functor (U,n4 g, p;) : (€, &, T) — (€,®,1)
is symmetric monoidal. We conclude. ]

5 Relaxing Lafont categories

In that section, we relax Lafont categories in order to enscope key examples,

like Girard’s original coherence space model, or the various game-theoretic

exponentials exposed in [14,20,28].

Definition 24 A new-Lafont category consists of

(1) a symmetric monoidal closed category (C, ®,1),

(2) a full submonoidal category M of the category Mon(C, ®,1) of commu-
tative comonoids over (C,®,1),
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(3) the forgetful functor U : M — € has a right adjoint F': € — M

U
/\
F

Point 2. reduces to the fact that M contains the unit comonoid 1, as well as
the tensor product A ® B of any two comonoids A and B of M.

Remark. A new-Lafont category is said to have finite products when its un-
derlying category C has finite products given by & and a terminal object T.
A new-Lafont category with finite products, defines a model of ILL+product,
see figures 1 and 2. A Lafont category is just a new-Lafont category with fi-
nite products, in which M is the whole category Mon(C, ®, 1) of commutative
comonoids.

Lemma 25 FEvery new-Lafont category is a linear category.

PROOF The category (M, ®, 1) has finite products, and the forgetful functor
U:(M,®,1) — (€, ®, 1) is symmetric monoidal and strong. |

6 Cross-breeding Lafont and Seely categories

The axiomatization of new-Lafont categories requires to define a subcategory

M of commutative comonoids, closed under tensor products. Unfortunately,

the category M may be difficult to explicate in some cases, in another way

than formally, see Section 7.2 for a discussion. Thus, we introduce here a useful

tradeoff between Lafont and Seely axiomatizations, which avoids mentioning

the category M.

Definition 26 (exponential structure) An ezponential structure over a

symmetric monoidal category (C,®,1) with finite products given by (&, T) is

the following data:

(1) for each object A, a commutative comonoid (A ,d4,es) with respect to
the tensor product,

(2) for every object A, a morphism ey :!A — A, such that for each morphism

flA— B
there exists a unique comonoidal morphism
fT (1A dy,eq) — (1B,dp, ep)
satisfying

fT

1A IB—= B

B = 1A

(8) for every objects A, B of €, two (comonoidal) isomorphisms between the
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commutative comonoids:
NapB: (!A,C_ZA&A) ('B dB&B) ('A&B dA&BaeA&B)

P (1,p1_1 = )\fl,id1) = (IT,dr,er)

Remark. Point (2) makes ! an endofunctor of €, transporting every morphism
f : A — B to the morphism (f o e4)" :!A —!B. Besides, we will see in
the proof of lemma 28, that the comonoidal morphism n, p and p may be
chosen, in such a way that the diagrams below commute:

A®! B —2E-1( A& B) |A®! B —2E-1( A& B)
'A®§B¢ \LEA&B §A®'B¢ \LEA&B
IA® 1 ALB 12!B ALB (9)
p‘A\L \Lﬂ'l )\IB\L \LT"2
A A B

Moreover, this choice of n4 5 and p_ is unique, since by (2) the identity id ¢ 5)
(resp. idT) is the unique comonoidal morphism f of |(A&B) (resp. !'T) such
that foeaep = €agp (resp. foer =€),

Diagrams (9) make (!,n4 g, p;) a symmetric monoidal functor from (C, &, T)
to the cartesian category Mon(@ ®, 1) of commutative comonoids over (C, ®, 1).
Another equivalent way to express the coherence diagrams (9), is to require
that the diagrams below commute, for every objects A, B of the category C:

IA®!B—=22 ~1(A&%B) |A®!B—2 - 1(A&B)
!A®g3l l;m gA@lBl l!m (10)
1IA®1 1A 1!B \B

Among other things, this implies the equality:

IAQIA—24 C1(A&KA) = 1A—24 S 1(ALA)

1A

in which Ay : A — A& A denotes the diagonal morphism induced by univer-
sality of the cartesian product &.

Definition 27 A Lafont-Seely category is a symmetric monoidal closed cat-
egory (C,®,1,—o) with finite products (&, T) equipped with an exponential
structure.

Lemma 28 Fvery Lafont-Seely category is a new-Lafont category with finite
products, and conversely, every new-Lafont category with finite products is a
Lafont-Seely category.

Proor Consider a Lafont-Seely category, and define M as the full subcategory
of Mon(C, ®, 1) consisting of the commutative comonoids of the form

X =1 | (!A,dA,QA) | XX
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The category is obviously closed under tensor products. We claim that the
forgetful functor U : M — € has a right adjoint. The proof proceeds by com-
paring M to its full subcategory M, of objects of the form (!4, dy4, e,), for some
object A of C. By point (3) of definition 26, every object of M is isomorphic (in
M) to an object of M,. In particular, the inclusion functor J : M; — M is an
equivalence of categories. Now, let U’ : M, — € be the functor U restricted
to M,. The situation may be illustrated with a commutative diagram:

/g//

M,

By point (3) of definition 26, every morphism €4 :!A — A is universal from
U’ to A. It follows that the functor U’ has a right adjoint F’ : € — M, see
chapter IV of [26] for instance. Because J is an equivalence of categories, the
functor F” lifts to a functor F' : M — € which is right adjoint to the functor
U. It follows that every Lafont-Seely category defines a new-Lafont category.
Conversely, every new-Lafont category induces a Lafont-Seely category, by
defining the symmetric comonoid (!A, d4, e4) as UF(A), for every object A of
C. Point (2) of definition 26 follows from the adjunction U 4 F' and from the
fact that M is a full subcategory of Mon(C, ®, 1). Point (3) follows from the
fact that the right adjoint F' transports the finite products (&, T) of € to the
finite products (®, 1) of M. Moreover, the family of isomorphisms n 4 5 and n,
verify the two coherence diagrams (10) which are equivalent to the coherence
diagrams (9). u

Remark. Given an exponential structure ! over a category C, there exists
unique comonoidal morphisms m 4 g and m; making the diagrams below com-
mute, for every pair of objects A, B of C:

IAQ!B cA®cn A® B | —1
o] e
(A® B) “Ask A® B —=——1

The functor ! equipped with the mediating morphisms my g !AQ!B —!(A®
B) and m; : 1 —!1 defines a symmetric monoidal functor from (€, ®,1) to
itself.

Remark. Point (3) may be replaced by the property that for every finite
(possibly empty) family (A;);e; of objects of €, and morphism [ : ®;c/!A; —
B, there exists a unique comonoidal morphism f : ®;c;!4; —!B, such that
f =epo fi. A variant of lemma 28 relates this weaker notion of Lafont-Seely
category, to general new-Lafont category, possibly without finite products.
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7 What do we learn from the categorical models?
7.1 Coherence spaces (in Seely’s style)

Girard introduces in [16] the category STAB of qualitative domains and stable
functions, a remarkably simple submodel of Berry’s stable model [10]. A few
months later, Girard reformulates the category STAB as a kleisli construction
over the category COXH of coherence spaces, and a so-called exponential co-
monad !s;. We recall this construction which leads to linear logic, in Seely’s
fashion, see [3].

Qualitative domains and stable maps
A qualitative domain is a pair (| X |, D(X)) consisting of a set | X | called the web
of X and a set D(X) of finite subsets of | X|, called the domain of X, satisfying
that every subset x of an element y € D(X) is an element z € D(X). A stable
map f: X — Y between qualitative domains is a function D(X) — D(Y')
satisfying

monotonicity rCa e DX)= flx) C f(a)

stability r, ' Ca’ € D(X)= f(zna')= f(z)N f(z')
A stable map f: X — Y is linear when, moreover,
linearity z,2’ C 2" € D(X) = f(zU2') = f(x)U f(2)

The category STAB of qualitative domains and stable maps has finite products
given by X x Y = (|X| + Y], D(X) x D(Y)) and e = (0, {0}).

Coherence spaces and cliques

A coherence space is a pair A = (|A|,Z,) consisting of a set |A| called the
web of A, and a reflexive binary relation Z , on the elements of |A|, called
the coherence of A. A clique of A is a set of pairwise coherent elements of |A].
Every coherence space X has a dual coherence space At with same web |A|
and coherence relation

a’Z,.b & a=bor—(aZ,0)

The coherence space A — B has web |A — B| = |A| x |B| and coherence
relation
al’

!/ Y /
40 = 0,0

(a,0) Z4 op (d\V) = and
bl = al, d
The category COH has coherence spaces as objects, cliques of A — B as
morphisms A — B. Morphisms are composed as relations, and identities are

given by id4 = {(a,a) | a € |A|}. The category is symmetric monoidal closed
(in fact, x-autonomous) and has finite products.
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A linear-non-linear model of linear logic

The categories STAB and COH induce a linear-non-linear category, as follows.

First, a ”forgetful” functor U : STAB — COXH transports

e every qualitative domain X = (| X[, D(X)) to the coherence space U(X) =
(D(X), Zpx)) whose coherence relation Zp, . is defined as the usual
order-theoretic coherence:

Vo, o' € D(X), = 7 < 2" e D(X), z,2/ Ca”

o)

e cvery stable function f: X — Y to the clique U(f) : U(X) — U(Y)

y C f(x) and }
Vo' € D(X),2’ Cxandy C f(2') = z=2a

The functor U is a strict monoidal functor from (STAB, x, e) to (COH, ®, 1),

and is left adjoint to the functor F': COH — STAB which transports

e every coherence space A = (|A|,Z,) to the qualitative domain F(A) =
(|A], D(A)) with domain D(A) the set of finite cliques of A,

e every clique f: A —o B to the linear map F(f): F(A) — F(B):
re€DA) — {be|B||Facx(a,b)e f} € D(B)

The adjunction U = F' is the categorical way to formulate the theory of traces
developped by Berry in his PhD thesis [10], see also [3]. This shows that the
adjunction U - F' defines a linear-non-linear category, thus a model of linear
logic.

Remark. 1t is well-known that the functor F' is an isomorphism between the
category COH and the subcategory LINEAR of coherent qualitative domains
and linear maps of the category STAB. We recall that a qualitative domain
(|X], D(X)) is coherent when, for every x,y,z € D(X):

rUye DX),yUze D(X),zUze D(X) = zUyUz e D(X)

Less known is that the functor U factors as

STAB K Mon(@, ®, 1) v COK

where V' is the forgetful functor from the category Mon(C, ®,1) of com-
mutative comonoids over (COH,®,1), to the category COH; and where K
is full and faithfull embedding of STAB into Mon(C, ®,1). Indeed, for ev-
ery qualitative domain X, the coherence space U(X) defines a commuta-
tive comonoid K(X) = (D(X),dx,ex) equipped with the comultiplication
dy : K(X) — K(X)® K(X) and counit ey : K(X) — 1 below:

dy ={(x,y,2) e D(X) [z =y Uz} ex ={(0,%)} (11)
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Moreover, every stable map f : X — Y induces a comonoidal morphism
U(f) : UX) — U(Y) from K(X) to K(Y); and conversely, every comonoidal
morphism K (X) — K(Y') is the image of a unique stable function f : X —
Y.

Remark. The comonad !s: over COH induced by the adjunction U - F
transports every coherence space A to the commutative comonoid !¢ A below:
e its web is the set of finite cligues of A,

e two cliques are coherent when their union is a clique,

e coproduct is union of clique, and counit is the empty set.

7.2 Coherence spaces (in Lafont’s style)

Seely’s approach of Section 7.1 is fine when one starts by the “domain-theoretic”
(=kleisli) category STAB and deduces from it the “graph-theoretic” (=linear)
category COH, and exponential construction ls;. However, in many cases, it
is easier (1) to start with a symmetric monoidal closed category, (2) equip it
with an exponential construction, (3) check that it defines a model of linear
logic, and then only (4) explicate the meaning of the induced kleisli category.

Free comonoids in coherence spaces (Van de Wiele)

This is precisely what happened with the free comonoidal construction !y eet
over coherence spaces, which is characterized by Van de Wiele in [31]. The
commutative comonoid !t A freely co-generated by a coherence space A is
the coherence space !t A below:

e its web is the set of finite multicliques of A,

e two multicliques are coherent when their sum is a multiclique,

e coproduct is sum of multiclique, and counit is the empty multiset.

Here, we call multiclique a multiset whose support is a clique of A. The
free construction ! defines a Lafont category, thus a model of linear logic.
The meaning of the induced kleisli category was explicated by Barreiro and
Ehrhard, only years after the model was introduced: it is the category CONYV
of convex and multiplicative functions [7].

Diagonal comonoids and the exponential lse

It is possible to show that the exponential !¢ defines a model of linear logic,
without mentioning the category STAB. A commutative comonoid X over
COH is called diagonal when the clique dx : X — X ® X contains the
diagonal {(z,(z,z)) | = € |X|}. Van de Wiele establishes in [31] that A
is the free commutative diagonal comonoid generated by A. Since diagonal
comonoids are closed by tensor product, the construction ls; defines a new-
Lafont category, thus a model of linear logic.
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7.8 Coherence spaces (in Lafont-Seely’s style)

In sections 7.1 and 7.2, we illustrate how Seely and Lafont axiomatizations

work for coherence spaces and exponentials !¢ and !mset. We believe however

that the alternative axiomatics delivered in Section 6 (Lafont-Seely categories)

is simpler. We show here how to check this axiomatics for !s. Suppose that

A, B are coherence spaces. Then,

o |+ A defines a commutative comonoid in COH, because set-theoretic union
is associative and commutative, and has the empty set as unit,

e the comonoidal isomorphism ! A& B — !t ARt B is given by the clique
{(z,(xa,2p)),xa =2xN|A|,2p =2 N |B|},

e the comonoidal isomorphism ! T — 1 is given by the clique {((, *)}.

There remains to show that the dereliction morphism

ex ={({a},a),a € |Al}

verifies the universal property (2) of definition 26. This amounts to character-

izing the comonoidal morphisms !4 A — !t B. A morphism ¢ :lset A —see B

is comonoidal iff it verifies the four properties below:

e unit (forth): (0,y) € g implies y = 0,

e unit (back): (z,0) € g implies z = (),

e product (forth): (z1,y1) € g and (z2,v2) € g and z = 21 U x4 is a clique,
implies that (z,y, Uys) € g,

e product (back): (z,y1 Uys) € g implies that there exists two cliques xq, 2
such that x = x1 Uzy and (z1,41) € g and (x2,y2) € g.

In particular, when g is comonoidal, z is a clique of A and y = {by,...,b,} is

a clique of B, then

(x,{b1,...,b,}) € g iff x decomposes as x = x1 U ... Uz, where (z;, {b;}) € g.

So, every comonoidal morphism ¢ :l¢ctA — !t B is characterized by the com-

posite €55' 0 g It A — B. Conversely, every morphism f :lscA — B induces

a comonoidal morphism ¢ such that f = €5 o g. This point is further dis-
cussed in Section 7.4. The correspondence between f and g is one-to-one, and

we conclude.

7.4 The relational non-model (observed by Ehrhard)

The category COH may be replaced by the x-autonomous category REL of sets
and relations, equipped with the set-theoretic product as tensor product. The
category REL has finite products, and enjoys a free (commutative) comonoidal
construction !¢ similar to the construction in COH discussed in Section 7.2.
So, REL and !, define together a Lafont category, thus a model of linear
logic.

It is therefore tempting to adapt the “set-theoretic” interpretation of expo-
nentials discussed in Section 7.1. Indeed, every object A of REL defines a
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commutative comonoid (st A, dy, €4)

!setA = {$ | T Cfin A} dA = {(I’va (:)s,y)) | T, Y Chin A} €a = {(Qa *)}

where x Cg, A means that x is a finite subset of A ; as well as a “dereliction”
morphism
ea= ({a},a) |a€|Al} 1A — A

However, Ehrhard observed that this “set-theoretic” interpretation of expo-
nentials fails to define a model of linear logic. Indeed, reasoning in Seely’s
framework, Ehrhard points out that the dereliction family (€4)acxes is not
natural. For instance, the naturality diagram below does not commute from
A ={ay,as} to B = {b}, for the relation f = {(a1,b), (as,b)}.

\f
T ”f ((a1,a2),0) € e o If
€A €B
f

((a17a2)7b> ¢ f oep

(12)

B

This lack of commutation shows that all coherence diagrams of a linear/new-
Seely category should be checked carefully every time a new model is intro-
duced. This justifies to introduce simpler categorical axiomatics, like Lafont-
Seely categories in Section 6.

We explicate below how Lafont-Seely categories explain that the exponential
lset does not define a model on the category REL of sets and relations.

Every object A of REL defines a “codiagonal” morphism

codiag, = {((a,a),a) |z € |A|} :A®A— A
Now, observe that the diagram below commutes in REL, for every set B:

€B
!setB B
dg TcodiagB

!setB®!setB BEcp >B ® B

Thus, every morphism f :letA — B lifting as a comonoidal morphism f1 :
lset A — e B such that f = ep o fT, makes the diagram below commute:

f
!setA B
Tcodiag B

ARl A—L2 ~Be B

The diagram translates as the following closure property on every morphism
f lsetA — B:

if (z,b) € f and (y,b) € f then (zxUy,b) € f. (13)
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Obviously, the property is not valid in REL ; it follows that the set-theoretic
exponential does not define a model of linear logic.

Remark. The pitfall mentioned in (13) is common to all “relational models”
equipped with a “set-theoretic” exponential. It is rewarding to see how the
coherence space model avoids (13): if (x,b) and (y,b) and = # y, then = and
y are incompatible — thus, x Uy does not appear in the web of !, A.
Besides coherence, another solution appears in [32] where Winskel develops a
relational model based on set-theoretic exponentials, see also [15]. The kleisli
category is equivalent to Scott’s model of prime algebraic lattices. Spaces are
partial orders whose cliques are downward subsets. There, property (13) is
verified because the element (z U y,b) is always smaller than the elements
(x,b) and (y,b) in the ordered space st A —o B.

8 Conclusion

Let us briefly summarize the article. We have seen that a model of intuitionistic
linear logic is given by (1) a category M with finite products (2) a symmetric
monoidal closed category € (3) a monoidal adjunction U - F' between them:

M C

\/

F

Besides, by Kelly characterisation lemma, a monoidal adjunction reduces to
an adjunction U — F' between the underlying categories, in which the functor
U is monoidal strict between the monoidal categories. Thus, besides the ad-
junction between the categories M and C, one only requires that the functor
U transports the cartesian structure of M to the monoidal structure of C.
When the category € has finite products, then the kleisli category associated
to the comonad over C, is cartesian closed. Otherwise, one only gets a cartesian
category (M, X, e) and an exponential ideal in it, which is enough to interpret
the simply-typed A-calculus. We recall that an exponential ideal, see [2], is
defined here as:

(1) a category € and a functor F': € — M,

(2) a functor =: M? x € — C |

(3) a natural bijection M(A x B, F(C)) = M(A, F(B = C)).
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