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CARTESIAN DIFFERENTIAL STORAGE CATEGORIES

R. BLUTE, J.R.B. COCKETT, AND R.A.G. SEELY

ABSTRACT. Cartesian differential categories were introduced to provide an abstract
axiomatization of categories of differentiable functions. The fundamental example is the
category whose objects are Euclidean spaces and whose arrows are smooth maps.

Monoidal differential categories provide the framework for categorical models of differ-
ential linear logic. The coKleisli category of any monoidal differential category is always
a Cartesian differential category. Cartesian differential categories, besides arising in this
manner as coKleisli categories, occur in many different and quite independent ways.
Thus, it was not obvious how to pass from Cartesian differential categories back to
monoidal differential categories.

This paper provides natural conditions under which the linear maps of a Cartesian
differential category form a monoidal differential category. This is a question of some
practical importance as much of the machinery of modern differential geometry is based
on models which implicitly allow such a passage, and thus the results and tools of the
area tend to freely assume access to this structure.

The purpose of this paper is to make precise the connection between the two types of
differential categories. As a prelude to this, however, it is convenient to have available
a general theory which relates the behaviour of “linear” maps in Cartesian categories to
the structure of Seely categories. The latter were developed to provide the categorical
semantics for (fragments of) linear logic which use a “storage” modality. The general
theory of storage, which underlies the results mentioned above, is developed in the
opening sections of the paper and is then applied to the case of differential categories.

1. Introduction

A fundamental observation of Girard, [G87], which led to the development of linear logic,
was that the hom-functor of stable domains could be decomposed as A = B := A — B
where the latter, X —o Y, is the hom-functor of coherence spaces. This suggested that
one might similarly be able to decompose differentiable maps between two spaces A and
B as the “linear” maps from a constructed space S(A) to B. Ehrhard and Regnier’s work
[ER04] on the differential A-calculus was inspired by this analogy and in [E04] Ehrhard
provided concrete examples which realized this analogy. This raised the question of how
general a correspondence this was.

Research partially supported by NSERC and the Centre International de Recontres Mathématiques,
and by FRQNT.

Received by the editors 2014-09-29 and, in revised form, 2015-05-05.

Transmitted by Susan Niefield. Published on 2015-05-06.

2010 Mathematics Subject Classification: 18D10,18C20,12H05,32W99.

Key words and phrases: monoidal categories, differential categories, Kleisli categories, differential
operators.

© R. Blute, J.R.B. Cockett, and R.A.G. Seely, 2015. Permission to copy for private use granted.

620



CARTESIAN DIFFERENTIAL STORAGE CATEGORIES 621

In [BCS06] the notion of a (monoidal) differential category was introduced as a minimal
categorical doctrine in which differentiability could be studied. This generalized Ehrhard
and Regnier’s ideas in various ways. It dispensed with the necessity that the setting
be x-autonomous: the decomposition of the hom-functor was then handled through the
presence of a comonad—or modality—satisfying a minimal set of coherences. Finally the
differential was introduced satisfying a minimal set of identities. In this paper we shall,
in fact, consider a slight strengthening of this basic notion by requiring, first, that the
modality be a storage modality (i.e. the Seely isomorphisms 1 = S(0) and S(A)®S(B) =
S(A x B) are present) and, second, that the differential satisfies an interchange law.

This maintained the perspective of linear logic, by providing a decomposition of dif-
ferentiable functions through a comonad—or storage modality—on more basic “linear”
functions. However, a rather unsatisfactory aspect of this perspective remained. Smooth
functions (i.e. infinitely differentiable functions)—after all the main subject of calculus—
appeared only indirectly as the maps of the coKleisli category. This left a veil between
these settings and the direct understanding of these differentiable functions in the classical
sense. It seemed, therefore, important to develop a more direct view of what a category
of differentiable functions should look like. This caused us to examine more closely the
coKleisli categories of differential categories and to seek a direct axiomatization for them.

To advance this aim we deployed (the dual of ) Fuhrmann’s notion of an abstract Kleisli
category [F99]. In the course of developing these ideas we stumbled on a much deeper
sense in which the situation in linear logic can be read as mathematics. Thus a key result
of this paper is a very general structural theorem about how “models of linear logic” arise.
Rather than retrospectively remove our path to this result, we have centred the paper
around the results on differential categories so that the motivation which brought us to
this particular passage is not lost.

The “models of linear logic” we consider here are not, in fact, models of full linear
logic, as the underlying categories are monoidal and not, in general, monoidal closed, let
alone #-autonomous. These models were studied in depth by Gavin Bierman [B95]: he
called them “Seely categories”. Given that these categories have now been the object of
quite a number of studies, it is perhaps surprising that there is more to say about them.
Our main rather general structural theorem points out that these categories arise in a
rather natural mathematical way from the “linear maps” of Cartesian storage categories.
As Cartesian storage categories have a rather natural mathematical genus, this helps to
explain why “Seely categories” are such fundamental structures.

Our examination of the coKleisli categories of differential categories had led us to
introduce the notion of a Cartesian differential category, [BCS09]. Cartesian differential
categories are categories of “raw” differentiable maps with all the indirection—alluded to
above—removed. Pleasingly these categories have a wide range of models. In particular,
in [BCS09], we showed that the coKleisli category of a (monoidal) differential category—
satisfying an additional interchange axiom—is a Cartesian differential category.

However, this had left open the issue of providing a converse for this result. In gen-
eral, it is certainly not the case that a Cartesian differential category is the coKleisli
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category of a (monoidal) differential category—a basic counterexample is the category of
finite dimensional real vector spaces with smooth maps. Thus, it is natural to ask what
extra conditions are required on a Cartesian differential category to make it a coKleisli
category of a (monoidal) differential category. This paper provides a rather natural (and
appealing) answer to this question. However, lest the reader think we have completely
resolved this question, we hasten to admit that it still does not answer the question in
complete generality. Furthermore, it leaves some other rather natural questions open: for
example it is natural to wonder whether every Cartesian differential category arises as a
full subcategory of the coKleisli category of a (monoidal) differential category.

The motivation for developing Cartesian storage categories' was that they provided
an intermediate description of the coKleisli category of a (monoidal) differential category.
These coKleisli categories were already proven to be Cartesian differential categories and,
as such, had an obvious subcategory of linear maps—namely those which were linear in
the natural differential sense. A Cartesian storage category uses the abstract properties
of “linear maps” as the basis for its definition and is always the coKleisli category of its
linear maps. In order for such a storage category to be the coKleisli category of a “Seely
category”, a further ingredient was required: one must be able to represent bilinear maps
with a monoidal product. The theory of these categories—which we have taken to thinking
of as the theory of storage—provides the theoretical core of the paper and is described in
Sections 2 and 3.

In Section 4 we apply this theory to Cartesian differential categories. Cartesian dif-
ferential categories exhibit a notable further coincidence of structure. When one can
classify the linear maps of a Cartesian differential category one also automatically has a
transformation called a “codereliction”. Having a codereliction in any Cartesian storage
category implies—assuming linear idempotents split—that one also has, for free, monoid-
al representation. Thus, to apply the theory of storage categories to Cartesian differential
categories it suffices to know just that the linear maps are classified. Finally, but crucially
for the coherence of the story, the linear maps then, with no further structural require-
ment, form a monoidal differential category. This provides the main result of the paper
Theorem 4.3.1. Completing the circle then, at the end of the paper, we are in a position
to point out that a closed Cartesian differential storage category is a model of Ehrhard
and Regnier’s differential A-calculus [ER04].

Considering that we have been discussing two types of differential category, it seemed
a good idea to qualify each with an appropriate adjective, so as to distinguish between
them in a balanced manner. So we shall (in this paper) refer to differential categories
as “monoidal differential categories”, to contrast them with “Cartesian differential cate-
gories”. In parallel with this, we introduce other terminological pairings which are natural
from the perspective of this paper, but are also structures which have received attention
under different names: For example, “monoidal storage categories” are essentially “Seely

n [Kock12] a closely related theory, based on commutative monads, is developed. Interestingly that
work was motivated by probability distributions and so is related to abstracting integration rather than
differentiation.
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categories” and “monoidal differential storage categories” are essentially what previously
we called differential storage categories. Our purpose is not to precipitate any renaming
of familiar structures but rather to emphasize the structural relationships which emerge
from the story we tell here.

2. Cartesian Storage categories

In the discussion above two situations were described in which we selected from a Cartesian
category certain maps, namely the coherent maps in stable domains and the linear maps
among differentiable maps, and then used a classification of these maps to extract a Seely
category. The aim of the next two sections is to show why this works as a general procedure
and, moreover, can produce a monoidal storage (or “Seely”) category. In fact, our aim is
to prove much more: namely that all “Seely categories” (with an exact modality) arise
in this manner.

We start by defining what is meant by a system L of linear maps. One way to view
a linear system is as a subfibration of the simple fibration. In a category equipped with
a system of linear maps, we shall often suppress explicit mention of £, referring to maps
belonging to this system as simply being linear. Such systems arise very naturally in
Cartesian closed categories from exponentiable systems of maps and we make a detour to
describe these connections.

Our initial aim is to characterize the categories in which there is a decomposition of
maps analogous to that in linear logic. This eventually leads us to “Seely categories” as
those in which all the “first-order” structural components of the logic are present.

Leaving definitions for later, the path will be the following: a “Cartesian storage
category” is a category equipped with a system of linear maps which are “strongly and
persistently classified”. We then prove that this is equivalent to demanding that the
category is a “strong abstract coKleisli category”. This, in turn, is equivalent to being
the coKleisli category of a category with a “forceful” comonad. Finally, to this story
we add, in the next section, “monoidal representation”, which when present, ensures the
linear maps forms a monoidal storage category—this is essentially a “Seely category”.

2.1. SYSTEMS OF LINEAR MAPS. By a system of maps of a category is meant a sub-
category on the same objects: a Cartesian system of maps of a Cartesian category is
just such a subcategory closed under the product structure. This means that projections,
diagonal maps, and final map must be in the system and, furthermore, the pairing of any
two maps in the system must be in the system. For a system £ of maps to be linear it
must determine a subfibration of the simple fibration.

The simple slice X[A] at A—that is the fiber over A of the simple fibration—of a Carte-
sian category X, has the same objects as X but the homsets are modified X[A](X,Y) =
X(A x X,Y). The composition in X[A] of two maps ¢:Ax X — Y and AXY — Z
is (mp, g)h with identities given by projection m: A x X — X. The substitution func-
tor between simple slices has the following effect on the maps of X. If f:A — B is
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any map of X, ¢: X — Y a map of X[B], (in X this is a map ¢g: B x X — Y), then
X[fl(g) = (f x1)g: A x X — Y, which is a map of X[A].

2.1.1. DEFINITION. A Cartesian category X is said to have a system of linear maps,
L, in case in each simple slice X[A] there is a system of maps L[A] C X[A], which we shall
refer to as the L|A]-linear maps (or, when L is understood, simply as “linear” maps),
satisfying:

[LS.1] for each X,Y,Z € X[A], all of 1x,m0: X XY — X, m: X XY — Y are in L][A]
and, furthermore, (f,g): X — Y x Z € L][A] whenever f,g € L]A];

[LS.2] in each X[A], L]A], as a system of maps, is closed under composition, furthermore,
whenever g € L[A] is a retraction and gh € L[A] then h € L[A];

[LS.3] all substitution functors

X[B] —— X4

preserve linear maps.

Notice how a system of linear maps determines a subfibration:

L[X] X[X]
J{ac i[’)
L X
where Z is the obvious inclusion and L[X] is the category:

[Objects:] (A, X) € Xo x Xq

[Maps:] (f,9): (A, X) — (B,Y) where ¢: A — B is any map and f:A x X — Y is
linear in its second argument.

Composition and identities are as in X[X], where the maps are the same but with no

linear restriction. Composition is defined by (f, g)(f',¢") = ({(mog, f) ', 99’) and (7, 1) is

the identity map. Cartesian maps are of the form (7, g): (A, X) — (B, X).
Furthermore we observe using [LS.2]:

2.1.2. LEMMA. For any X with a system of linear maps in any slice X[A]:
(i) if f is an linear map which is an isomorphism, then f~' is linear;

(i1) if e is a linear idempotent which splits as a retraction r and a section i, and if r is
linear, then i is also linear.

We shall need terminology which focuses on the linear argument rather than the
context of that argument. Thus to say that a map f: X x A — Y is linear in its second
argument is equivalent to saying that f is £[X]-linear. Similarly, a map, f, is linear in
its first argument if ¢y f is L[X]-linear.
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2.1.3. LEMMA. If L is a system of linear maps on a Cartesian category X then if f: X x A
— B and g:Y x B — C are linear in their second arguments then (f x 1)g:Y x X x A
— C' is linear in its third argument.

PROOF. As f is linear in X[X|, X[m|(f): Y x X x A — C is linear in X[Y x X]. Similarly
as ¢ is linear in X[Y], X[mo|(g) is linear in X[Y x X]. Now (1 x f)g = X[m|(f)X][mo](g)
which makes it a composite of linear maps and so itself linear. [

The lemma means that to determine whether a composite is linear in a particular
argument it suffices to know that each composition was at a linear argument.

If £ is a system of linear maps then f: A x B — C'is (£-)bilinear in case it is linear
in each argument individually.

Finally we make the useful if immediate observation:

2.1.4. LEMMA. If X has a system of linear maps L then each simple slice, X[A], inherits
a system of linear maps L[A].

2.2. CLOSED SYSTEMS OF MAPS. A system of linear maps induces a system of maps on
X itself, as X = X[1]. This class, which we shall denote by L[], will determine the whole
system of linear maps when the category is Cartesian closed. However, clearly such an
L[] must satisfy some special properties which we now outline.

2.2.1. DEFINITION. A system of maps C C X is an exponentiable system of maps
m case:

[ES.1] foreach X,Y,Z € X, all of 1x,m0: X XY — X, m: X XY -V A: X —» X x X
are in C and, furthermore, (f,g): X — Y x Z € C whenever f,g € C;

[ES.2] C as a system of maps is closed under composition, moreover, whenever g € C is
a retraction and gh € C then h € C;

[ES.3] whenever f:A — B isin C and g: X — Y is any map, then g = f:Y = A
— X =DBisinC;

[ES.4] furthermore

nX] = curry(m)A— X = A
ulX] = curry((A x 1)(1 x eval)eval): X = (X = A) - X = A
are all in C.

Here we use the exponential correspondence in the following form:

Ax X 1B

X — A= B
curry(f)
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2.2.2. DEFINITION. We shall say that a system of linear maps in a Cartesian closed
category is closed in case

e cach evaluation map is linear in its second (higher-order) argument.

e the system is closed under currying, that is if f: A x B x C' — D is linear in its
second argument (B) then curry(f): BxC — A = D is linear in its first argument.

Equivalently, when X is Cartesian closed, a system of linear maps is closed provided
k:B x X — Y € L[B] if and only if curry(k) € L[].

2.2.3. PROPOSITION. In a Cartesian closed category X, exponentiable systems of maps
are in bijective correspondence with closed systems of linear maps.

PrOOF. Given an exponentiable system of maps C we define a system of linear maps C. ,
by saying f: A x B — C'is linear in X[A] if and only if curry(f): B — A = C is in C.
This defines a system of linear maps since:

[LS.1] In X[A] the identity map is m: A x X — X which is linear as curry(m;) is. For
the remainder note that A x X - X —5 YV has curry(m f) = curry(m)A =
f so that whenever f is in C then curry(m; f) will be in C. Finally note that
curry((f, g)) = (curry(f), curry(g))({A = mp, A = m)) L.

[LS.2] The curry of a composite in X[B] is given by

curry((f,m)g) = curry(f)(B = curry(g))ulB]

which is a composite of C-maps when f and g are.

Suppose now that g e h in X[B] and curry(g), curry(gh) € C with g a retraction
(with section ¢®) then (B = curry(g¢®)u[B] is right inverse to (B = curry(g))u|B]
where the latter is in C. Also

B = curry(gh))ulB] = B = curry(g))ulB]B = curry(h))u[B]

so that B = curry(h))u[B] € C But this means n[B|(B = curry(h))u[B] =
curry(h) is in C.
[LS.3] If curry(h) € C then curry(X[f](h)) = curry((1 x f)h) = (f = B)curry(h) so that

the substitution functors preserve C-maps.

We observe that as curry(eval) = 1 that in C the evaluation map must necessarily be
linear in its second (higher-order) argument.

For the converse, given a system of linear maps £ in which evaluation maps are linear
in their second argument, we now show that L[] is an exponential system of maps. The
only difficulties are [ES.3] and [ES.4]. For the former note that f = ¢ is obtained by
currying:

Ax (A =B) 2L A/ x A =DB)-2p % B
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However observe that this is linear in its second argument so that currying preserves this
establishing [ES.3]. For the latter the argument is similar as both 7 and p are obtained
by currying maps which are linear in the appropriate coordinates.

Finally we must argue that these transitions are inverse: that C[] = C is immediate.

—~

We show that L[] = £ by showing £ C L[] and the converse. Suppose f € L[A] then

curry(f) € L[] so that f € L[|][A] as required. Conversely suppose f € LI[|[A] then
curry(f) € L[] but this means f = (1 x curry(f))eval is in L[A]. =

We note that when £ is an exponentiable system of linear maps, the notion of being
(L-)bilinear becomes the requirement that both curry(f) and curry(cy f) are linear in X.

2.3. STORAGE. A Cartesian storage category is a Cartesian category X together with
a system of linear maps, £, which is persistently and strongly classified,? in the following
sense.

2.3.1. DEFINITION.

(1) A system of linear maps is classified if there is an object function S and a family
of maps ox: X — S(X) such that for each f: X — Y, there is a unique linear map
f* such that

commutes.

(i) A system of linear maps is strongly classified if there is an object function S and
maps X -2 S(X) such that for every f: Ax X — Y there is a unique f*: Ax S(X)
— Y in L[A] (that is, f* is linear in its second argument) making

Ax X !

1><<le
T
Ax S(X)

Y

commute.

(111) A strong classification is said to be persistent in case whenever f: AXx Bx X — Y
is linear in its second argument B then f*: A x B x S(X) — Y is also linear in its
second argument.

2The notion of classification might (by comparison with the notion of a subobject classifier in a
topos, for example) be called coclassification—we shall not do that. Furthermore, we also use the term
“represented”, especially in the sense that under the classification given by S and ¢, f* represents f.
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2.3.2. REMARK. When the linear maps are classified this makes the inclusion of the linear
maps into a right adjoint. A strong classification makes the inclusion of the linear maps
into the simple fibration a fibred right adjoint. A strong persistent classification allows a
powerful proof technique which we shall use extensively in what follows. To establish the
equality of

frg: A X §(X) X ...S(XZ —Y

g
n

when f and g are maps which are linear individually in their last n arguments, it suffices
to show (1 x ¢")f = (1 x ¢")g. Note that the linearity precondition is vital!

Strong classification gives a morphism of fibrations defined by:

SX]:X[X] — LX]; (f,9) = ((fo)* 9).

This is a functor on the total category. Identity maps are preserved because

Ax X - X % 5(X)

o

A x S(X)

commutes making (m;¢)* = m;. Composition is preserved as

<Tl'09,f>

Ax X BxYy L~z % 5z
1><gol llxgp
(f'¢)*
Ax S(X)—=B x S(Y
< SX) S S

Finally S[X] preserves Cartesian arrows as S[X|(7, g) = (71, 9): (4, 5(X)) — (B, S(X)).
Therefore the classification is the couniversal property for the inclusion of the linear
maps into the simple fibration, and so S is a fibred right adjoint.

2.3.3. REMARK. We recall some definitions dealing with the notion of strength.

A functor S:X — Y between monoidal categories is strong if there is a natural
transformation (“strength”) 6°: X @ S(Y) — S(X ® Y) so that the following diagrams
commute:

ToS((Y) S(TeY) XY ®S(2)—E ~(X®Y)®5(2))

126
k S(uk) l

S(Y) X ®S(Y ®2) 6

¢

SX®(Y®Z)

S(X®Y)® Z)

(ag)
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The identity functor is strong (with strength given by the identity), and if S and
T are strong, so is their composite, with strength given by 67T(6%): X @ T(S(Y)) —
TX®RSY)) =T S(X®Y)).

A natural transformation ¢:S — T between strong functors is strong if the
following commutes.

X©SY)-L-s(X oY)

oo |

X@T(Y) —>T(X®Y)

A monad (5,7, p) is strong if each of S, 7, and p is strong.
Thus we have proved:

2.3.4. LEMMA. If X has a strongly classified system of linear maps, then S: X — X is a
strong functor (and thus a morphism of simple fibrations) and determines a fibred right
adjoint to the inclusion Z: 0y — 0.

The strength 6 is given explicitly by

Ax X ‘ S(Ax X)
lxwl 0:(‘0’1
Ax S(X)

and all the natural transformations are appropriately strong. The strength of ¢, the unit
of the adjunction, is provided by the defining diagram of the strength transformation 6
above. Notice that € is not natural as €f is not necessarily linear unless f is; however, it
does satisfy the strength requirement. However, i = €g() is natural and also strong.

This adjunction induces a comonad S = (5,4, €) on the linear maps whose data is
given by

A—%5(A) A—"+S(A)
\ v€ %ﬂl V5=S(s@)
A S(4) — S(S(4))

Notice that by definition both € and ¢ are linear (in L][]).

In Cartesian storage categories the classification is also persistent, which means that
when you make a function linear in an argument—>by classifying it at that argument—you
do not destroy the linearity that any of the other arguments might have enjoyed. This
has the important consequence that the universal property can be extended to a multi-
classification property as mentioned above. Here is the argument for the bi-classification

property:
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2.3.5. LEMMA. In a Cartesian storage category, for each f: A x X XY — Z there is a
unique f*, which is linear in both its second and third arguments (i.e. bilinear), such that

Ax X xY !

Ixpxe
L fh2

Ax S(X) % S(Y)

Z

T

commautes.

ProoF. To establish the existence of a map we may extend it in stages:

f

Ax X XY ——*ZZ

1X¢X1J/ fﬁ1
AxSX)xY fﬁ

1x1x¢l 7:‘;

Ax S(X) x S(Y)

the map f*2 is then linear in its last two arguments by persistence. Suppose, for unique-
ness, that a map g, which is linear in its last two arguments, has (1 X ¢ X @)g =
fiAXx S(X)x S(Y) — Z. Then ff* = (1 x 1 x ¢)g as the latter is certainly linear
in its middle argument. Whence g = f%. n

This allows the observation that there is a candidate for monoidal structure m.: S(A) x
S(B) — S(A x B) given as the unique bilinear map lifting ¢:

Ax B ‘ S(A x B)
S(A) % S(B) X

We observe that this implies the following two identities:

2.3.6. LEMMA. In any Cartesian storage category:
(i) m = 0S(0)u;
(11) (€ X €)my = myS(my)e.

PRrROOF. Both can be verified using the universal property outlined in Lemma 2.3.5. First
one notices that all the maps are bilinear, thus it suffices to show that prefixing with ¢ x ¢
gives the same maps:
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(i) Clearly m is bilinear. Recall that ;1 = €g(). Notice that 6.5(6')p is linear in its first
argument as ¢ is and S(0")u is linear. However, using persistence it is also linear in
its second argument as:

A x S(B) o S(A x B) S(A x B)

«1 ¥ ¥
v €S(AxB)=H

S(A) x S(B) —~ S(S(A) x B)

This gives:

(ex@my = ¢
(o x p)0S(O@ ) =

(ii) In this case both maps are clearly bilinear and thus the equality is given by:

(p X p)e xe)my = my
(p X p)myS(mx)e = @S(my)e
My PE = My

Then:
2.3.7. PROPOSITION. In a Cartesian storage category:

(1) S = (S, p, 1) is a commutative monad, that is S is a monoidal monad with respect

to the product with my = 0S(0")u: S(A) x S(B) — S(A x B);

(i1) for every object X

1s an absolute coequalizer;

(i) f:Ax X —Y is linear in its second argument if and only if

Ax S(X) 2~ 54 % x) 2 5(v)

Mﬁ &

Ax X Y

commutes;
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(iv) and so f: A x B —Y is bilinear (i.e. linear in its first two arguments) if and only
if
mx S(f)
S(A) x S(B) —= S(A x B) —= S(Y)

“ﬁ &

Ax B Y

commutes.

PROOF.

(1) To establish this, given that we know the monad is strong, it suffices to show that
the strength is commutative. That is that the following diagram commutes:

S(A) x S(B) 2~ 5(S(A) x B) 2L 5(S(A x B))

]

S(A x S(B)) u
S(@)i
S(S(A x B)) S(A x B)

“w
The defining diagrams for the two routes round this square are:

px1 1x¢p

Ax B—= S(A) x B—=S5(A) x S(B)

T e

S(Ax B)  S(AxS(B))
\ S(6")
S(S(A x B))

S(A x B)

and
Ix¢p px1

Ax B—=Ax S(B)—=S(A) x S(B)

N

S(Ax B)  S(S(A) x B)

\ 5(6)
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Note that, because the classification is persistent, following Lemma 2.3.6 (i), both
these constructed maps are bilinear. Thus, using the universal property of ¢ x ¢
they are equal. This shows that the two ways round the square making the strength
commutative are equal.

(i1) € is split by ¢ and so this is a split coequalizer: that is ep = p.S(€) and both e = 1
and S(p)e = 1. Thus this is an absolute coequalizer.

(i17) If f is linear in its second argument then (1 x¢€) f is also linear in its second argument
(recall € is linear). But this means f* = (1x¢€)f. However, also we know f* = 0.S(f)e.
Thus, the diagram (which shows linearity) commutes.

Conversely, suppose this diagram commutes; then notice it suffices to show that we
can factor f* = (1 x €)g. Then, as 1 x ¢ is linear and also a retraction, g must be
linear. Finally g must of course be f as f = (1 x ¢)f* = (1 x ¢)(1 x €)g = g. Now
to show we can factor f* in this manner, we can use exactness; it suffices to show

that
1 x S(e)

Ax SH(X) /=3 Ax S(X) 1>

1xe

commutes. For this we have the following simple calculation which uses the fact
that ee = S(e)e:

(1xe)ff = (1xe)dS(f)e
= (Ixe(dxe)f=(1xee)f
= (xS0 = (1 x S)(1 x )f
= (1xS(€))0S(f)e = (1 x S(e)) f*.

(iv) This is immediate from the preceding.

Notice that this means that in a Cartesian storage category, the system £ may equiv-
alently be viewed as being induced by the monad S. The second property says that the
induced comonad on the subfibration of linear maps is an ezact modality. In the next
section, as we study this comonad in more detail, the significance of this property will
become clear.

We end this subsection with two observations. The first of these is that the notion of
a storage category is simply stable in the sense that each simple slice of a storage category
is itself a storage category. This, in principle, will allow us to suppress the fibred context
of a statement about storage categories, as such statements will be true in all simple-slice
fibres.
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2.3.8. LEMMA. If X is a Cartesian storage category then each simple slice, X[A], is also
a Cartesian storage category.

The second observation concerns the algebras of the monad (S, ¢, i = €5). Recall that
an algebra for this monad is an object A with a map v: S(A) — A such that

A5 s2 4 g2 B g

\V / s |

A S(A) —— A

v

Consider the algebras whose structure maps are linear. Of course, there could be algebras
whose structure map does not lie in £ but for now we consider the case v € L. These
algebras, due to the first triangle identity above, must be precisely of the form v = e4—
and then the remaining identities will automatically hold. A homomorphism of such
algebras is then precisely a map f: A — B which is e-natural. Thus, we have:

2.3.9. LEMMA. The full subcategory of S-algebras, determined by algebras whose structure
maps s linear, is, for any Cartesian storage category X, isomorphic to the subcategory of
linear maps L]].

2.4. ABSTRACT COKLEISLI CATEGORIES. Abstract coKleisli categories were introduced
(in the dual) by Fuhrmann [F99] to provide a direct description of coKleisli categories.
Thus, every coKleisli category is an abstract coKleisli category and, furthermore, from
any abstract coKleisli category, X, one can construct a subcategory, X, with a comonad,
S, whose coKleisli category is exactly the original category X. Of particular interest is
when the constructed category, Ys, of a coKleisli category Ys is precisely Y: this, it turns
out, happens precisely when S is an exact modality in the sense above.

This section views a Cartesian storage category from the perspective of its being
an abstract coKleisli category. A Cartesian storage category is clearly a rather special
abstract coKleisli category so that our aim is to determine what extra algebraic conditions
are being required.

2.4.1. DEFINITION. An abstract coKleisli category is a category X equipped with a
functor S, a natural transformation p:1x — S, and a family of maps €4: S(A) — A
(which is not assumed to be natural) such that egy is natural. Furthermore:

pve=1, S(ple=1, and ec = S(e)e

An abstract coKleisli category is said to be Cartesian if its underlying category, X, is a
Cartesian category such that !, mg and m; are all e-natural (in the sense that emy = S(mo)e,
etc. ).

In an abstract coKleisli category the e-natural maps, that is those f which satisfy
S(f)e = ef, form a subcategory X, and on this subcategory S = (S, S(¢), €) is a comonad.
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On X, the larger category, S = (S, ,€g()) is a monad. It is not hard to see that the
e-natural maps form a system of linear maps which are classified:

where the uniqueness follows since if h: S(X) — Y has ph = f then S(f)e = S(ph)e =
S(p)eh = h.

In an abstract coKleisli category, we shall always use the e-natural maps as the default
system L of maps. We now address the question of when this system is a linear system
of maps.

2.4.2. DEFINITION. An abstract coKleisli category is said to be strong in case it is Carte-
sian and S is a strong functor, ¢ a strong natural transformation, and € is strong, even
where it is unnatural, meaning that the following commutes for all objects A and X :

Ax S(X) 2~ S5(Ax X)

€
1xe l

Ax X

In a strong abstract coKleisli category X, S = (5, ¢, €g()) is clearly a strong monad.
We observe:

2.4.3. PROPOSITION. If (X, S, p,€) is a strong abstract coKleisli category then the maps
[iAXx X —Y of LIA] C X[A] such that

Ax S(X) 0~ 54 x X) YL 5(v)

Mﬁ &

Ax X ; Y

form a system, Ls[X], of linear maps which are strongly classified by (.S, ¢).
PrOOF. We check the conditions for being a system of linear maps:

[LS.1] The identity in X[A] is e-natural since (by strength) 0;S(m;) = m;:

Ax S(X)—2—=S(Ax X)
\ \LS(m)
Lxe 5(X)

Ax X X

1
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We check that the projections in X[A] are e-natural using:

Ax S(X1 % Xa) —2= S(A x (X1 x X2)) 2L 85X x X,) 2L g(x,)

- y

A X (Xl X Xg) X1 X X2 Xz

Uyt

Suppose fi: A x X — Y; and f;: A x X — Y] are e-natural in X[A]. Then
in the following diagram the left hand square commutes if and only if the two
outer squares corresponding to the two post compositions with the projections
commute.

Ax S(X) 2= 5(A x X7 PLEW % vp) L 5(v))

Mﬁ ie ie

AxX (f1.f2) YixYy Yi

However the outer squares commute by assumption and so (fi, f2) is e-natural in
X[A4].

[LS.2] We must show that e-natural maps in X[A] compose. We shall do it explicitly:

S((mo.f))

S(Ax X) D54 x A x X)

0 S(1xf)
9

Ax1 1x60 1xS(f

Ax S(X) 2 A% AxSX) 2% Ax 5(Ax X)W A% s(v) TZS5(AxY)

1xe 1x1xe 1xe S(Z)
(mo,f)

Next we must show that if gh is e-natural and g is a retraction which is e-natural
then h is e-natural. We shall prove it in the basic case leaving it as an exercise for
the reader to do the calculation in a general slice.
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We have

where the left square is known to commute and the outer square commutes. This
means S(g)S(h)e = S(g)eh but S(g) is a retraction as g is so the right square
commutes.

[LS.3] We must show that if f is e-natural in X[A] then (g x 1)f is e-natural. Here is
the diagram:

Ax S(X) 2~ S(Ax X) Sex1)f)

B x S(X —>SB><X

IXei

B x X Y

Ax X ;

This system of linear maps is always strongly classified by (S, ) by defining f* = 0.5(f)e,
which is clearly e-natural in X[A], and certainly has (1 x ¢)0S(f)e = f. It is unique, for
if ¢ is e-natural in X[A] and has (1 x ¢)g = f, then

05(f)e = 05((1 x p)g)e = (1 x 5(¢))05(g)e = (1 x S(p))(1 x €)g = g.

To complete the story it remains to establish the property to which persistence corre-
sponds:

2.4.4. LEMMA. A strong abstract coKleisli category has a persistent strong classification
of the e-natural maps if and only if S is a commutative (or monoidal) monad.

PROOF. Suppose that f: A x X x Y — Z is linear in its second argument. That is

AxSX)xY 2o 5Ax x x V) o 5(2)

1X€X1i ie

Ax X xY 7
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commutes. Then we must show that after linearizing the last argument the result is still
linear in the second argument. That is the following diagram commutes:

S(Ax X x S(Y)) 2L 624 x X x Y)

Ax S(X)xS(Y)
1x6x1l x /

Ax X x S(Y) S(Ax S(X)x V) 2L 624 x X x v)

S2(
\ iS(lXeXl) S(E)l /

03
S(Ax X xY) 50

Conversely we have already established that a persistent strong classification gives rise
to a commutative monad. |

We shall say that a strong abstract coKleisli category is commutative if its monad
is. We have now established:

2.4.5. THEOREM. If X is a Cartesian category, then X is a Cartesian storage category
(that is, X has a persistently strongly classified system of linear maps) if and only if it is
a strong abstract commutative coKleisli category.

2.5. LINEAR IDEMPOTENTS. A very basic construction on a category is to split the idem-
potents and we pause our development to briefly consider how this construction applies
to storage categories. In a storage category there is a slightly subtle issue as it is quite
possible for a linear idempotent to split into two non-linear components. This means that
even though an idempotent may split in the “large” category of all maps it need not in
the subcategory of linear maps. We shall be interested in splitting the linear idempotents
linearly, for in this case we can show that the resulting category is also a storage category
which extends the original category without introducing any new linear maps.
We start with a basic observation:

2.5.1. LEMMA. In a Cartesian storage category:
(i) When fg is linear and g is monic and linear, then f is linear;
(ii) When fg is linear and f is linear with S(f) epic, then g is linear;

(111) A linear idempotent e: X — Y splits linearly, in the sense that there is a splitting
(r,s) with rs = e and sr = 1 with both r and s linear iff there is a splitting in which
at least one of r and s are linear.
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Proor. Consider

S(X) S(f9) S(Y)

S¢S
\S(Y) /

€

) Y
\/
Y

Under the conditions of (i) the back face commutes since fg is linear (i.e. e-natural),
and the “g face” commutes. Then S(f)eg = S(f)S(g)e = efg and, thus, as g is monic,
S(f)e = ef implying f is linear.

Under the conditions of (4i) the back face still commutes and the “f face” commutes.
So then S(f)eg = efg = S(g)F(g)e and, thus, as S(f) is epic eg = S(g)e implying g is
linear.

Finally for (iii) if e splits and s is linear then e = rs satisfies (i) while if r is linear it
satisfies (ii) as S(r) being a retraction is certainly epic. =

In a storage category we shall often wish to split all the linear idempotents, that is
split all idempotents e such that e € £. An important observation is that this can be
done entirely formally:

2.5.2. PROPOSITION. If X is a Cartesian storage category then the category obtained by
splitting the linear idempotents, Split,(X), is a Cartesian storage category in which linear
1dempotents split and the embedding

I:X — Split,(X)

preserves and reflects linear maps and the classification.

PROOF. The objects of Split,(X) are the linear idempotents in X, and the maps f:e — ¢’
are, as usual, those such that efe’ = f. As linear idempotents are closed under products
(that is whenever e and €’ are linear idempotents then e x €’ is a linear idempotent) it is
standard that these form a Cartesian category. We shall say that f:e x ¢/ — €” is linear
in its first argument precisely when it is so as a map in X. It is then immediate that in
Split,(X) linear idempotents will split linearly.

The functor S is now defined on Split,(X) by taking an object e to S(e) and a map
f to S(f). The transformations ¢ and e can also be extended by setting .: = epS(e) =
pS(e) = ep and €.: = S(e)ee = ee = S(e)e (where here we use the linearity of e).
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To show that (S, ) on Split,(X) classifies linear maps in Split,;(X) consider

GX€—>€/

ax wi - :

ax S(e)

where a, e, ¢’ are linear idempotents and f = (a x e) fe’ and f* is the linear classification
for f in X then it suffices to show that f* = (a x S(e))f*¢’ to show this is a classification in
Split,(X). To show this first note that (ax S(e))f*e’ is linear, so if (1x¢)(ax S(e)) fie’ = f
we will have secured the equality. For this we note:

(1 x p)(ax S(e)ffe' = (axe)(lx ) fe' = (axe)fe' = .
Persistence now follows immediately from persistence in X.

We also need to show that the linear maps in Split,(X) satisfy [LS.1], [LS.2] ,and
[LS.3]. The only difficulty concerns [LS.2] and the condition on linear retractions. In a
slice Split;(X)[a] we must show that if ¢ is a linear retraction (where the section is not
necessarily linear) and gh is linear then h is linear. This gives the following commuting
diagram of maps

(mo,0)
axe ————axe

axe’ m0,9)h
- i (0.9) i< 09

CLXS/—>6//

h

in which the downward pointing arrows contain the known linear components and v is
the section of g which gives rise to the leftmost arrow being an “identity map” at the
idempotent axe’. We must show that A is linear in this slice, that is that (1xe)h = 0S5 (h)e.
Here is the calculation:

0S(h)e = 6S((a x €' )h)e as h:a x ¢ — ¢’

It is worth remarking that splitting linear idempotents of X does not cause linear
idempotents in X[A] to split. One can, of course, split the linear idempotents in X[A] but
this in general will have more objects than Split,(X)[A] as there will be more idempotents
which are “linear in one argument” than are just linear. More precisely, a linear idempo-
tent in X[A] is an ¢’: A x X — X linear in X with (7, e’)e’ = ¢’ and these, in general,
will strictly include idempotents m e where e is a linear idempotent in X.
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2.6. FORCEFUL COMONADS. At this stage we have a fairly good grasp of what the monad
of a Cartesian storage category looks like. However, notably absent has been a discussion
of the properties of the comonad S on the linear maps of a Cartesian storage category.
In this section we correct this defect.

Recall that the strength in a Cartesian storage category is not linear, in general, so
that the comonad S will not have a strength. To guarantee that S be strong, we shall
postulate the presence of a map which generates a strength map in the coKleisli category:
this we call a force and we develop its properties below.

2.6.1. DEFINITION. A (commutative) force for a comonad S = (S, €,8) is a natural
transformation

S(A x S(X)) % S(A x X)
which renders the following diagrams commutative:

[Force.1] Associativity of force: (ax is the associativity transformation)

ax

S(A x (B x S(C))

5

S%(A x (B x S(C))
S(ox)
S(S(A) x S(B x S(C)) ¥
S(exwp)
S(Ax S(Bx())

¥

S(Ax (B xC())

S((A x B) x S(C))

[Force.2] Projection and force:
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[Force.3] Forceful naturality:

S(A x S(B)) g S2(A x S(B))

S(ox)
v S(S(A) x SB))
S(1x(ed))
S(A x B) S(S(A) x S%(B))
5 P

S2(A x B) S(S(A) x S(B))

S(ox)

[Force.4] The forcefulness of counit:

S(1xe)

S(A x S%(B)) S(A x S(B))

g ¥

S(A x S(B)) S(A x B)

[Force.5] The forcefulness of comultiplication:

S(A x B) 2~ 52(A x B) 2795(5(4) x §(B))

X

S(A x B) S(S(A) x B)

S(ex1)
[Force.6] Commutativity of force: (cx is the commutativity transformation)

S(S(A) x S(B)) —~ S(S(A) x B)

/ ;

S(A x S(B)) S(A x B)

where "1 = S(cx ) S(cx) is the symmetric dual of the force.

We shall say that a comonad is forceful if it comes equipped with a force. First we
observe the following.

2.6.2. PROPOSITION. In any Cartesian storage category X the comonad, S on the linear
maps has a force.
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Proor. If X is a Cartesian storage category we may define 1) = S(6)e: by inspection this

is a linear map (7.e. in L[]). We must check it satisfies all the given properties.

[Force.1] The interaction of associativity and strength gives the equation (1x80)0S(
axf. We shall use this and the fact that S(¢h)e = h for linear h: S(X)

in the calculation:

0S(0x)S(e x P)hS(ax)

[Force.2] The projection of force:

PS(m)

[Force.3] Forceful naturality:

CQCQCQCQ

(
(
(¥
(
(
(ax

P05 (0x)S(e x P)PS(ax))e
ppS(0x)S(e x p)S(ax))e

ox (€ X P)pS(ax))e

(¢ x @)(e x P)ppS(ax))e
S((1 x 0)0S(ax))e
S

0)e = S(ax)y

ay) =
—Y

We shall use the couniversal properties repeatedly: we need to show 0S5 (oy) =
dS(0x (1 x €d))1, but as they are both linear, it suffices to show that they are

equal when prefixed with ¢:
p6S(ox)

P05 (0x (1 X (€0)))y

055 (o)

(1 x 6)0S(0o)
ppS(ox (1 x (€6)))
p(ox (1 x (ed)))0

(p x )(1 x (€0)))0
(p x9)0

The resulting expressions are both linear in the second argument, so they are
equal provided precomposing with 1 x ¢ makes them equal:

(1 xp)(1x0)8S(0oy)

(1 x p)(p x4)0

This establishes the equality!

(1% (pp))0S(0ox)
(1 x p)pS(0ox)

(1 x p)lo.p
poxp = (p X p)p
(o x p)(L xp)f
(P X @)
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[Force.4] For the forcefulness of the counit both sides are linear as so equal if they are
equal after precomposing with ¢. However, 1) = 01 and pS(1 x €)1 =
(1 x €)ptp = (1 x €)f. These last are linear in their second argument and,
therefore, are equal if and only if precomposing with 1 x ¢ makes them equal:

(1 x @)y = pip =0 =(1xp)(1xe€)f
[Force.5] The forcefulness of the comultiplication:
0S(ox)S(ex 1) = dS(ox0)eS(e x 1)
= 0S(040S(e x 1))e
wo (e x 1)0)e

(¢ x @)(ex 1)0)e
(1 x p)0)e

[Force.6] Commutativity of the force:

vy = 8

Conversely:

2.6.3. PROPOSITION. Let S be a forceful comonad on X a Cartesian category then the
coKleisli category Xs is a Cartesian storage category.

PROOF. The coKleisli category is immediately an abstract coKleisli category (see [F99)]):
it remains only to show that all the data (S, ¢, and €) are strong, and that the induced
monad is commutative.
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The following is the interpretation for the data of the Cartesian storage category:

[el = s
[e] := ee
[SHT == edS(LD)
] = v
[f gl == (So)lf], Sm)lgl) = ox (111 x l9])
[A] = €A
[m] = em
[ax] := eax

[fgl := oS(I/DIgl

First we must show that 6 satisfies the requirements of being a strength for S with
respect to the product. This may be expressed as following two requirements and natu-
rality:

1x60

AxS(X)—L-S(Ax X) Ax(BxS(X)) AxS(BxX)—~5(Ax (Bx X))

X\ lsm axi lsmx)

S(X) (A x B) x S(X) S((Ax B) x X)

0

The two diagrams are verified by the following calculation:

[0eS(m)] = 065(¢)edS(em)
= ¢YS(m)=S(m)e=em
= [m]
[(1x0)ebeS(ax)] = 05((S(m)e, S(m)))d5(¥)edS(eax)
= 05((S(mo)e, S(m)y))vS(ax)
= S(ax)y
= [ax ®0]

For naturality we have:

[(f xS(g)0] = 0S(ox(f x (€65(g))))¥
( S(f x S(g))¥

PS(f x g)

)

= 05()edS(ox(f x g)) = [05(f x g)]
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Next we must verify that both ¢ and €g (i.e. p) are strong:

Ax X — 2 L A% 5(X) Ax S2(X) 2= 5(A x S(X)) 2 5204 % X)
S(A x X) Ax S(X) S(A x X)

[(Ax@)f] = 0S(ox(ex1))p
(o)

[
— o
I ;Q
’.?X
= =
@)
=
X
=

[(1xe)f] = 6S(ox(e x e€))

1l

S O

S 3G

39

X X
/\/{;\/-\

X

o>

o

E

X

>

=

0S(0S(1)e)e
= 0S(1)6S(edS(V))ee
= [05(0)e]

where we used the following equality §S (o (€ X €)) = Lgaxp) which holds as
0S (0w (e x €)) =0S((S(mp), S(m1)) (€ x €)) = 6S({emp, em1))) = S (e(mg, 1)) = 05 (e) = 1.
Lastly we must show that the induced monad is commutative, that is:

S(0")

S(A) x S(B) b~ 5(S(A) x B) S2(A x B)

v| v

S(A x S(B)) S2(A x B) S(A x B)

S5(0)

[0S(0)u] = 0SW)(0S(edS(¢))ee
— SIS
= P =9y
= 6S(Y'6S(¢Y)e)e
= 05(¢")(3S(edS(1))ee
= [6'5(0)u]
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We shall call a Cartesian category with a forceful comonad a Cartesian linear cat-
egory. We may summarize the above results as follows:

2.6.4. THEOREM. A category is a Cartesian storage category if and only if it is the
coKleisli category of a Cartesian linear category. A Cartesian linear category is the linear
maps of a Cartesian storage category if and only if its comonad is exact.

Recall that a comonad is exact when the commuting diagram:

S(e
S(S(X)) % S(X) = X

€

is a coequalizer. A category with an exact comonad is always the subcategory of e-natural
maps of its coKleisli category. This allows the original category to be completely recovered
from the coKleisli category.

Starting with a forceful comonad & on a Cartesian category X one can directly form
the simple fibration of the coKleisli category. The total category X can be described by:

Objects: (A, X) where A, X €Y,
Maps: (f,9): (A4, X) — (B,Y) where f:S(A) — Band ¢: S(Ax X) = Y}
Identities: (e, S(m)e): (4, X) — (A4, X);
Composition: (f,9)(f,¢) = (55(f) ', 6S(S(m0) . 9)))-
That this amounts to the simple fibration 0: Xs[Xs| — Xs; (f,g) — f is easily checked.

2.6.5. REMARK. One might expect for there to be more interactions between the comul-
tiplication and the force. In fact, there are but they are often not so obvious! Here is an

example:
S(1x9)

S(A x S(B)) S(A x S?(B))

q |+

S(A x B) S(A x S(B))

An easy, but perhaps rather unsatisfactory way to check this is by looking in the corre-
sponding Cartesian storage category where we have rather easily:

1 xS(p))S(0)eS(0)e
(1% 5())05(0))ee
0S5 ((1

S((1x p)0)e)e
Ope)e = S(O)e =

SAx oy = 8
- S

I
N

(
(
(
= 5
However, one might reasonably want a direct proof. We shall use the following equality

(SS(O-X (5 X 6)) = 1S(A><B)
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which holds since
dS(ox (e x€)) =05((S(mp), S(m1))(€ x €)) = S ({emp, em))) = S (e(mg, m1)) = 05(€) = 1.
Here is the calculation:

v = S x6S(e)) = (1 x9)YS(1 xe)
1

= (1 x0)YdS(ox)S(e x 1)S(1 x ¢)

= (1 x8)YdS(ox)S(e x €)

= (1 x0)dS(0x)S(1 x (€0))y1pS(e x ¢)

= (1x0)0S(0x)S(1 x (ed))pS(e x S(e))y
= (1 x6)6S(0x)S(1 x (€0))S(e x S*(e))yp
= (1x6)8S(ox)S(e x (e55%(e))) vy

= (1 x9)5S(ox)(e x€)(1 x (S(€)d))vy

= (1% 8)(1 x (S(0)9)

= (Ix0d)yy

We now have the following which summarizes the main results of this section

2.6.6. THEOREM. For a Cartesian category X, the following are equivalent:
o X is a Cartesian storage category;
o X is a strong abstract commutative coKleisli category;

o X is the coKleisli category of a Cartesian category with a forceful comonad.

3. Monoidal storage categories

Our objective is now to link our development to the categorical semantics of linear logic
through the “storage categories” which were developed from the ideas introduced in [S89].
The original definition of these categories required a comonad S on a x-autonomous
category and natural isomorphisms sy:S(A x B) — S(A) ® S(B) and s;:S(1) — T.
Subsequently Gavin Bierman realized that, in order to ensure that equivalent proofs of
Multiplicative Exponential Linear Logic (MELL) were sent to the same map, the comonad
actually had to be monoidal. Bierman called these categories, in which this new require-
ment was added, “new Seely” categories.

Bierman’s examination of MELL also revealed that, even in the absence of additives,
the (monoidal closure of the) coKleisli category of a symmetric monoidal category with
an exponential would have products and, furthermore, when the original category was
closed, would be Cartesian closed. Thus, it seemed that the additive structure was not
really necessary for the theory. Bierman called the categories which provided models for
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MELL linear categories. In this manner, the additive structure, basic in Seely’s original
definition, was relegated to a secondary and largely optional role.

Andrea Schalk [S04] collected the various axiomatizations of Seely categories originat-
ing from this work, and removed the requirement that the category be closed. She showed
that this was an orthogonal property whose main purpose was to ensure the coKleisli cat-
egory was Cartesian closed. She called the modalities linear exponential comonads, and
thus replaced linear categories with symmetric monoidal categories with a linear expo-
nential comonad.

Even more recently Paul-André Mellies [M02] while revisiting “categorical models of
linear logic” concentrated entirely upon the exponential structure: notably *-autonomous
categories hardly rated a mention and the additives are reduced to at most products—
although closedness is assumed throughout. Of note was the emphasis that was placed on
the role of the monoidal adjunction which was induced between the linear and Cartesian
categories. Of particular interest was an axiomatization for Seely’s original ideas which
showed that rather than demand that the comonad be a monoidal comonad one could
obtain the same effect by axiomatizing the Seely isomorphism itself more carefully. Here
we shall follow this idea and, adapting it somewhat, obtain a convenient description of the
variety of Seely category in which we are interested. These are “new Seely categories”,
but following Andrea Schalk’s lead, the requirement of closedness is dropped.

One thing that should be emphasized is that in, this exposition of Seely categories, we
are focusing on the product structure: the monoidal structure is regarded as secondary,
indeed, even generated by products. This is absolutely the opposite to the general trend in
the work cited above where an underlying theme is to decompose the product structure
into a more fundamental monoidal structure. Mathematically, of course, there is no
tension between these approaches, as in these settings the product and monoidal are
linked and it should be no surprise that the linkage can be worked in both directions.
However, there is perhaps a philosophical message, as it challenges the precept of what
should be taken as primary. Seemingly in spite of this, we shall call the current notion
“monoidal storage categories”, as they are very similar to the “storage categories” we
considered in [BCS06], in the context of (monoidal) differential categories.

The section starts by providing an exposition of monoidal storage categories: we start
from the definition of a storage transformation and explain why this is the same as a
coalgebra modality. A monoidal storage category is then defined to be a symmetric
monoidal category with products and a storage transformation which is an isomorphism.
We then prove that this implies that the modality is a monoidal comonad and, thus, that
we do indeed obtain (modulo the relaxing of the closed requirement) what Gavin Bierman
called a “new Seely” category.

Next, we return to the main theme of the paper, and formulate the notion of monoidal
representation in a Cartesian storage category. We then show that the linear maps of
a Cartesian storage category, which has persistent monoidal representation, always form
a monoidal storage category. Conversely, the coKleisli category of a monoidal storage
category is a Cartesian storage category with monoidal representation. Thus, monoidal
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storage categories, in which the comonad is exact, correspond precisely to the linear maps
of Cartesian storage categories which have persistent monoidal representation.

3.1. COALGEBRA MODALITIES. Let X be a symmetric monoidal category with tensor
(®, ag, ¢, uk, uf) which has products and a comonad (S,d,€). (Note that ag,cy are
associativity and commutativity iso-transformations for the tensor, and u5, uZ are the

tensor unit iso-transformations. )

3.1.1. DEFINITION. A storage transformation is a symmetric comonoidal transfor-
mation s: S — S from X, regarded as a symmetric monoidal category with respect to the
Cartesian product, to X, regarded as a symmetric monoidal category with respect to the
tensor, for which 0 is a comonoidal transformation.

Thus, a storage transformation is a natural transformation so: S(X xY) — S(X) ®
S(Y) and a map s1: S(1) — T satisfying:

S(X xY)x Z2)—2-5(X xY)® S(Z) 222 (S(X) @ S(Y)) ® S(2)

) -

S(X % (Y x 2)) —= S(X) @ S(Y x Z) - S(X) @ (S(Y) ® 5(2))

S(1x X)—2-5(1)® S(X) S(X x1)—2=8(X)® S(1)

S(Wl)l l50®1 S(WO)\L l1®80

S(X)~———T ® S(X) S(X) S(X)eT

® Ug

S(X xY)-2-5(X)®S(Y)

w| s

S(Y x X) —=S(Y) ® S(X)

In general, a natural transformation is a comonoidal transformation if it respects the
comonoidal structure in the sense that the following diagrams commute:

F(XxY)—% ~G(X xY) F(1) © . G(1)

F G
72 l l% F a

F(X) & F(Y) —G(X) ® G(Y) h "

a®o

A comonad is comonoidal if all its transformations are. However, for the comonad (S, 9, €)
it makes no sense to insist that e is comonoidal as the identity functor is not comonoidal
(from X with products to X with tensor). However, it does make sense to require ¢ is
comonoidal. Recall first that, with respect to the product, every functor is canonically
comonoidal with:

o3 = (S(m), S(m)): S(X x V) — S(X) x S(Y) and o = ():S(1) — 1.
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This allows us to express the requirement that ¢ be comonoidal as follows:

S(X xY) '~ S(S(X xY)) S(1) —2~ S(5(1))
|os Jstet)
52 S(S(X) x S(Y)) s\ (1)
S(X)® 8(Y) 5= S(S(X)) @ S(S(Y)) T

3.1.2. DEFINITION. A symmetric monoidal category X with products has a commu-
tative coalgebra modality in case there is a comonad (S,0,€) such that each S(X)
is naturally a cocommutative comonoid (S(X),A,e) and 0 is a homomorphism of these
monoids:

S(X) : S(S(X)) S(X) " S(5(X))
Ai iA \T/

S(X) ® S(X) ——

We now observe that:

3.1.3. PROPOSITION. For a symmetric monoidal category with products, having a comonad
with a symmetric storage transformation is equivalent to having a cocommutative coalgebra
modality.

PRroor.

(=) If one has a storage transformation then one can define natural transformations
Ajeas A = S(Ay)s2:S(X) — S(X)® S(X) and e = S(())s0: S(X) — T. As
(symmetric) comonoidal functors preserve (commutative) comonoids these do de-
fine comonoids. Further, since § is comonoidal as a transformation it becomes a
homomorphism of the induced comonoids. This means that we have a (cocommu-
tative) coalgebra modality.

(<) Conversely given a (cocommutative) coalgebra modality on a (symmetric) monoidal
category we may define sy = A(S(my) @ S(m)):S(X xY) — S(X)® S(Y) and
so =e:5(1) — T. sy is clearly a natural transformation and using the fact that A
is coassociative it is easily seen to satisfy the first comonoidal requirement. For the
last we have:

52(1® so)ufi = A(S(mo) @ S(m))(1 @ e)ug = A(1) ® S(m1))ugS(m) = S(mo).
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Thus these maps do provide comonoidal structure for S. It remains to show that o
is a comonoidal transformation:

58(0))s2 = 6S(c)A

This not only provides an alternative way to describe a commutative coalgebra modal-
ity but also leads us into the definition of a monoidal storage category:

3.1.4. DEFINITION. A monoidal storage category is a symmetric monoidal category
with a comonad (S, 6, €) which has a storage transformation which is an isomorphism (i.e.
both sy and sy are isomorphisms).

Thinking of monoidal storage categories as “Seely categories”, one notices that this is
not the usual definition; in [M02] this definition (essentially) is given as a theorem which
relates this description to the more standard definition given by Bierman and adapted by
Schalk.

First, we shall compare monoidal storage categories to models of the multiplicative
exponential fragment of linear logic (which we shall not assume includes being closed).
We shall simply call these linear categories as they are Bierman’s linear categories without
the requirement of closure. Thus, a linear category is a symmetric monoidal category X
with a coalgebra modality on a symmetric monoidal comonad (.5, €, §, mg, m7) such that
A and e are both monoidal transformations and coalgebra morphisms.

The requirements of being a linear category are worth expanding. The requirement
that e: S(A) — T be a monoidal transformation amounts to two coherence diagrams:

mT

T-2L8(T)  S(A)®S(B) 22~ S(A® B)

\ | coe |

il T®T T

u

The requirement the A: S(A) — S(A) ® S(A) is a monoidal transformation amounts to
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two coherence requirements:

me

T T - 5(T) S(A) ® S(B) S(A® B)
N
TOT —=S(T)®S(T) S(A) @ S(A) @ S(B)®S(B) A
S(A) @ S(B)® S(A) ® S(B) —.—-—= S(A® B) ® S(A® B)

Requiring that e: S(A) — T forms a coalgebra morphism amounts to the requirement
that

S(A) —= S2(A)
ei S(e)
T e S(T)

commutes. Finally requiring that A is a coalgebra morphism amounts to:

S(A) - S2(A)

Al lS(A)

S(A)® S(A) e S%(A) @ S*(A) T S(S(A)® S(A))

In his definition, Bierman had another requirement, namely that whenever f:S(A)
— S(B) is a coalgebra morphism it must also be a comonoid morphism. We have
amalgamated this into the definition of a coalgebra modality:

3.1.5. LEMMA. In a linear category there is the following implication of commutative
diagrams

PROOF. We use the fact that § is a morphism of comonoids and is a section (with retraction
€). This means the lower diagram commutes if and only if fA(d ® ) = A(f ® f)(d ®0)
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but for this we have:

fAQG®0) = [OA=05(f)A=0A(5(f)®S(f))
= A0 (S(f)@5(f) = Al05(f) ® (0(5(f) = A((f9) ® (f0))
= A(f®f)6®9).

Note that this immediately means that if f is a coalgebra morphism, it is also then a
comonoid morphism, and so Bierman’s original definition of a linear category corresponds
to ours (modulo the absence of closedness).

3.1.6. THEOREM. A monoidal storage category is a linear category and conversely a linear
category with products is a monoidal storage category.

PROOF. We rely on a combination of [S04] and [M02] to provide the proof. In particular,
the monoidal structure of the monad is given by.

S(s1)
s

T 27, S(T) :715;Suy55%w S(T)

S(A)® S(B) %5 S(A® B) = S(A)® S(B) 2 S(A x B) -+ S*(A x B)
)L 5(8(A) @ S(B)) —2% S(A® B)

The converse requires checking that a linear category with products provides a storage
isomorphism. The fact that there is a coalgebra modality is part of the data above. What
remains is to prove that the induced storage transformation is an isomorphism and this
is in the literature above. [

3.2. MONOIDAL REPRESENTATION. We now return to the main thread of the paper and
consider the notion of monoidal representation for a Cartesian storage category. Our
objective is to show that a Cartesian storage category with monoidal representation is
precisely the coKleisli category of a monoidal storage category. To achieve this, however,
we must first take a detour to develop the notion of tensor representation. Recall that a
basic intuition for a tensor product is that it should represent bilinear maps: clearly this
intuition can be expressed in any category with a system of linear maps:

3.2.1. DEFINITION.

(i) In any Cartesian category a system of linear maps has monoidal representation
in case for each X and'Y there is an object X @ Y and a bilinear map ¢g: X XY
— X ®Y such that for every bilinear map g: X XY — Z in X there is a unique
linear map in X making the following diagram commute:

XxY—"——=7Z7

P® e
i e IelA]

X®Y



(i)

(iii)

(i)

(v)
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In any Cartesian category a system of linear maps has strong monoidal repre-
sentation in case for each X and'Y there is an object X ® Y and a bilinear map
0o X XY — X ®Y such that for every bilinear map g: X xY — Z in X[A] there
is a unique linear map in X[A] making the above diagram commute. Note that this
means in X we have the diagram:

Ax X xY g 7Z

A system of linear maps is unit representable in case there is a linear map p7: 1
— T such that in X for each point p:1 — Z there is a unique linear point pr: T
— Z making

LY

1
- 7
‘PT\L
ot
T

commute.

A system of linear maps is strongly unit representable in case it is representable
in each simple slice. This means there is a unique p' ) making

Ax1 P Y
7

1 XQOT\L s -
L pTIAl
AxT

commute.

A strong monoidal representation is persistent in case, in (ii) above, whenever A =
Ay x B x Ay and the map g is linear in B, then ¢® is linear in B. Similarly, for a
strong monoidal unit representation to be persistent requires, setting A = Ay x B X Ay
in (iv), that whenever p is linear in B then p A s also linear in B.

As before, the basic form of monoidal representation assumes only that it holds in the
original category: to be a strong monoidal representation requires the property must also
hold in every simple slice. Thus, as for classification, there is a progression of notions:
monoidal representation, strong monoidal representation, and persistent strong monoidal
representation, each of which demands more than the last. This also applies to the unit
representation; however, as we shall shortly discover (see Lemma 3.2.4), every storage
category already has a persistent strong unit representation. Thus, we shall often talk of
monoidal representation when we mean both monoidal and unit representation.

We first observe that persistence produces a simultaneous universal property:
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3.2.2. LEMMA. If f1AXx X xY x Z — W s linear in its last two arguments, then
there are unique maps linear in their last arguments, fi: Ax X ® (Y ® Z) — W and

forAX (XQY)®Z — W such that (1 x (1 x @)p))fi=f=1x((px1)p))fa.
This is useful in the proof of:

3.2.3. PROPOSITION. If X has a system of linear maps for which there is a persistent
strong monoidal (and unit) representation, then ® is a symmetric tensor product with
unit T on the subcategory of linear maps, L][].

PrROOF. When we have a persistent representation we can define the required isomor-
phisms for a tensor product:

1. The associativity isomorphism:

AxBx(C—*20 _(A@B)xC—* ~(A®B)®C

AXx (B®C)

A® (B®C)

o

where the key is to observe that (1 X pg)pg: A X Bx(C — (A® B) ® C is trilinear
so that the two extensions indicated are given by the universal property.

2. The symmetry isomorphism:

AxB-~BxA-*. B A

T
@%@J{ e
ey

A® B

3. The unit isomorphisms:
Ax1—=2 A

-7
l (mo)f) T
1 X@QT -

LU=

AxT

R
U
(2

AT

Note that (7r0)[{4 = mo since both fit here and this is bilinear whence one can define
uf. It is not obvious that uf is an isomorphism, however, the diagram itself suggests
that its inverse is

(W = (I X o1)pe: AR T — A
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and it is easily checked that this works.
We can now obtain the unit elimination on the left using the symmetry map u’ =
C@U%.
The coherences now follow directly from the fact that the product is a symmetric tensor
and the multi-universal property of the representation. [

When a Cartesian storage category has strong monoidal representation, then this
representation is automatically persistent. To establish this we start by observing that a
Cartesian storage category already has a fair amount of monoidal representation.

3.2.4. LEMMA. In any Cartesian storage category
(i) p:1 — S(1) gives persistent unit monoidal representation;

(i) myx:S(A) x S(B) — S(A x B) gives persistent monoidal representation for the
objects S(A) and S(B).

ProOOF. We shall focus on the binary monoidal representation: first note that my is
bilinear as my = 65(0')e = 6'S(6)e where the last two maps of each expansion are linear
while @ is linear in its second argument while #’ is linear in its first.

The universal property for an arbitrary bilinear h is given by the following diagram,
valid in any slice X[X]:

x =m((px 1
Ax B §(A) x §(By e,

7

x l’ ) ((@X@)h)u

S(A x B)

where h must be the solution to the simultaneous classification. But this makes the
righthand triangle commute by uniqueness of the universal property.
Furthermore this is a persistent representation as the classification is persistent. [

Notice that we have shown that the Seely isomorphisms sg: S(1) — T and s9: S(Ax B)
— S(A) ® S(B) are present. These isomorphisms, which are so central to the structure
of linear logic, play an important role in what follows.

The observation above means that a storage category always has (persistent and
strong) representation of the tensor unit. Thus, we now focus on understanding mon-
oidal representation. A key observation is:

3.2.5. LEMMA. In a Cartesian storage category X, f: Ax B — C' is bilinear if and only if
its classifying linear map f*: S(A x B) — C coequalizes the linear maps (S(€) ® S(e))sy*
and (e ® €)sy .

We shall use tensor notation even though we are not assuming that we have monoidal
representation: this is justified by the fact that, for these particular objects, we are always
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guaranteed representation by Lemma 3.2.4. The translation of these maps, S(€) ® S(e)
and €g(4) ® €g(4), back into tensor-free notation uses the commuting diagrams below:

S(S(A) x §(B)) ") 54 x B)

S?(A) ® S*(B) S(A)® S(B)

S(e)®S(e)

S(S(A) x S(B)) —= S(A) x §(B) —= S(A x B)

S2(A) ® S%(B) S(A) ® S(B)

Qe

PrROOF. We shall use the characterization of bilinear maps in Proposition 2.3.7 to show
that coequalizing these maps is equivalent to bilinearity.
Assume that (S(e) ® S(€))sy  f* = (e ® €)sy ' f* so that

(o x ©)pe(S(€) ® S(€))sy ' fF = (p X @)pe(c @ €)sy ' f*

But then we have:

(¢ % ©)pa(S(e) ® S(e))sy " f*
= (o x 9)(S(e) x S(€))pesy f*
= (e xe)(p x p)mxf*
= (exe)pft
= (exef

(¢ % )pale®@e)sy " f*

(¢ x 9)(€ X €)pgsy ' f*
= e, ff
= mxS(f)e
So this condition implies bilinearity. Conversely, by reversing the argument, assuming

bilinearity gives—using classification and monoidal representation—the equality of these
maps. ]

We now have:

3.2.6. PROPOSITION. X has (basic) monoidal representation at A and B if and only if

S(e) ® S(e) o
S?(A) @ S*(B) ?i S(A)®S(B) —% A® B

18 a coequalizer in the subcategory of linear maps.
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PROOF. Suppose z equalizes S(¢) ® S(¢) and € ® e then by the previous lemma 2’ =
(¢ X ¢)pgz is bilinear and this determines a unique linear map 2 with 2’ = pg2,.

S(e)xS(e) e
S%(A) x S*(B) S(A) x S(B) Ax B
‘p®l eXEeE l@@ \L@@ . " /
S(e)®S(e) Z
S2(A) © S%(B) S(A)® S(B) ——— A® B '
Qe B

We claim z(, is the unique comparison map making the fork a coequalizer in the linear
map category. To show this we need (e®¢€)zy, = 2z and we must show that any other linear
map k with (e ® €)k = z has pgk = 2’. For the first of these we note that z is determined
by representing (¢ X ¢)pgz = 2’ but

(X )pe(e@€)zg = (@ X @)(e X €)pgzy = Pozox = 2’

so the two maps are equal. For the second, suppose we have such a k then

ok = (@ X ©)(e X €)pek = (¢ X P)Yg(e® )k = (¢ X P)pgz = 2.

For the converse assume that the linear map category has this fork a coequalizer and
suppose f: A x B — (C is bilinear. Returning to the diagram above, by Lemma 3.2.5 we
may set 2/ = f and z = s, f*. Noting that the top fork is an absolute coequalizer gives
the map pg: A x B — A ® B which will then represent bilinear maps. [

Considering what happens in an arbitrary simple slice gives:

3.2.7. COROLLARY. A storage category has strong monoidal representation if and only if
forks of the form:

1 x S(e) ® S(e) )
X x S*(A) ® S*(B) ! X x S(A)@S(B) —25 X x A® B
1xe®e

are coequalizers for the linear subcategories L[X]

There are a number of different reasons why these forks might be coequalizers. It is
often the case that these forks will also be coequalizers in the whole storage category.
When this is so, one may decompose the presence of these coequalizers into the presence
of the basic coequalizer (of Proposition 3.2.6) and the fact they must be preserved by
the functor X x _. Because these coequalizers are clearly reflexive, this latter condition is
delivered whenever the product functor preserves, more generally, reflexive coequalization.
Of course, when the storage category is Cartesian closed, the product functor will preserve
all colimits and so in particular these coequalizers. In fact, the case which will be of
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primary interest to us here, as shall be discussed below, is when these coequalizers are
absolute and so are automatically preserved by the product functors and, furthermore,
are present under the very mild requirement that linear idempotents split.

We have established that these coequalizers must be present in any storage category
with strong monoidal representation. The final ingredient we need is persistence: fortu-
nately this is guaranteed once strong monoidal representation is assumed.

3.2.8. PROPOSITION. In a Cartesian storage category with a strong monoidal representa-
tion, the representation is necessarily persistent: that is, given a map h: XoxCx X1 x Ax B
— Y, which is linear in C, A, and B

;%xCx&xAxB—Lﬂf

1X¢®i o

XoxCx X; x(A® B)

then its linear lifting hg: Xo X C X X1 X (A® B) — Y 1is linear in C.

PRrROOF. By using Lemma 2.3.8 we may simplify what needs to be proven: namely, given
f:Ax B xC — Y which is linear in all its arguments then f®: A® B x C' — Y is linear
in C. This latter requires that we show that

px1

A® B x S(0) 2L S(A% B) x S(C) ™~ S(A® B x Cf— 5(Y)

AR BxC = Y

commutes. Because we have strong monoidal representation we know (e ® €) x 1: S(A) ®
S(B) x C — A® B x C is epic. Thus, we may preface this square with the map
(52 x 1)((e ® €) x 1) to test commutativity. Preliminary to this calculation note that
whenever f is bilinear the following diagram

S(A) X S(B) ——> S(A x B) —— S(Y)

S(f)
\\\\\\\\& lw
P

S(A) @ S(B)

6®6\L o

Ax B e A® B

m

2 s

Y

f

commutes as the dotted arrow is the unique linear extension of the bilinear map m S(f)e =
(e x€)f. Putting the right square in the simple slice over C' gives the following commuting



CARTESIAN DIFFERENTIAL STORAGE CATEGORIES 661

square

S(Ax B) x 9" 504 x B x )2 s(v)

ngll

S(A) ® S(B) x C ‘
e®5><1l/
AR B x(C Y
f®

We now have the calculation:

(sale®@e) x 1)(1xe)f® = (1 xe€)(s2(e®@¢€) x1)f%
= (Ixe)(l xp)muS(f)e
= myS(f)e
(sale®@e€) x 1)(o x D)myS(f¥)e = (o x 1)myS((s2(e@€) x 1)f®)e
= (exDmuS((1 x p)mxS(f)e)e
= (e x mxS((1 x @)mx)eS(f)e
= mxS(f)e

where the last step crucially uses the commutativity of the monad. [

When one has monoidal representation, if the tensor preserves the coequalizers which
witness the exactness of the modality S, that is coequalizers of the form

then the coequalizer above can be further analyzed via the following parallel coequalizer
diagram:

1®e 1®S5(€) 1R®e

1®e 1®e 1R®e

S%(A)® B S(A)® B A® B

e®1
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As proven in [J02, Lemma 1.2.11], for example, given horizontal and vertical reflexive
coequalizers as shown above, the diagonal is also a coequalizer. Recall that the basic
coequalizers are actually absolute coequalizers in the storage category so they certainly
are coequalizers in the linear category (use LS.2]) but they will not necessarily be absolute
in the linear category. Thus, assuming that the tensor product preserves them is a far
from benign assumption.

3.3. CODERELICTION AND MONOIDAL REPRESENTATION. An important source of mon-
oidal representation in Cartesian storage categories arises from the presence of a codere-
liction: this is an unnatural transformation 7: A — S(A) which ¢s natural for linear
maps such that each 74 is linear and splits € in the sense that n4e4 = 14. Notice that
©, in general, will not be a codereliction: is natural for all maps but it is not in general
linear—in fact if it were linear then all maps would be linear and S would necessarily be
equivalent to the identity functor.

As we shall shortly see, all Cartesian differential storage categories have a codereliction.
This is important because of the following observation:

3.3.1. PROPOSITION. Any Cartesian storage category in which linear idempotents split
linearly, and which has a codereliction, has persistent monoidal representation.

Recall that a linear idempotent e splits linearly when there is a splitting (r, s) with
rs = e and sr = 1 such that both s and r are linear. It follows from Lemma 2.5.1, that
both r and s are linear if either is. Furthermore, it follows from Proposition 2.5.2 that we
may always formally split linear idempotents.

PROOF. Once we have a codereliction we have a split pair

nen
/’“‘\
eRe
S2(A) @ S%(B) S(A)® S(B)
S(e)®S(e)

whose absolute coequalizer is the splitting of en ® en. Thus, when linear idempotents
split one has basic monoidal representation. As this coequalizer is absolute in the whole
storage category it is necessarily preserved by products and so the monoidal representation
is strong, hence persistent. [

In particular, as we shall discover in Section 4, a Cartesian differential storage category
always has a codereliction 7 = (1,0)Dy[¢] which is linear (in the differential sense) and
splits e. Thus, in these examples it suffices for linear idempotents (in simple slices) to have
linear splittings. This can always be formally arranged by splitting the linear idempotents.

3.4. MONOIDAL STORAGE CATEGORIES WITH AN EXACT MODALITY. We now observe
that in a Cartesian storage category, which has monoidal representation, the linear maps
form a monoidal storage category:

3.4.1. PROPOSITION. In any Cartesian storage category with monoidal representation,
the subcategory of linear maps is a monoidal storage category.



CARTESIAN DIFFERENTIAL STORAGE CATEGORIES 663

PrOOF. We have already observed that there is a monoidal comonad present on the linear
maps. In addition, when both a persistent classification and representation is present there
is are natural isomorphisms sg:S(X x Y) — S(X) ® S(Y) and an isomorphism st: T
— S(1) constituting an iso-comonoidal structure for the functor S: X — X from X with
product to X with tensor: this is the storage isomorphism.

This follows immediately from the fact that

X xY —226(X)x S(Y) 2= 5(X)@S5(Y) and X xVY—"=5(X xY)

5! \\\\ "
® M (pxp)pg v

S(X xY) S(X)® S(Y)
have the same universal property. Similarly T and S(1) have the same universal property.
That this constitutes a storage transformation is straightforward to check. [

To establish the converse of this observation we need to prove that the coalgebra
modality of a monoidal storage category is a comonad with a commutative force:

3.4.2. PROPOSITION. The coKleisli category of a monoidal storage category is a Carte-
sian storage category with monoidal representation.

PrOOF. We shall show that the comonad is forceful where the force is defined as:
S(A x S(X)) - S(A x X)
— S(A x S(X)) =2 S(A) @ SAX) -2 S(A4) @ S(X) 2 S(A x X).
We now have to check the six coherence diagrams of a force:

[Force.1] For the associativity of force we use the fact that the Seely isomorphism is
comonoidal:

05(0x)S(e x 1) S(1)S(ax)
= 65 x 1)S(1 x (s2(1 @ €)s5))s2(1 @ €)55 1S (ax)
® S(s2(1@€)sy"))(L @ €)sy " S(ax)
® (es2(1®€)))(1 @ s5")s3"S(ax)
€® (es2(1 @ €)))ag(sy @ 1)s5"
® (
&

I
>,
nn

Il
(o9
p2
Q
X
(V)
no

es2)))as (s’ @ €)sy
52(6 @ 6)(e ® (€52))ag(sy" @ €)sy?
= 59(1 ®59)ag(sy ®@€)syt = S(ay)s2(1®@e)sy ' = S(ax)y

[Force.2] For projection of force:
PS(m) = s(1@e)sy S(m)
= s5(1®e)(e® )u,
= sy(e x 1uje
= S(m)e
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[Force.3] For forceful naturality:

3S(0x)S(1 x () = 0S(0x)S(1 X (€0))s2(1 ® €)sy
= 05(0x)s2(1 ® S(€d))(1 ® €)sy
= 52(0®0)(1®S(ed))(1®¢€)sy
= s3(1®¢€)(0 ® §)sy?
= s3(1®e)sy 05(0x)
= 1S(ox)

[Force.4] For forcefulness of counit:

v = sa(l@e)sy so(1@e)sy!
= 55(1 ®ee)sy?
= 5:(1® S(e)e)sy
= S(1xe)sy(1®@e)syt
= S(Axeq

[Force.5] For forcefulness of comultiplication:

5S(a)PS(ex 1) = 6S(0x)s2(1 ®€)sy S(e x 1)
= 5(6®6)(S(e)@e)syt =1

[Force.6] Commutativity of force:

PP = s(l@e)sy s (e ® 1)sy !
= 5(1®e)(e®1)sy
= s(e®1)(1 ®e)32
= sy(e®1)s5'8*((1®@€)sy"
'Y

This shows that the coKleisli category is a Cartesian storage category; it remains to
show that it has monoidal representation. However, this follows, since in the coKleisli
category A x B —— A ® B is given by the X-map

S(Ax B) =2 S(A)® S(B) =25 A® B

That this represents the tensor is easily seen, and persistence is automatic in a coKleisli
category. ]
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The results above tell us that a monoidal storage category with an exact modality
is always the category of linear maps of some Cartesian storage category with monoidal
representation. This is because its coKleisli category is a Cartesian storage category with
monoidal representation and one can recover, as the linear maps, the original monoidal
storage category.

3.5. CLOSED STORAGE CATEGORIES. We briefly return to the issue of the closeness of
these various categories. Starting with a monoidal storage category (Seely category) it is
well-known that if the category is closed in the sense that there is an adjunction
AR X — B
X —>A—B
then the coKleisli category is Cartesian closed with
A= B:=S(A) - B
as we have the following natural equivalences:
S(Ax X)— B
S(A)®S(X)— B
S (X ) — S (A) —o B
Thus, if the monoidal storage category is closed then the coKleisli category, that is the
Cartesian storage category, must be Cartesian closed. We wish to work for a converse,
namely, knowing that the Cartesian storage category is Cartesian closed, can we provide
some natural conditions for the linear maps to form a monoidal closed category? The
conditions that we shall consider, in fact, do not require monoidal representation and,
in fact, make the linear maps into a closed category in the original sense of Kelly and
Eilenberg [KE65].

Note that if a Cartesian storage category is Cartesian closed, then the functor S is
enriched over itself, the enrichment Syp: A = B — S(A) = S(B) being the exponential

adjoint to the composite map S(A) x (A = B) 2, S(Ax (A= B)) e, S(B).

3.5.1. DEFINITION.

(i) A Cartesian storage category has linear hom-objects if the following equalizer
A —o B exists for each A and B:

& SAB(lﬁe)\
A—B—2"5A=B ¢ S(A)= B
e=1

with kapg linear for each A and B.

(ii)) A Cartesian storage category is closed if it is Cartesian closed, the linear maps
form a closed system (see Definition 2.2.2), and linear hom-objects exist. We call
such a category a Cartesian closed storage category.

Clearly we are intending that the equalizer A — B should provide the object of linear
maps from A to B. That it has this property relies on the following:
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3.5.2. PROPOSITION. In any Cartesian closed storage category:

(i) If f:A x X — B is linear in its first argument then there is a unique map f:X
— A — B making

Ax X

AxXxA—-oB—AxA=~B
1xkap

B

commute.

(i) Any f which can be expressed as f = (1 x f)(1 X kap)ev must be linear in its first
argument.

(iii) If f is bilinear then f is linear.
PROOF.

(i) Clearly fkap must be the unique map to the hom-object A = B, f = fkap: X
— A = B, and so, as k4p is monic, f, must be unique, if it exists. The difficulty
is to show that f factors through this equalizer.

Recall that as f is linear in its first argument we have

S(A) x X 2~ 54 x X)) 5(B)

Ax X 7 B

commutes (that is (1 x €)f = ¢'S(f)e). But then we have the following two com-
muting diagrams displaying the curried map for these two maps:

(A) x ex1 Ax X ;

A
S(A)x A=B—~>AxA=2DB
1><(€:>1i

S(A) x S(A) = B <
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This shows that curry((1 x €)f) = f(e = 1).

S(A) x X — 7~ 5ax x)" s s(B)

1xf
S(A) x A= B \
1xSap &
S(A) x S(A) = S(B) B
1% (1=¢) //
S(A) x S(A) = B &

While this shows that curry(6'S(f)e) = fSap(1 = €). Thus f factors through the
equalizer as desired.

(i1) For the converse we have:

S(A) x X o S(A x X) ) S(B)
bxf 1x(kaBSaB) /
S(A) x A — B S(A) x S(A) = S(B)
ex1 % (kap (ST ilx(l:»e) €
S(A) x S(A) = B
\ B

Ax X

f

(iii) It remains to show that f is linear when f is bilinear that is ef = S(f)e for which
we have:

Ax S(X) ZsAx X

~ Ixf
IXefi ) lf

AxA—oB—5—B
AxS(X)— —saxx) Y 5B
le(f)l Slev.)
Ax S(A— B)—=S(Ax A— B) €

1Xel

AxA—oB B

ev_o
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Showing linearity in the second argument implies that f' is linear.

In particular, notice that this immediately means that ev_.: = (1 X kap)ev is linear in
its first argument, as ev_, defined in this manner certainly satisfies Proposition 3.5.2 (7).
However, as k4p is linear and ev is linear in its second argument—as we are assuming
a closed linear system—it follows that ev_, is bilinear. Thus, when one has monoidal
representation this means that there is an induced evaluation map evg: A @ (A — B)
— B with pgevg = ev_, which is linear. Furthermore, by Proposition 3.5.2 (iii) the curry

map for f: A® X — B is also linear as it is g;(;“. Thus we have:

3.5.3. COROLLARY. If X is a Cartesian closed storage category which has monoidal rep-
resentation, then the subcategory of linear maps forms a monoidal closed storage category.

This leaves open the converse: if one starts with a monoidal closed storage category,
will its coKleisli category be a Cartesian closed storage category? We shall now show that
this is true, giving a complete characterization for the closed case:

3.5.4. PROPOSITION. If X is a monoidal storage category which is monoidal closed then
its coKleisli category is a Cartesian closed storage category.

Proor. We provide a sketch of the proof. We must show three things:

(1) We need to show that the coKleisli category is a Cartesian closed category and that the
functor induced by the modality is suitably enriched. As above, the closed structure
is given by A = B:= S(A) — B. In a Cartesian closed category a functor is
enriched whenever it is strong, so the fact that there is a natural force ¥: S(A x S(B))
— S(A x B) (described in Proposition 3.4.2) guarantees the functor is strong.

(2) We need to show that the linear maps of the coKleisli category form a closed system.
We know already they form a linear system so we need only check that they are a
closed linear system. This amounts to checking the following.

(a) The evaluation map is linear in its higher-order argument. This is immediately
true by inspection. Here is the definition of the evaluation map in the coKleisli
category:

S(A x (S(A) — B)) =25 S(A) ® S(S(A) — B) —2% S(A) ® (S(A) — B) ==+ B

The second map in the sequence ensures it is linear in the second argument.

(b) Linearity is “persistent” over currying. To say that a coKleisli map f:S(A x
B x C) — D is linear in its second argument amounts to saying that f =
s3(1 ® e® 1) f’. Currying this map (with respect to the first argument) clearly
maintains the linearity in the second argument.
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(3) This leaves only the requirement that A — B occurs as an equalizer:

. SAB(1:>€)
A—-B "3 A=B————(S(A) =18
e=1

Recall that we may assume the modality is exact (if it is not, simply work in the
subcategory of linear maps). This equalizer (after considerable unwinding) is exactly
the image of

S(e) — 1
A—oB =1 8(A) B ——— S5%(A) - B
€—ol1

under the inclusion into the coKleisli category. Since

S(e)
S2(A) /= S(A) S A
€
under this inclusion is a coequalizer, the transpose of this is an equalizer. This shows
that A — B does occur as an equalizer as required.

4. Cartesian differential storage categories

Monoidal differential categories were introduced in [BCS06]: they consist of a symmetric
monoidal category with a coalgebra modality and a deriving transformation. In [BCS09]
the notion of a Cartesian differential category was introduced. It was proven that an
important way in which Cartesian differential categories arise is as the coKleisli categories
of monoidal differential categories which satisfied an additional interchange requirement
on the deriving transformation. This latter requirement was presented as a sufficient
condition: the question of whether it was necessary was left open. Here we partially
answer that question for an important class of monoidal differential categories: those
whose modality is a storage modality—in other words those which are “Seely categories”
in the sense discussed above—and exact: we show that this condition is indeed necessary.

Not surprisingly, the strategy of the proof is to characterize the coKleisli category of
a monoidal differential category with a storage modality using the development above.
The fact that the coKleisli category of a monoidal differential category (satisfying the
interchange condition) is necessarily a Cartesian differential category means we should
consider Cartesian storage categories which are simultaneously Cartesian differential cat-
egories. Furthermore, we expect the linear maps in the differential sense to be the linear
maps in the storage sense. We will then show that, under these assumptions, the linear
maps form a monoidal differential category which satisfies the interchange requirement.
This then provides a characterization of coKleisli categories of monoidal differential cat-
egories (with a storage modality) which form differential categories.
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It is worth mentioning—mnot least as it caused the authors some strife—that there are
at least three different sorts of monoidal differential category which have been discussed
in the literature:

(A) A differential given by a deriving transformation as introduced in [BCS06].

(B) A differential given by a codereliction as introduced [ER05] and described in
[BCS06]

(C) A differential given by a creation operator as introduced in [FO7].

Each form of differential is more specialized than its predecessor: the first merely requires
a coalgebra modality, the second requires a bialgebra modality, while the last requires
a storage modality. A standard way in which a bialgebra modality arises is from the
presence of biproducts together with a storage modality: the Seely isomorphism then
transfers the bialgebra structure of the biproduct onto the modality. This means that the
last two forms of differential are particularly suited to storage settings. As, in the current
context, we are considering storage categories one might think that the differential which
one extracts from a Cartesian differential storage category should be of type (C) or at
least (B). It is, therefore, perhaps somewhat unexpected that the differential that emerges
is one of type (A).

Cartesian differential storage categories are important in their own right. Their struc-
ture can be approached in two very different ways: from the perspective of being a Carte-
sian differential category with monoidal representation, or as the coKleisli category of a
monoidal differential category. This tension allows one to transfer arguments between the
Cartesian and the monoidal worlds. This ability is frequently used in differential geometry
where one often wants to view differential forms as maps from tensor products.

4.1. CARTESIAN DIFFERENTIAL CATEGORIES. Cartesian differential categories, were in-
troduced in [BCS09]: here we briefly review their properties.

One way to view the axiomatization of Cartesian differential categories is as an ab-
straction of the Jacobian of a smooth map f:R™ — R™. One ordinarily thinks of the

Jacobian as a smooth map
J(f):R" — Lin(R",R™).

Uncurrying, this means the Jacobian can also be seen as a smooth map
J(f):R" x R" — R™

which is linear in its first variable. A Cartesian differential category asks for an operation
of this type, satisfying the axioms described below. However, notice that to express the
axioms, one needs the ability to add parallel maps. It turns out this is not an enrichment
in commutative monoids as one might expect, but rather a skew enrichment, [Street],
which makes it a Cartesian left additive category. In such a category the addition of
arrows is only preserved by composition on the left, that is f(g + h) = fg + gh and
f0=0.
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4.1.1. DEFINITION. A Cartesian differential category is a Cartesian left additive
category with an operation
f
X —=Y
D[]

XxX——Y
DIf]

(called “differentiation”) satisfying:
[CD.1] D[f + g] = D[f] + D|g] and D[0] = 0 (differentiation preserves addition);

[CD.2] (a+b,c)D[f] = (a,c)D[f]+ (b, c)D[f] and (0,a)D|[f] = 0 (a derivative is additive
in its first variable);

[CD.3] D[1] = mo, D[o] = momo, and D[] = mom1 (projections and identity are linear);
[CD.4] D[(f.g)] = (D|f], Dlg]) (differentiation is compatible with pairing) ;

[CD.5] D[fg] = (D[f],mf)Dlg] (the chain rule);

[CD.6] ({a,0), {c,d))D[D[f]] = (a,d)D|f] (the differential is linear);

[CD.7] ({(a,b),(c.d))D[D[f]] = {(a,c), (b, d)) D[D[f]] (interchange rule);

We recall a number of examples of Cartesian differential categories:

4.1.2. EXAMPLE.

(1) If X is an additive Cartesian category (i.e. enriched in commutative monoids) then,
by defining D[f] = mof, it can be viewed as a Cartesian differential category in which
every map is linear.

(2) Smooth functions on finite dimensional Euclidean vector spaces form a Cartesian
differential category.

(3) The coKleisli category of any monoidal differential category (satisfying the interchange
law) is a Cartesian differential category, [BCS09]. A basic example of a monoidal
differential category is provided by the category of relations, Rel, with respect to
the “multi-set” (or “bag”) comonad. The deriving transformation dg: A @ M(A) —
M(A), which adds another element to the multi-set M (A), provides the (monoidal)
differential structure.

(4) Convenient vector spaces [BET12] form a Cartesian differential category.

(5) There is a comonad Faa on the category of Cartesian left additive categories whose
coalgebras are exactly Cartesian differential categories [CS11].
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Cartesian differential categories already have a notion of “linear map”: namely those
f such that D[f] = mof. Furthermore, it is a basic result that any simple slice, X[A], of a
Cartesian differential category, X, is also a Cartesian differential category. The differential
in the simple slice X[A4] is given by:

XxA-Ly Dl
(XX X)x A——Yy A
D al[f]
where
(X x X) x A 240y
= (X xX)xA (X X A)x (X xA) ——Y
{{momo,0), (mom1, 1)) D[f]

This is precisely the familiar notion of a partial derivative.
In particular, this means we may isolate linear maps in this differential sense in each
slice as those maps with D4[f] = (m9 x 1)f. Our first observation is then:

4.1.3. PROPOSITION. In a Cartesian differential category, X, the linear maps form a
system of linear maps.

PRrROOF. We must check the requirements of being a linear system:

[LS.1] We require, for each A € X, that the identity maps, projections and pairings of
linear maps are linear. As explained above, in X[A] a map f: X x A — Y is linear
in case Da[f] = (mox 1) f: (X x X)x A — Y where D4|f] is the partial derivative
of f:

Da[f]:= ({mom0, 0), {(mom1, m1)) D[ f]
We shall leave all but the last requirement to the reader for which we shall do a
concrete calculation in X. Suppose f and g are linear in this sense in X[A] (that
is they are in L[A]), then we must show that the pairing of f and g in X[A] is
linear: as a map in X this pairing is just (f, g) so that:

D4[{f 9)] ({(momo, 0), (mome, m1)) D(f, 9)]
((mo0, 0), (momr1, m1))(D|f], Dlg])
{({momo, 0, (o1, m1)) D[], {{momo, 0), (momr1, m1)) Dl[g])
(Dalf], Dalgl)
(Using linearity of f and g)
(((mo x 1) f, (mo x 1)g)
(mo x 1)(f, g)

showing that (f,g) is linear in this sense.
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[LS.2] We must show that these linear maps are closed to composition in each slice and
that when g is a linear retraction that gh € L[A] implies h € L[A]. Leaving
composition to the reader let us focus on the second part. If sg = 1 then using
the non-trivial fact that D[] is a differential in X[A] we have

D 4[h]

= Dalsgh] = (Dalsl, ms) Dalgh] = (Dals], ms)mogh
= Dals|gh = Dalsglh = Da[1]h = moh.

[LS.3] For the last part we shall do a concrete calculation in X: we must show that if A
is linear in X[B] then X[f](h) is linear in X[A]; here is the calculation:

DAX[f](R)]

Da[(1 x f)h] = {(momo, 0), (mom1, m1)) D[(1 % f)h]
(momo, 0), (momry, m))(D[1 x f],m(1 x f))DI[h]

(moo, 0), {mom1, m1)) ({(momo, (momm1, M) D[f]), w1 (1 X f))D[h
(momo, 0), (mom1, m1)) ({momo0, {(mom1, m171) D[f]), w1 (1 % f)) D[R]
(
(
1 x

—

momo, (0, 1) D[f1), (momy, m) (1 x f)) D[h]

momo, 0), (momry, m) (1 x f)) D[h]
F){momo, 0), (mome, m1)) D[R]

(Linearity of h)

(1% F)(m x 1)h

(mo x 1)(1 % )

{
{
{
{
{
(1%

4.2. CARTESIAN DIFFERENTIAL STORAGE CATEGORIES: THE BASICS. A Cartesian
differential storage category is a Cartesian differential category whose linear maps—
in the natural differential sense—are (strongly and persistently) classified.

We first observe that every Cartesian differential category has a codereliction map

defined by:

na:= (1,0)D]p]: A — S(A).

4.2.1. LEMMA. n so defined is a codereliction map: that is it is natural for linear maps

and has ne = 1.

PROOF.

nNac€s = <170

We need to show naeq = 14:

5

[]e
= (1,0)D[gle]  (as € is linear)
= (1,0)D[1] =(1,0)m =1
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and that, if f: A — B is a linear map, that fng = naS(f):

nasS(f) = (1,0)D[elS(f)
= (1,0)D[pS(f)]  (as S(f) is linear)
= (LO0)D[f¢]
= (LO)XD[f],m[)Dlg]
= (L, 0){(mof, mf)Dlg]
= (1L, 0){mof, m1f) D[]
= (£,0/)Dlg] = f(1,0)D[p] = fns

Because Cartesian differential storage categories always have a codereliction map, up
to splitting linear idempotents, they also have monoidal representation. Thus it makes
sense to ask whether the subcategory of linear maps forms a monoidal differential category.
To prove this is so will be the main aim of the current section. However, before turning
to this it is worth making some further basic observations.

4.2.2. LEMMA. If X is a Cartesian differential storage category with monoidal represen-
tation then the tensor product on the linear maps is additive in the sense that (f+g)®h =
fOh+g®h and0® h =0.

PROOF. We illustrate the proof with the first equation: (f +g) @ h = (f ® h) + (¢ ® h).
This follows from the fact that (f+g¢)®h and (f®h)+ (g®h) are determined respectively

bywe((f +9) ® ) and 9o ((f @ h) + (g ® h)). So:

Po((f +9) @h) =(defu] ((f +9) x h)es
—lpe bilinear] (f X h)@@ + (g X h)@@
=[defn] Pa(f ®h)+ (g @ h)
=[left additive] P ((f @ h) + (9@ h))
The 0-ary case is similar. [

Suppose X is a Cartesian storage category which is also a Cartesian differential cat-
egory. In this context, X, has two notions of “linear” map: wviz the notion which all
storage categories have, and the notion that all Cartesian differential categories have. An
interesting observation is:

4.2.3. PROPOSITION. X is a Cartesian differential storage category if and only if it is
both a Cartesian differential and storage category and S(f) (for any f) and € are linear
in the differential sense and the codereliction map n is linear in the storage sense.
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PRrROOF. By assumption, D[S(f)] = moS(f), for any f, D[e] = moe, and n is e-natural.
We must show that f is e-natural if and only if Dy[f] = mof. So suppose first that f is
e-natural:

D[f] = (¢ x¢)(exe)DI[f]
(¢ x ) Dlef]

(¢ x ©)D[S(f)e]
(¢ X ©)mS(f)e
(¢ x @)moef

= mpef =mof

Next, suppose that D[f] = myf we must show [ is e-natural assuming that n is. We
observe that, in this case, f = nS(f)e, from which the result is immediate, as n, S(f),
and € are € natural. Here is the calculation:

[ = 7o f

D
D

nS(f)e

(1,0)
(1,0)D[
= (LO)D]
(1,0)D[
(1,0)D[

Recall that in a monoidal differential category it is possible to re-express the derivative
using a deriving transformation dg: A ® S(A) — S(A) into a more compact form. It is
natural to wonder whether the same thing cannot be done for Cartesian differential storage
categories: that is define the derivative in terms of analogous structure:

4.2.4. DEFINITION. A Cartesian deriving transformation on a Cartesian storage
category is a (not-necessarily natural) transformation dy: A x A — S(A) satisfying:

[cd.1] dxS(0)e =0, dxS(f + g)e = dx(S(f) + S(g))e

[ed.2] (h+ k,v)dy = (h,v)dy + (k,v)dy, (0,v)dy =0

[cd.3] dye =T

[cd.4] dyxS((f,9))e = dy(S(f)e,S(g)e) (Note that dyS(\)e = dy! =! is true since 1 is

terminal.)

[cd.5] dxS(fg)e = (dxS(f)e,m1f)dxS(g)e
[Cd'G] <<ga O>7 <h7 k>>d><5(d><)‘5 = <97 k>d><
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[cd.T] ({0, h), (g, k))dS(dx)e = ({0, 9), (h, k))dx S (dx)e
[cd.8] 1 =qef (1,0)dx is e-natural (or linear).

It is now straightforward to observe:

4.2.5. PROPOSITION. A Cartesian storage category with a Cartesian deriving transfor-
mation is precisely a Cartesian differential storage category.

PRrROOF. The translation between the two structures is given by:
D[f]:=dxS(f)e and dx:= D|y]
Note that these are inverse as

D[fl:= dxS(f)e: = DlglS(f)e = D[pS(f)e] = D[fe] = D[]

and
dy:= Dlpl:=dxS(p)e = dy.

Most of the axioms are clearly direct translations of each other: [CD.1,2,4-7] and
[cd.1,2,4-7] are clearly equivalent through this translation. For [CD.3], note that
DI1] = dxe = my and that D[m;] = d.S(p;)e = dxem; = mom;, since in a storage cate-
gory, projections are linear (by [LS.1]).

It remains to show that being linear in the differential sense coincides with being
linear in the storage sense. First note if f is epsilon natural, that is ef = S(f)e, then
D[f] = d«S(f)e = dxef = mof. Conversely, suppose that Dy[f] = mof, then f =nS(f)e
as

f= (L0)mf = (1,0)d«S(f)e = nS(f)e

which by assumption is linear (in the sense of being e-natural). ]

4.3. THE MAIN THEOREM. From the results of Section 3, we also note that, in the pres-
ence of a codereliction map and when sufficient linear idempotents split, every Cartesian
differential storage category has strong persistent monoidal representation. The main
result of the paper is:

4.3.1. THEOREM. The linear maps of a Cartesian differential storage category, in which
linear idempotents split, form a monoidal differential storage category satisfying the in-
terchange rule.

Let us first recall what a monoidal differential category is. A monoidal differential
category is a monoidal category with a coalgebra modality (see Definition 3.1.2) equipped
with a natural transformation

de: A® S(A) — S(A)

called a deriving transformation satisfying:
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[d.1] dge = 0 (constants)
[d.2] dge =1 ® e (linear maps)
[d.3] deA=(10A)(de®1)+(1® A)(cy ®1)(1 ®dg) (the product rule)
[d.4] dgé = (1 ® Ag)ag(dg ® 0)dg (the chain rule)
[d.5] (1 ®dg)dsy = ag(cy ® 1)ag' (1 ® dg)ds (the interchange rule)

A monoidalstorage differential category simply means that the storage transformations
(see Definition 3.1.1) are isomorphisms. Note also that in [BCS06] a differential category
was defined to be one satisfying only the first four of these conditions: the last condition,
the interchange rule, was introduced in [BCS09] in order to ensure that the coKleisli
category was a Cartesian differential category. Here we shall simply add the interchange
law as a condition for being a monoidal differential category, as it will turn out not only to
be sufficient but necessary to obtain the characterization of monoidal differential storage
categories (with an exact modality) as the linear maps of a Cartesian differential storage
category.

The remainder of the section is dedicated to proving Theorem 4.3.1.

Given a Cartesian differential storage category here is the definition of the monoidal
deriving transformation:

A x S(A) L 5(A) x S(A) ™ (A x AV g

) i

A® S(A) s S(A)

A)

We start by observing;:
4.3.2. LEMMA.

(i) dg is natural for linear maps;

(i1) The monoidal deriving transformation and the differential are inter-definable with
D[f] = (1 X )pedeS(f)e.

PROOF.

(i) Note that deS(f) = (f ® S(f))dg if and only if pedeS(f) = ¢e(f ® S(f))dg but
edg, = (n x 1)myS(D]p])e which is natural for linear f. This provides the result
immediately.
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(ii) It suffices to prove the equality:

(1 X @)pedsS(f)e
= (1% 9)(n % DmS(Dle])eS(f)e
= (I x@)(nx )m,.S(DIe])S(S(f)e)e]
= (% (1 x p)mS(DIpS(f)el)e
= (nx1)0S(D[fwe])e  (strength)
= (I x¢)(1xe)D[f] (linearity of differential in first argument)
= DIf]

We want to show that dg as defined satisfies (d.1)—(d.5) above. So we shall simply
go through the conditions:

[d.1] Constants (dge = 0)

Pedge =

Il
3
o
3
™

[d.3] The product rule (dgA = (1@ A)(dg ® 1) + (1 @ A)(cg ® 1)(1 ® dg))

This is more complicated. Start by noting:

deA = dgS((1,0) +(0,1))sg
= (((1,0) +(0,1)) ® S((1,0) + (0, 1)))dgss
((17 0> ® S(<17 0> + <0v 1>))d®3®
+ ({0,1) ® S((1,0) + (0, 1)))dgse
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It suffices to prove that

((1,0) ® S((1,0) 4+ (0,1)))dgse = (1@ A)(dg ®1)  and

((0,1) ® S({1,0) + (0,1)))dgse = (1 @ A)(cey @ 1)(1 @ dg)

We shall demonstrate the former leaving the latter to the reader. However, we
require some observations first:

4.3.3. LEMMA.
(i) If h: A x B — C' s bilinear, then ({(a,b), (c,e))D[h] = (a,e)h + (c,b)h;
(i) {{a,b),{c,e))Dimx] = (a, eyms + (¢, bymx;
(iii) <<@> b>> <C’ €>> [(PAXB] = <<a7 C>D[90A]> 6903>m>< + <C(PA7 <b’ €>D[@B]>m><;
(i) ((1,0) x 1)D[paxp] = ax(D[pa] x pp)mx.

PROOF.

D
D

(i) We have the following calculation:

{(a,b), (c,€)) D[h] {(a,0), {c,e)) D[h] + {(0,b), (¢, €)) D[h]
<aa <C7 6>>D3[h] + <b7 <Cv €>>DA[h]
= (a,e)h+ (c,b)h  (h is bilinear).

(ii) Use the fact that m, is bilinear (see Lemma 3.2.4).
(iii) Using the fact that waxp = (pa X wp)m« (see Proposition 2.3.7) we have:

((a,0), (¢, €)) D]paxp]

((a; ), (c,e))D[(pa X pp)mx]

({a, ), (c,e))(D]pa X @5l m(pa X ©5))D[my]

((a,0), (¢, €)){{(mo x mo) D[], (m1 x 1) Dpp]), (mimopa, Timipp)) D[my]
(€ al;

(€

a,c)D[pal, (b, e)D]ppl), (cpa, epr)) Dlmy]
a,c)D]pal, epp)my + (cpa, (b, e) D[pp])ym

(iv) We apply (iii):

((1,0) x 1)D]paxs]

( > <7Tl7To 7T17Tl>>D[80AxB]

<7T077717TO> [pal, mimioB)My + (T1T104, (0, T171) D@p])m
(mo, mmo) D{pa], mimip)my + (mim10a, 0)my

(0, m17m0) D[ al, mmipp)my + 0

ax(D]pa] X op)mx.

{
{
{
{
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We are now ready to calculate. Since both maps are linear we may prefix each side
with the universal map which gives monoidal representation; the universal property
tells us that the maps are equal if and only if these composites are equal. Here is
the calculation:

Pe((1 0) ® S((1,0) +(0,1)))dgs2
= ,0) X S(Ax))pedes

1,0) x S(Ax))(n x 1)mxS(D[paxal)es

S(Ax))myS(((1,0) x 1)Dlpaxal)ess

<) (L x my)myS(ax(D[pal X pa)my)ess  (Lemma 4.3.3 (iv))

My S(D[pal X pa)S(my)ess

(S(Dlpal) x S(pa))mxS(my)ess

(S(Dlpal) (pa))(€e x €)myss (Lemma 2.3.6 (ii))
(S(Dlpal) x 1)(e x g

((n x 1)mxS(Dleal)e) X 1)pg
(peds) X 1)pg

Yo X 1)pg(dyg @1)

My X 1 | x
my X 1 x S

x 1 x S
X

— N

my X 1

3
X
X
\_/\_/\_/v\/\/\_/\_/\_/
Q
X
o Y e N N e e

[d.4] To prove the chain rule, dgd = (1 ® Ag)ag(dy ® §)dg, we precompose both sides
with (1 X ¢)@g. As both maps are clearly linear we can then use the universal
properties of ¢ and pg to conclude the original maps are equal if and only if these
composites are:
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(1 X )pedsd
(1 x p)(n x 1)mx
(1 x @) (n x 1)m
(n x @)mxS(D[eS(¢)])e
(n x 1)8S(Dley])e
(n x 1)(€ x 1)D]py]
Dlpy]
P)pe(l® Ag)ag(dy @ §)dg
I x 9)(1 X Ag)peag(ds @ §)dg
1 x pAy)ax(pe X 1)pg(dy @ §)dg

L X pAy)ax((peds) X S(¢))veds

(1

L L e | | | A | I |

[d.5] Interchange ((1 ® dg)dg = ag(ce ® 1)ag' (1 ® dg)ds)

We may precompose with (1 X 1 X ¢)(1 X ¢g)¢e.

(a,b,c)(1 x 1 x )(1 X pg)ps(l®dg)dg
a,b,c)(1 X 1 x )(1 X pgdg)peds

ar, bn, ¢)(1 x (€ x 1) Dp])m S(D[p])e

{
{
{an, b, )1 x 0(S(D[pl)e)m.S(Dlg])e
{
{an, (b, ¢) Dlel)mxS(D[p])e

The identity requires us to show that a and b can be swapped.

Lx oA Jax(((n x 1)mS(Dlgl)e) x S(9))(n x 1)mxS(Dlg]

(

(

(

(

(I x Ax(pxp))ax((nx1)m,S(Dlp])ex S(p))(nx1)mxS(D [
(1 x Asx)ax(((n x @)muxS(D[p])e) x pS(p))(n % l)m S(

(1 x Ax)ax(((n x DOS(Dlpl)e) x (pp))(n x L)m

(1 x Ax)ax(((n x 1)(e x 1)D[p]) x (pp))(n X 1)mx ( [ e
(1 x Ay)ax(Dle] x @)(n x @)mxS(D[p])e

(1 x Ay)ax(Dle] x ¢)(n x 1)(e x 1) D[]

(1 x Ax)ax(Dle] x ) Dly]

Dlpy]

a,b,c)(1 x 1 x )(1 x (nx1)mxS(D[g])e)(nx1)mxS(Dg))e

681
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Consider the double differential of ¢:

((0,a), (b, c)) DID[¢]] =

Then we have:

We are nearly there except we would like to change ¢ into 1, which is allowed by
another lemma.

4.3.4. LEMMA.
(b, (a, c) D[p])ymx S(Dlp])e = (an, (b, c) D[p]ymx S(D[p] )e

To prove this lemma we partially differentiate both sides of the equation derived
above in the form:

(momow, (momy, m1) Dp])mxS(D[pl)e = (momip, {momo, m1) Dip])mcS(D[ip])e

with respect to the first coordinate at position 0. This is best done using the term
logic. In the derivation below we flip between the term logic and the categorical
term. The derivation may best be read from the middle outward:
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(momon, (momy, m) Dp])m. S(Dlg])e
= [((a,0),¢) = e(S(D[#])(mx (n(a), Dlgl(c) - 0)))]

= i@ cds@ion 5 00Dl - )]

{({m070, 0, ), 0), ({0, momm1), m1)) D[{momop, (mom1, m1) D[p])mx S(D]e])e
= {(mo70,0,),0), ({0, mom1), m1)) D[{mom1p, (om0, m1) D] )m S(D]])e
9e(S(De])(mx (p(b), Dlg](c).x))) .\
) (0) - a

= |[((a,b),c — 5
[(@.0).0) = ctsDED im0, 2L ) )|

= [((a,0),c) = e(S(D[p])(mx (b, D[¢l(c) - a)))]
= (momip, (momo, m1) D[p])mx S(D|p])e

The key step uses the fact that n(a) is the partial derivative of p(z) at 0 with linear

argument a, that is n(a) = 8?—?) (0) - a. Otherwise we are using the fact that we are

differentiating in linear positions so the term does not change.

4.4. DIFFERENTIAL A-CALCULUS. Cartesian closed differential categories, as defined in
[BEM10, Man12], provide a semantics for the differential and the resource A-calculus.
Cartesian closed differential storage categories, by the results of Section 3.5, are pre-
cisely those semantic settings which arise as the coKleisli categories of monoidal closed
differential storage categories. However, our definition of a Cartesian closed differential
storage category is not transparently a Cartesian closed differential category, in the sense
of [BEM10, Man12], as in those references it is required that differentiation can be moved
inside the A-abstraction. Recall that here we have only demanded the linearity of eval-
uation in higher-order arguments. In fact, we shall show these conditions are equivalent
and hence the following proposition.

4.4.1. PROPOSITION. To have a closed differential storage category is precisely to have
a Cartesian closed differential category whose linear maps are (strongly and persistently)
classified and which has linear hom-objects.

PRrOOF. To establish this it suffices to observe that linearity of evaluation in its higher-
order argument and being able to move differentials inside A-abstractions are equivalent
requirements. We start be assuming the latter:

Using the term logic, the ability to move differential under the A-abstraction may be

expressed as
o\x.t
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A consequence of this requirement, as proven for example in [Man12, Lemma 3.10], (here
translated into the term logic), is that

% (p) v = %ﬁjs]y (sp/z]) - (% (p) -v) + (% (p) - v) slp/«]

and so, if s does not contain z (so that 2% (p) -v =0 and s[p/z] = s)

Ots ot
—p)v==— () -v|s
5 P) ( 5z ) )
which amounts to the observation that evaluation is linear in its higher-order argument.
Conversely, recall (Definition 2.2.2) that a basic assumption on a closed system of
maps is that evaluation should be linear in its higher-order argument. So, by the fol-

lowing argument (using 7 expansion) we see that one can move differentiation inside a
A-abstraction:

- (o] (2522 0) e (G

Thus, the axiom that states that one can move differentiation inside A-abstractions is
actually equivalent (under the adjunction for closure) to the requirement that evaluation
be linear in its higher-order argument. [

This allows us to establish:

4.4.2. THEOREM. The coKleisli category of a monoidal differential storage category (sat-
isfying the interchange rule) is a Cartesian closed differential storage category. Further-
more, the linear maps of a Cartesian closed differential storage category, in which linear
idempotents split, form a monoidal closed differential storage category.

PROOF. For the first statement: Proposition 3.5.4 tells us that the coKleisli category of
a monoidal closed storage category is a Cartesian closed storage category. Applying this
to the case of a monoidal closed differential storage category produces a Cartesian closed
differential storage category, since the linear maps form a closed system and evaluation is
linear in its higher-order argument.

For the second statement we note that by Definition 3.5.1, being a Cartesian closed
differential storage category not only requires that the setting is Cartesian closed and that
the linear maps form a closed system, but also that the equalizer for forming the object of
linear maps is present. This then means the linear maps are a monoidal closed differential
category by Corollary 3.5.3 and Theorem 4.3.1. n
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