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Abstract

We prove that the semantics of intuitionistic linear logic in vector spaces which uses cofree coalgebras is
also a model of differential linear logic, and that the Cartesian closed category of cofree coalgebras is a
model of the simply typed differential A-calculus.
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In the discrete world of computing, there is no meaningful metric in which ‘small’ changes and
‘small’ effects go hand in hand, and there never will be.

E.W. Dijkstra, On the cruelty of really teaching computer science

1. Introduction

The idea of taking derivatives of programs is an old one (Paige and Koenig 1982, Section 2) with
manifestations including automatic differentiation of algorithms computing real-valued func-
tions (Corliss 1991) and incremental computation (Ramalingam and Reps 1993). However, these
approaches are limited to restricted classes of computations, and it is only recently with the devel-
opment of the differential A-calculus by Ehrhard-Regnier (Ehrhard and Regnier 2003) and its
refinement by differential linear logic (Blute et al. 2006; Ehrhard 2016) that derivatives have been
defined for general higher-order programs. These theories assign to each program P another pro-
gram 0P, the derivative, which (in some sense) computes the infinitesimal change in the output of
P resulting from an infinitesimal change to its input.

The connection between the Ehrhard-Regnier derivative and ordinary calculus is made explicit
in the semantics of differential A-calculus and differential linear logic, with the standard examples
being the Kéthe and finiteness space semantics of Ehrhard (2002; 2005) and the semantics of
Blute-Ehrhard-Tasson (Blute et al. 2010) in convenient vector spaces. In this paper, we explain
how the simplest semantics of intuitionistic linear logic in vector spaces (Hyland and Schalk 2003;
Murfet 2014) is already a model of differential linear logic: tangent vectors and derivatives appear
automatically when we use the cofree coalgebra to model the exponential.

Here is a sketch of the key point: let [—] denotes the natural semantics of linear logic in
C-vector spaces and suppose we are given a proof 7 in linear logic computing a function from
inputs of type A to outputs of type B:

i

'AFB.
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The space of inputs to [r] is [A], which for the sake of simplicity let us assume is finite-
dimensional. A small change in the input starting from P € [A] is a tangent vector v at the point
P. We may identify v with a vector in [A], so that a representative infinitesimal curve segment of
this tangent vector is

(=L 1) —[A], tr—P+1tv.

From the point of view on algebraic geometry given by Grothendiecks theory of schemes
(Eisenbud and Harris 2000; Hartshorne 1977), tangent vectors are morphisms of (co)algebras
involving the algebra Cl[e]/ €2 and its dual coalgebra (Cle]/ €2)*. We review this connection in
Section 2.3, but in short, a pair of vectors (P, v) in [A] is the same data as a linear map

C1* @ Ce* [A] (1)

with 1* = P, ¢* = v, and so our tangent vector is associated to a linear map from the underlying
vector space of the coalgebra (Cle] /e2)* to [A] (where the coalgebra structure on (C[e] /e)*
has comultiplication 1* > 1* ® 1* and £* — 1* ® ¢* + ¢* ® 1*). However, there is a universal
pair consisting of a cocommutative coalgebra ![A] equipped with a linear map ![A] —> [A]. The
universal property means that the linear map (1) encoding our tangent vector lifts uniquely to a
morphism of coalgebras

(Cle]/e?)* ———[A]. )

The function assigning to (P, v) this morphism of coalgebras is a bijection between pairs consisting
of a point in [A] and a tangent vector, and morphisms of coalgebras (2).

Here is where 7 enters the story. In the semantics of linear logic in vector spaces, the denotation
of lA is I[A], and the denotation of 7 is a linear map [r] : [!A]] — [B] which lifts by the universal
property to a morphism of coalgebras ![A] — ![B]. This lifting may be composed with (2) to give
a morphism of coalgebras

(Cls]/e2)* I[A] I[B]. 3)

Working the bijection between tangent vectors and coalgebra morphisms in reverse, we see that
(3) uniquely specifies a point in [B] and a tangent vector. The point in [B] is just the output of the
algorithm 7 on the given input, while the tangent vector gives the infinitesimal variation of the
output, when the input is varied in the direction v.

The formal statement is that for any algebraically closed field k of characteristic zero, the
semantics of intuitionistic linear logic in k-vector spaces defined using cofree coalgebras is a model
of differential linear logic (Theorem 3.3). We refer to this as the Sweedler semantics, since the
explicit description of this universal coalgebra is due to him (Murfet 2014; Sweedler 1969). The
proof is elementary and we make no claim here to technical novelty; the link between the sym-
metric coalgebra and differential calculus is well known. Perhaps our main contribution is to give
several detailed examples showing how to compute these derivatives (Section 4) and to check that
this model of differential linear logic gives rise to a model of differential A-calculus in the category
of cofree coalgebras (Theorem 5.17).

We conclude this introduction with a sketch of one such example and a comparison of our
work to other semantics of differential linear logic. To elaborate a little more on the notation: for
any type A of linear logic (which for us has only connectives ®, —, !) there is a vector space [A],
and for any proof 7 of A+ B there is a linear map [7] : [A] — [B]. In particular, every proof
& of type A has a denotation [£] € [A], and the promotion of § is a proof of type !A which has
for its denotation a vector in the cofree coalgebra [!A] = ![A] which we denote |#)¢] € [!A], see
Definition 2.14 below.

For any binary sequence S € {0, 1}*, there is an encoding of S as a proof S of type

binty =1(A — A) —o (I(A — A) — (A — A)).

https://doi.org/10.1017/50960129520000134 Published online by Cambridge University Press


https://doi.org/10.1017/S0960129520000134

418 ]. Clift and D. Murfet

The idea is that such a proof encodes the algorithm which takes two endomorphisms «, 8 and
returns the result of composing them according to the pattern contained in the binary sequence S
(see Section 4.9). Repetition of sequences can be encoded as a proof

repeat

'binty F binty, .

The denotation is a linear map [!bints] —> [bint4] sending |V} 5] to [SS]. The derivative of
repeat according to the theory of differential linear logic is another a proof

drepeat

bint,, bint, F binty

which can be derived from repeat by new deduction rules called codereliction, cocontraction and
coweakening (see Section 3.1). We prove in Section 4.2 that the denotation of this derivative in
the Sweedler semantics is the linear map

[drepeat] : ['bints] ® [bint4] — [bint,],
)15y ® [L] > [ST] + [19]

whose value on the tensor [#) [s) ® [T] we interpret as the derivative of the repeat program at the
sequence S in the direction T. This can be justified informally by the following calculation using
an infinitesimal &

(S+eT)(S+eT) =SS+ &(ST + TS) + > TT,

which says that varying the sequence infinitesimally from S in the direction T causes a variation
of the repetition in the direction ST + T§.

The Sweedler semantics is far from the first semantics of differential linear logic: basic examples
include the categories of sets and relations (Blute et al. 2006, Section 2.5.1) and suplattices (Blute
et al. 2006, Section 2.5.2). The examples of Kéthe and finiteness spaces (Ehrhard 2002; 2005) and
convenient vector spaces (Blute et al. 2010; Frolicher and Kriegl 1988) have already been men-
tioned. These papers explain that the geometric ‘avatar’ of the exponential connective of linear
logic is the functor sending a space X to the space of distributions on X (for a precise statement,
see Remark 2.19). This remarkable analogy between logic and geometry deserves further study.

Conceptually, the Sweedler semantics is similar to these examples in that the exponential is
modelled by a space of distributions (with finite support) but it is purely algebraic and there are
simple explicit formulas for all the structure maps, which makes it suitable for concrete calcu-
lations with proof denotations. Moreover, in the algebraic approach, the differential structure
emerges naturally from the exponential structure, rather than being ‘baked in’. The downside
is that the smoothness of proof denotations in our semantics is obscured; in particular, in the case
k= C, some extra work is required to see the relation between our differential structure and the
derivatives in the usual sense.

2. Sweedler semantics

We review the Sweedler semantics of multiplicative exponential intuitionistic linear logic (hence-
forth, simply linear logic) in the category of vector spaces ) over an algebraically closed field! k of
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characteristic zero (e.g., k = C) in Section 2.4. This was introduced in Hyland and Schalk (2003)
and revisited in Murfet (2014) with a focus on explicit formulas for the involved structures (Murfet
2015). For background material on linear logic and its semantics, see Girard (1987), Girard et al.
(1989), Mellies (2009). The multiplicative connectives ® and —o have the obvious interpretation;
the only nontrivial ingredient in the Sweedler semantics is the cofree coalgebra which interprets
the exponential. We begin this section with a review of cofree coalgebras (Section 2.1) and how to
think about points (Section 2.2) and tangent vectors (Section 2.3) in coalgebraic language.

Let Alg; denote the category of commutative unital k-algebras and Coalg, the category of
cocommutative counital k-coalgebras. Unless otherwise indicated, all algebras are commutative
and unital, and all coalgebras are cocommutative and counital. Throughout, ® = ®; and A, ¢
denote, respectively, the comultiplication and counit of a coalgebra.

2.1 Cofree coalgebras
The following construction is from Sweedler (1969, Chapter VI):

Definition 2.1. The Hopf dual or continuous linear dual A° of an algebra A is the subspace of
A* =Homy (A, k) consisting of linear maps A — k which factor as a composite

A—sA)I—>k
where I C A is an ideal, the first map is the quotient and A /I is finite-dimensional.
The dual A° is sometimes denoted Hom®™ (A, k), as for example in Murfet (2015). In Sweedler

(1969, Lemma 6.0.1), it is proven that the canonical injective map A* ® A* — (A ® A)* identifies
the subspace A° ® A° with (A ® A)° and that the dual of the multiplication

M A* — (A® A
satisfies M*(A°) € (A ® A)°. Identifying the codomain with A° ® A° defines a linear map
A:A° — A°QA°

and in this way (A°, A, ¢) is a cocommutative coalgebra (Sweedler 1969, Proposition 6.0.2) where
the counit € : A° — k is evaluation at the identity 1 € A. Clearly, if A is finite-dimensional then
A° = A*. The fundamental theorem about the Hopf dual is

Theorem 2.2. (Sweedler). Given an algebra A and coalgebra C, there is a natural bijection

Alg, (A, C*) = Coalg, (C, A°).

Proof. See Sweedler (1969, Theorem 6.0.5). O

An important example is the Hopf dual of the symmetric algebra A = Sym(V™) over a finite-
dimensional vector space V. Suppose V has basis ey, ..., e, with dual basis x; =e] so that
Sym(V*) is isomorphic to k[x1, . . ., x,]. In this case, the linear map

n:k—V®V"— V®Sym(V")

n
1!—)2&@3@'
i=1

which is independent of the choice of basis gives rise to a linear map

cy : Sym(V*)° — V
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which sends 6 € Sym(V*)° to the vector cy(0) computed by the composite

n 1®60

k

V ® Sym(V*) Vk=V.

In terms of our chosen basis
n
cv(®) =) 0(xei.
i=1
The pair (Sym(V*)°, cy) is the cofree coalgebra generated by V, more precisely:

Theorem 2.3. For a finite-dimensional vector space V, the pair (Sym(V*)°, cy) is universal among
pairs consisting of a (cocommutative) coalgebra and a linear map from that coalgebra to V, in the
sense that the map

Coalg, (C, Sym(V*)°) — Homy(C, V),
(p > Cy O (p

is a bijection for any coalgebra C.

Proof. See Sweedler (1969, Theorems 6.4.1, 6.4.3) or Murfet (2015, Theorem 2.20). Here is a sketch
of the proof: since any coalgebra is a colimit of finite-dimensional subcoalgebras (Sweedler 1969,
Theorem 2.2.1), we can reduce to the case of C finite-dimensional, where by Theorem 2.2

Coalg, (C, Sym(V*)°) = Alg, (Sym(V*), C*)
= Homy (V*, C¥)
= Homy (C, V)
as claimed. O

So much is immediate from Sweedler (1969). However, from the point of view of having a
semantics of linear logic (or differential linear logic) in which one can actually do calculations, it
is essential to have an explicit description of Sym(V*)° and cy. Providing such a description was
the purpose of Murfet (2015) and we now give a (partially new) exposition of the relevant facts.

In the following, let V be a finite-dimensional vector space.

Definition 2.4. For P € V, we define the linear map
Wp : Sym(V) —> Sym(V*)° (4)
using a choice of basis ey, . . ., e, of V by
N 9n
R _an(f)

a
ox|' Xy x1=P1,....xs=Py

Wp(el" -+ - i) (f) =
where x; = e is the dual basis, P =Y _;__, Pie;. Writing Symp, (V) for a copy of Sym(V)

v @ Symp (V) —> Sym(V*)°
pPeV

is the linear map with \Up as its components.

There are two things that need to be checked, for this W to be well defined:

Lemma 2.5. W is independent of the choice of basis used to define it.
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Proof. A change of coordinates affects e/’ in the same way as it affects fu;i . O

C xi
Lemma 2.6. GivenP e V anday,. .., a, >0, the functional
Wp(el" -+ - ein) € Sym(V*)*

belongs to the subspace Sym(V*)°.

Proof. We prove 6 = \IJp(e‘f1 .+« ea") vanishes on (x; — Py, ..., %, — Pn)Zi aitl Suppose given a
monomial f = (x; — PP (x, — P,)P with > i bi> >, a;. Then the derivative of f involved
in O( f) will be divisible by some x; — P; and so vanishes at P. O

Theorem 2.7. W is an isomorphism of vector spaces.

Proof. Set R=Sym(V*) and given Pe V let mp=(x; — Py, ...,x, — P,) denote the maximal
ideal of R consisting of all polynomials f(xi,...,x,) with f(Py,...,P,)=0. By the Chinese
remainder theorem (see the proof of Murfet 2015, Lemma A.1) for any functional 6 € R°, there is
a unique P € V such that for some j > 0 the map 6 factors as

R—> R/mjlg — k.
Since R,/ m{pRmP =R/ mJI'D, we have

(Rmp)° =lim Homy(R/mb, k) .
j>0

One way to restate the consequence of the Chinese remainder theorem is that every 6 € R° belongs
to (Rm,)° for a unique P, that is, there is an isomorphism

DrevRmp)® ——R°.

The proof of Lemma 2.6 shows that the image of Wp lies in the subspace (Ry,)° € R°, so it suffices
to show that for every P € V the map

Wp : Symp (V) — (Rw)°

is a bijection. But the left-hand side is a direct limit of subspaces Sym (V)<; spanned by monomi-

als of degree < jand the right-hand side is a direct limit of subspaces Homy (R/mv*1, k). Moreover,
there is a commutative diagram

Wp

Symp (V) (Rm)o
Symp (V)< Y Homy(R/m/*, k)

P

where the vertical maps are inclusions. So it suffices to prove WY, is an isomorphism for each j. But
this is clearly true for j = 0 and for j > 0 we proceed by induction. We have an exact sequence

0 ——m//m/*! — = R/mit! R/m/ 0
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and hence a commutative diagram with exact rows

0 — Homy(R/w, k) — Homy(R/m/*!, k) —— Hom(m//m/*1, k) —— 0

1 -

0 — Symp(V)<j_1 —= Symp(V)<j — Symp(V)<;/ Symp(V)<j—1 — 0

where WY, is the induced map on the quotients, and the leftmost vertical map is an isomorphism by
the inductive hypothesis. So it suffices to prove that ¥}, is an isomorphism (by the Five Lemma).
But the domain and codomain both pick out ‘monomials’ of degree j, in one case by removing
from monomials of degree < j all those of degree <j — 1 and in the other case by removing from
monomials of degree > j all those of degree > j + 1.

More formally, we may directly calculate that

_j a aal 8“11 .
1 an) —
(el - ey = Z e (wb)‘P o
bitetby=j L "
=al---ay! )
where forb= (b, ..., b,) we write wp = ]_[;':1 (xj — Pj)bf' which under the restriction [b| <j give
a k-basis for m/ with dual basis wp. O

Remark 2.8. In the notation of Murfet (2015), the map Wp is the composite of the isomorphisms
in Murfet (2015, Lemma 2.12) and Murfet (2015, Theorem 2.6)

Symp (V) —> LC (V, P) —> Sym(V*)3,,

defined by (set z; = x; — P;)
dz on 9%
er'll]...ezn'_)al!...an! %__ —ar —
FARNRRN M 4 0x; 0xy" P

where LC (V, P) = H3(R, Q% ;) is a local cohomology module, see Section 2.5.

R/k

For any vector space V (not necessarily finite-dimensional), the underlying vector space of the
symmetric algebra Sym(V) is naturally equipped with the structure of a coalgebra (the symmetric
coalgebra) with comultiplication A defined by

Avi-v)= Y v®vp
IS{1,...m)

where v; € Vfor 1 <i<mnandforIC({l,...,n} we denote by vy the tensor which is the product
in Sym(V) of the set {v; |i € I}. By convention if I = then v; = 1. The counit ¢ : Sym(V) —
k satisfies £(1) =1 and vanishes on monomials of positive degree; for the details see Bourbaki
(Bourbaki 1989, III Section 11) (our coalgebras are their coassociative counital cogebras).

Proposition 2.9. V is an isomorphism of coalgebras.

Proof. It suffices to show that

\IJJ :Symp (V)<j —> Homk(R/mJPH, k)

is a morphism of coalgebras, where Symp (V)<; is a subcoalgebra of the symmetric coal-

gebra Symp (V) and Homy (R/mp ,k) is given the coalgebra structure as the dual of the
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finite-dimensional algebra R/mﬁl. Given 6 : R/mJ;rl —> k, we have

AO)= Y Olop- o) o @y
Ibl<jb'|<j

where wp =[], (x; — P;)% and |b| = Y, bi. Hence,

Aw}) = Z wp Q@ Wy -

b+b'=c
Now, we have already calculated that
Wplel' - -ef)=ar! - a,! - o
so we have
(Wp ® Wp)A(e]' - - ei") = (Up @ Wp) » ("1) . <“">e§1 el el
bib=a > ! bn
- (Zl> . (Z”)bl! e bl (B)L - (Bt @
b+b'=a 1 n
=ai! - a, Z wp Q@ wy
b+b'=a

= A\Ilp(e’fl ceeenm)

proving the claim. The compatibility of the counits is clear. O

The vector space Symp (V) = P~ Symb, (V) is graded, where Sym5, (V) is the image in the
symmetric algebra of V®'. The projection from this graded vector space to its components k & V
of degree < 1 followed by the map (A, v) — AP + v defines

P,
Symp (V) kv — W)y

and as P varies these maps give the components of the linear map

dy: EB Symp (V) — V, Avlsym, (v)(vo, Vi, v2, ... ) =voP + vy .
PeV

Recall the linear map cy, which we may compute in our basis to be

n
cy: Sym(V*)° — V, cy(0) = Z 0(xi)e; .
i=1

Lemma 2.10. For a finite-dimensional vector space V, the diagram

Dp Symp (V) Sym(V*)°

commutes, and hence the pair (Dp Symp (V), dy) is also universal among pairs consisting of a
(cocommutative) coalgebra and a linear map from that coalgebra to V.
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Proof. We have cyWp(1) =), Pje; =P and

0
CV\I}P(ej) = Z \I-’P(Cj)(x,')e,' = Z g(xi)ei =e
i ]

i

whereas for a monomial m € Sym,, (V) of degree > 1, both legs of the diagram vanish. O

In summary, there is a linear map dy from the coproduct of copies of the symmetric coalgebra
indexed by the points of V. By the universal property of the Hopf dual, there is a unique morphism
of coalgebras W making the diagram of Lemma 2.10 commute, and what we have done in the above
is compute explicitly this unique morphism of coalgebras in terms of differential operators, and
prove that it is an isomorphism.

In the above, we have focused on finite-dimensional vector spaces V because in this case the
role of differential operators is most transparent. But the symmetric coalgebra Sym(V) is defined
for any vector space V, with the same formulas for A, ¢ as those given above, and the coprod-
uct Ppcy Symp (V) is therefore still a coalgebra. The linear map dy defined above remains well
defined, even if V' is infinite-dimensional.

Proposition 2.11. For any vector space V (not necessarily finite-dimensional), the pair

V= ( @ Symp (V), dy)

PeVv

is universal among pairs consisting of a cocommutative coalgebra and a linear map to V.

Proof. This is already implicit in Sweedler, as explained in Murfet (2015, Appendix B), but we
give here another argument. Let C be a coalgebra and ¢ : C — V a linear map. We write C as
a direct limit of its finite-dimensional subcoalgebras {C;};c; (Sweedler 1969, Theorem 2.2.1). For
each i € I, let V; be the finite-dimensional subspace ¢(C;) of V and ¢; : C; —> V; be the restriction
of ¢. By Lemma 2.10, there is a unique morphism of coalgebras ®; making

<I)4
Ci :

Dre v, Symp (Vi)

\ ldw

Vi

commute. The inclusions V; € V induce morphisms of algebras Sym (V;) — Sym,, (V) which
are easily checked to be injective morphisms of coalgebras. We let @} denote the composite with
the direct sum of these inclusions:

D;
Ci—— @PGV,- Symp (Vi) —— @Pev,- Symp (V) € Ppcy Symp (V).

These morphisms are compatible with inclusions C; C C; and so induce a morphism of coalge-
bras ® : C —> @p.y Symp (V) which satisfies dy o ® = ¢. To show that ® is unique with this
property, let ®’ be some other morphism of coalgebras satisfying dy o @ = ¢. For each i € I, the
restriction ®’|¢, factors as a morphism of coalgebras through

Symp, e ---a Symp_ (V)

for some finite set of points Pj,...,P, € V (depending on i) since C; is finite-dimensional.
Moreover, ®'|c; must factor further through a finite-dimensional subspace of this sum, so there
exists a finite-dimensional subspace W; C V such that Pj,...,P, € W; and ®’|¢, factors as
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follows:

@PE Wi Syij (W’)

We may without loss of generality assume V; C W; so that this factorisation W; and the composite
of ®; with the inclusion into Pp.yy, Symp (W;) are two morphisms of coalgebras which agree
when post-composed with dyy, (since dy o ®" = ). By the universal property, we conclude that
they agree, and hence ®’|¢, = ®|,. It follows that &’ = . O

Definition 2.12. The pair (1V, dy) is referred to as the cofree coalgebra generated by V.

The cofree coalgebra is used to model the exponential connective of linear logic in the Sweedler
semantics, as explained in Section 2.4 below. For this reason, we refer to dy as the dereliction map.
If there is no chance of confusion, we will often write d for dy. Note that the comultiplication A on
!V and the counit ¢ are derived from the comultiplication and counit on the summands Sym,, (V)
in the obvious fashion; see Sweedler (1969, p. 50).

In the remainder of this section, V is an arbitrary vector space.

Definition 2.13. For an integer n > 0, set [n] ={1,...,n}.
Definition 2.14. (Ket notation). For P, vy, ..., vs € V, we write
[v1,...,vs)p € Symp (V) C IV (5)

for the image in Symp (V) of Vi ® - - - Q vs € V®s, Since such tensors span Symyp, (V), the kets in (5)
span the vector space |V as P ranges over all points of V. The identity 1 € Symy (V) is denoted as
|#)p. Given I = {iy, ..., it} C [s], we write

|VI>P ::|Vi1:--->vit)P- (6)

In this notation, the formulas for the comultiplication, dereliction and counit are

AV — VIV Alvi,. . vdp= D vD)p ® vie)p, 7)
IC[s]

d:\V—V dlvi, ..., V) p=208s=0- P+ 8s=1v1, (8)

e \V—k eV, ..., Vs)p=108s=0- 1 9)

where in the formula for A, I¢ denotes the complement in [s] and I ranges over all subsets,
including the empty set. In particular, A|f)p = |0)p ® |D)p, d|v)p =vand g|d)p = 1.

2.2 Group-like elements are points

In algebraic geometry, a k-point of an algebra A is by definition a morphism of algebras A — k,
or equivalently a morphism of schemes Spec(k) —> Spec(A). In the case where A = Sym(V*) for
V finite-dimensional, such points are canonically identified with V itself:

Alg; (Sym(V*), k) = Homy (V¥ , k) ZEV*Z V.
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This bijection identifies a point P = (P, ..., P,) in V with coordinates P; € k in a chosen basis
el,...,e, for V with the maximal ideal

mP:(xl_P1>--~>xn_PVl)§SYm(V*)

where as above we write x; = e} for the dual basis. From the coalgebraic point of view, a k-point
of a coalgebra C is a morphism of coalgebras k —> C. Such morphisms are in canonical bijection
with the group-like elements (Sweedler 1969, p. 57) of C

G(CO)={xeC|A(x) =x®xand e(x) =1}
via the bijection
Coalg, (k, C) — G(C)
pr—o(1).
The points of a k-algebra A are related to the points of A° since by Theorem 2.2
Alg, (A, k) = Coalg, (k, A°)
and so in particular

V = Alg, (Sym(V*), k) = Coalg, (k, Sym(V*)°) = Coalg, (k, V) = G(!V).

2.3 Primitive elements are tangent vectors

From the point of view of algebraic geometry, a tangent vector at a k-point of an algebra A is
a morphism of algebras ¢ : A —> kle]/(e?) (Hartshorne 1977, Example 11.2.8), (Eisenbud and
Harris 2000, I1.3.1). The point of A at which such a tangent vector is ‘attached’ is given by the
composite

A—2 S ke])(e?) —— =k (10)

where in the second map, ¢ — 0. The appropriateness of this definition can be seen readily in the
case A = Sym(V*) for V finite-dimensional where, using the coordinates x; of the previous section

to identify A with k[x;, . . ., x,], tangent vectors
D
v= Vi— viek
Z "ox; l
i=1
ata point P= (Py, . .., Py,) are in bijective correspondence with k-algebra morphisms

v klx1,. .. xa] —> kle]/(e%)
of
a—xi p &

f(xl,...,xn)|—>f(P)-1+Zvi
i=1

From the coalgebraic point of view, a tangent vector at a k-point of a coalgebra C is a morphism
of coalgebras ¢ : (k[e]/(e?))* —> C. We set T = (k[e]/(£2))*. The k-point at which the tangent
vector is attached is given by the composite

k g

where the first map is the dual of the second map in (10). Such morphisms are in canonical
bijection with the primitive elements of C (Sweedler 1969, p. 199)

C

Prim(C) ={x e C |A(x) =x® g+ g ® x for some g € G(C)}
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via the bijection

Coalg, (7, C) — Prim(C)
o —> o(s%).

The tangent vectors at points of a k-algebra A are related to tangent vectors at points of the
coalgebra A° via Theorem 2.2

Algi(A, k[e] /(%)) = Algy (A, (K[e]/(6%))™) = Coalgy (T, A°)
and in particular there is a canonical bijection

Prim(!V) = Coalg, (7, !V)
= Coalg, (T, Sym(V*)°)
= Alg; (Sym(V*), k[e]/(e%))
= Homy (V*, k[e] /(%))
>V Q (kD ke)
ZEV@Ve.

Given P, v € V, the morphism of coalgebras 7 — !V corresponding to the pair (P, ve) under this
bijection is precisely the morphism (2) alluded to in the introduction.

2.4 Definition of the Sweedler semantics

With the notation for the cofree coalgebra !V and universal map dy as introduced above (see
Definition 2.12), we now recall the definition of the Sweedler semantics [—] in the category V of
k-vector spaces from Hyland and Schalk (2003) and Murfet (2014, Sections 5.1 and 5.3). This is
a Lafont model of intuitionistic linear logic in the sense of Melliés (2009, Section 7.2). For each
atomic formula x of the logic, we choose a vector space [x]. For formulas A, B, define

. [A® B] = [A] ® [B],
o [A — B] =Homy ([A], [B]),
. ['1A] =![A].

If T is Aj, ..., Ay, then we define [I'] =[A1] ® ... ® [A,]. Given a linear map 7 : C — V with
C a coalgebra, we write prom () : C — !V for the unique morphism of coalgebras with dy o
prom () =  and we use the same notation in the syntax for the proof obtained from a proof &
of IT" - B by applying the promotion rule to obtain a proof of IT" - !B.

Definition 2.15. The denotation [7] of a proof w : T - B is a linear map [x] : [T'] — [B] defined
recursively on the structure of proofs. The proof m must match one of the proofs in the first column
of Table 1, and the second column gives its denotation. Here, d denotes the dereliction map, A the
comultiplication and ¢ the counit:

Definition 2.16. For a vector space V, we denote by
Sy \lV— IV

the unique morphism of coalgebras satisfying dyy o 8y = lyy. Where there is no possibility of
confusion, we write § for dy.
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Table 1. Denotations of proofs in the Sweedler semantics

axiom

AFA
T

I'A,B,A-C
I''B,A,AFC
Ty )

'-A AAFB
I'AFB

1

I'VA,BFC oL
AQBEC

I3 %)

'rA ARB
INAFA®B

Ty N %)

'-A A,BFC

[AA—-BFC

st

I'CARB X
I'FA—oB
E3

I'A-B ;
I''JAFB

er
T

THEA .
'H!A

1

_I'EB .
T,JAFB

T

I',!A,'AF-B
I'NJAEB

ctr

exch

®R

[7](a)=a

7]y @b®a®8)=[m](y a®b®3§)

[7](y ®8) =[m2](6 ® [m](¥))

[7](y ® (a® b)) =[m1](y ®a®b)

[7](y ® 8) = [m1](y) ® [2](8)

[7](y ® 8 ®¢)=[m](6 @ ¢ o [m](y))

[7l(y)=lar> [m](y ® a)}

[7](y ®a) = [m](y ® d(@))

[7] = prom[m]

[7](y ®a) =e@[m1](y)

[7l(y ®a) =[m](y ® A(a))
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Given P, vy, . .., vs € V, we have by Murfet (2015, Theorem 2.22)

viyovdp= D [adpe s vade) (11)

{C],.‘.,CZ}EP[SJ

where P[5 denotes the set of partitions of [s] ={1,...,s} and Q=¥)p. Our partitions do not
contain the empty set. As a special case §|%) p = |0) .

Given a linear map f : V. — W, there is a unique morphism of coalgebras If : |V — W with
the property that dy o If = f o dy and this makes ! into a functor ! : V — V. In fact, this functor
is a comonad on V, when equipped with the natural transformations § : ! — !!and d : | — idy,
which are component-wise the morphisms §y and dy defined above. If we let A, & denote the
assignment of comultiplication and counit maps to all the vector spaces !V then, by construction,
we have in the sense of Blute et al. (2006, Definition 2.1):

Lemma 2.17. The tuple (!, 8, d, A, €) is a coalgebra modality on V.

2.5 Local cohomology and distributions

In this section, we explain how the cofree coalgebra arises in algebraic geometry, since this con-
nection gives a useful context for the differential structure of the Sweedler semantics; the contents
of this section will however not be used in the sequel. For a finite-dimensional vector space V of
dimension 7 with R = Sym(V™*), one proves using local duality (Murfet 2015, Theorem 2.6) that
there is an isomorphism

P HpR 2 ) = Sym(VF)° (12)
Pev

where Hj denotes local cohomology at P (Hartshorne 1966). This isomorphism is defined by
sending a class 7 in the local cohomology at P to the functional f — Resp( ft) where Resp denotes
the generalised residue and ft the action by R on local cohomology. The isomorphism (12) arises
from isomorphisms Hp(R, 25 /k) = Symy, (V) identifying the identity |#)p in Sym, (V) with the
class of the meromorphic differential form (Murfet 2015, Definition 2.9)

[(xl _d);l:_. -. :’/Z,ixi Pn)j| € Hp(R, 2 ) - (13)
It is easy to see that
Resp(f17)p) = 0u()la=r (14)
and more generally that (Murfet 2015, Lemma 2.13)
Resp(f171,- - v9)p) = By =+ 0y (lecp (15)

Thus, we may identify elements of !V with functionals on the space of polynomial functions, given
by evaluating derivatives at points of V.

Remark 2.18. When k = C with V = Cv and z = v* the generator of R = C[z], this is nothing but
the Cauchy integral formula since under the isomorphisms of Remark 2.8 we have the following
identifications (of vectors in Sym,, (V') written in ket notation, with classes in local cohomology)

d d
10)p = [Z_ZP], Iv)p = [ﬁ] (16)

https://doi.org/10.1017/50960129520000134 Published online by Cambridge University Press



https://doi.org/10.1017/S0960129520000134

430 ]. Clift and D. Murfet

and the Cauchy formula says

f’(p)_i &dz.

2w y (z—P)?

Remark 2.19. When k=R this agrees with the analytic theory of distributions, since by
Friedlander and Joshi (1998, Theorem 3.2.1) the C-vector space of distributions on the real
manifold V supported at a point P is spanned by the functions

Jr= 0y 0y ()la=p

ass>0and vy, ..., v varies over all sequences in V. So, in this case, we can identify the coalgebra
'V ®g C with the space of distributions on V' with finite support.

In the semantics of differential linear logic defined using finiteness spaces (Ehrhard 2005) and
convenient vector spaces (Blute et al. 2010), the space !V is a closure of the linear span of Dirac
distributions (in our notation, |)p) on V. More precisely, if V is a finite-dimensional convenient
vector space, then !V consists of distributions of compact support. For example, see Blute et al.
(2006, Theorem 5.7) for the limit defining the distribution |v), in our notation. There is a similar
role for Dirac distributions in the Coherent Banach space semantics of linear logic in Girard (1999,
Section 3.2).

It is interesting to note that functional programs extended with Dirac distributions have already
been considered in the literature on automatic differentiation; see Nilsson (2003). For an abstract
categorical theory of distributions via monads, see Kock (2012).

Remark 2.20. Any cocommutative coalgebra is the direct limit of finite-dimensional coalgebras,
and the category of finite-dimensional cocommutative coalgebras is isomorphic to the category of
zero-dimensional schemes over k. This is taken as the starting point of one approach to noncom-
mutative geometry which has been influential in the study of A,;-algebras, where one posits that
an arbitrary coalgebra is the coalgebra of distributions on a ‘noncommutative space’ (Kontsevich
and Soibelman 2008, p. 15; Kontsevich and Soibelman 2002; Le Bruyn 2008).

3. Differential Linear Logic

Let k be an algebraically closed field of characteristic zero and V' the category of k-vector spaces.
This is a model of linear logic (see Section 2.4) when equipped with the comonad ! arising from
the cofree coalgebra. We now explain how to equip this category with the structure necessary to
make it a model of differential linear logic, following Blute et al. (2006).

Given vector spaces V, W, we write oy, : V® W —> W ® V for the linear swap map defined
on tensors by oy, w(x ® y) =y ® x. By Blute et al. (2006, Proposition 2.6) to equip V with the
coalgebra modality (!,6,d, A, ¢) of Lemma 2.17 as a differential category, we need to define a
deriving transformation in the sense of Blute et al. (2006, Definition 2.5).

Definition 3.1. A deriving transformation for (V, 1,8, d, A, €) is a family of linear maps
Dy:lVV—1V

defined for all V € V and natural in V, satisfying the following properties:

(D.1) € o D=0, that is,

Dy &

VeV v k =0. (17)
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(D.2) AocD=(1®D)o(A®1)+(D®1)o(1®0c)o(A® 1), that is,

WVev—2Y v A eV (18)
is equal to the sum
wev—2% _wewvev—22 _wew 4
10,
WV —22 L veveV — Ve VeV — 2 - WV
(D.3) doD=uao (¢ ®1), that is,
wev— 1w —4 v = wev— —kev—2 >V
(19)
where a(A ® x) = Ax.
(D.4) 8oD=Do (8§ ® D)o (A ®1), that is,
Dy 8
eV % nv (20)
is equal to
WVev—28 L iwvevev —22 Lnwveiv —2Y Ly @

We refer to Blute et al. (2006, Section 2.2) for an explanation of these axioms. Briefly, (D.1)
says the derivative of constant maps is zero, (D.2) is the product rule, (D.3) says the derivative of
a linear map is constant and (D.4) is the chain rule. Clearly, the rules specify how to commute
D past the structural maps 6, d, A, . Here d stands for the dereliction rule in linear logic, A for
contraction and ¢ for weakening. The map § stands for promotion, since for a linear map ¢ :
!V — W the unique lifting to a morphism of coalgebras ® : !V — W can be obtained as the
composite

B ¢

v nv W (22)

Definition 3.2. We define the k-linear map Dy : 'V Q V. — |V by

DV(lVl,...,V3>P®V)=|V,V1,...,V5>p. (23)

Theorem 3.3. Dy is a deriving transformation for any vector space V.
We split the proof of the theorem into lemmas. We prefer to give the proofs without first choos-
ing a basis of V, but if one is willing to do so, then the connection between these identities and
the usual rules of calculus follows from writing the formula for the comultiplication A as a kind

of Taylor expansion; see for example Seiler (2009, (B.65)). Throughout, we use the ket notation of
Definition 2.14.

Lemma 3.4. (D.1) holds for V.
Proof. This is clear, since the counit ¢ : |V — k vanishes on |vy, ..., v)pifs> 0. O

Lemma 3.5. (D.2) holds for V.
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Proof. Setting vy = v we have (recall the notational conventions of Definition 2.14)
AD([v1,.. ., v)p @ V) = Alv, v, ..., Vs)p
= Y vp®|ve)p

IC{0,1,....,s}
=Y vp®lvi)p+ Y _Ivi)p ® vie)p

Oel 0¢I
= D mvp®ept+ Y e ® v
JE{1,..8) JE{1,..008)
= Y [pme@v)@lve+mpeD(vrov)
JE{1,..08)

as claimed, where for I C {0, 1, . . ., s} we write I for {0, ...,s} \ I and for ] C {1,.. ., s}, we write

Jefor {1,...,s}\J. O
Lemma 3.6. (D.3) holds for V.

Proof. We have
dD(|v1, ..., Vs)p @ V) =d|V, V1. .., Vs)p = 8soV
while

ale @ 1)(Iv1, ..., vs)p® V) =&V, ..., Vs)p - v="3s=oV.

Lemma 3.7. (D.4) holds for V.

Proof. The trivial case is, with Q = |#)p,
SD(0)p ® ) =811 = | M),
and on the other side
Dy (6 @ D)(A ®1)(12)p ® v) =Dy (8 @ D)(1%)p ® |4)p @ v)
=D (%) ® |v)p)
= | |V)P>Q-
Now, we consider the case s > 0. Putting vo = v, we have
SD(ivrs- o vp @)= Y| Hlvx)P>Q
XePpoy,..q X€X

where for a partition X = {x), . . . , x¢} the notation means multiplication in the symmetric algebra,

that is,
[ TTime), = | 1w o osdo).

xeX
There is a surjective function
g~ Plis)
0(X) = {x\ {0} |x € X and x # {0}}
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and given a partition X = {x,...,x:} of {1,...,s},

“1(X) = {{x1 U0} X2, . . 2},
{x1, % U{0},...,x¢,

Y

{x1, %2, .. ., x—1, x¢ U {0}}
{x1, %2, ..., Xp, {0}}} .

With this in mind we have, writing [ [,/ 4x|vx)p for the product in the symmetric algebra of |vy)p
as x’ ranges over elements of X \ {x}, that 8D(|v1, cesV)p® v) is equal to

[;\ vovee, [Tivedn), + | |v>P,L[(|vx>P>Q}. ”

XePy,..5 X' #x

Note that when X = {{1, ... ,5}}, the summand is
L LR
On the other hand, the right-hand side (21) of the (D.4) identity is
Dy ®DY(A @D (|v1, ..., vs)p® V)
= Y. DvGeD)(mp@lvdrev)

IC{1,....s}
= Z ng(5|1/1)p R v, VI‘)P)
IC{1,...,s}

:D,V<8|@)P Qv vis. .. ,V5>P>

+Z Z D'V( Hlvy Q |v, Vi) )

BCl YePy yeyYy

—‘|‘V,V1,...,Vs)p> +Z Z ‘|V,VIC)P’1_[|V)’ >

WCI YEPr yeY
=[lvovp) o+ 20 e [T,
YePy,. .5 yey
2 3 [ [T,
pcIc{l,...s} YePr yeY

which matches (24) since the last sum can be rewritten as

> 2| wve, [Tivehs) -

XePy,... x€X X' #x O
with |X\>1

Together the previous lemmas complete the proof of Theorem 3.3.
Corollary 3.8. V is a differential category.

Proof. This follows from Blute et al. (2006, Proposition 2.6). O
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We are grateful to the referee who pointed out to us (see Cockett and Lemay 2018, Section 4.1)
that an additional axiom is now routinely added to deriving transformations:

Lemma 3.9. For any vector space V, the diagram
WeveVv —s wevev 22, vev

Dy®1 Dy

eV > 1V

commutes.

Proof. We compute

Dy(Dy @ 1)1 ®0) (|v15 s Vs)p ® v ® V) =Dy(Dy @ 1) (|¥1, . Vs)p @ V Q@ V)
=Dy (|V, V1, vs)p ® V)
=, V/,Vl,...,VS)P
=, VI Vs)p
=V, Vs)p @V
=Dy (|v, V1, .. vs)p ® V)
=Dy(Dy ®1) (|v1, . vs)p @ VR V).
O

Remark 3.10. From the geometric point of view (see Section 2.5), the definition of Dy is justified
as follows: adding v to a ket contributes, inside a residue, a partial derivative in the direction v
by (15). To state this more formally, let D(R) denote the algebra of k-linear differential operators
on R = Sym(V™*) and observe that there is a canonical map ¢ : V— D(R) sending v € V to the
differential operator 9, and we have a map

H}’Z(R, Q;/k) QV 1®¢ a

Hp(R, Q) @ D(R)

HAR, Q5,0 (25)

where a denotes the action of the ring D(R) on local cohomology (Murfet 2015, Lemma 2.7).
These maps assemble in the colimit (12) to give (23).

3.1 Codereliction, cocontraction and coweakening

An alternative formulation of the differential structure in differential linear logic is in terms of
codereliction, cocontraction and coweakening maps; see Fiore (2007) and Blute et al. (2010, Section
5.1). This has the advantage of providing an appealing symmetry to the formulation of the syntax.
In this section, we briefly sketch the definition of these maps in the Sweedler semantics.

First, we recall the canonical commutative Hopf structure on !V of Sweedler (1969, Section
6.4).
Lemma 3.11. Given vector spaces V1, V,, then there is an isomorphism of coalgebras
O: !Vl ® !Vz — '(Vl D VZ),

Vi, o V) p @ Wi, s W Q> [V, o Ve W o W) () -
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Proof. The existence of this isomorphism is due to Sweedler, for the explicit calculation of the map
see Sweedler (1969, Remark 2.19). O

Using this and the definitions in Sweedler (1969), it is easy to check that the product V is
VIVl —1V,
|V1,...,V5>P®|W],...,W{>Q|_) |v1,...,vs,wl,...,wt)PJrQ,
while the antipode S is
S:\WW—1V,
[V1s .. s Vs)p > |=V1,. .., —Vs) _p

and the unit u: k — !V is u(1) = |#),. By Sweedler (1969, Theorem 6.4.8), these maps make !V
into a commutative (and cocommutative) Hopf algebra. In the terminology of Ehrhard (2016), the
map V is the cocontraction map and u is the coweakening map (the antipode seems not to have a
formal role in differential linear logic). Finally,

Definition 3.12. The codereliction d is the composite

u®l D

VZkQV ——— =1V QV v
which is given by v i |v),.
Note that we can recover D as
wev—2 _wewv—Y v
Vi, oo V) p@ Vi |V, .. V) p @ [V)g = |V, Vs o o5 Vs)p -

It seems more convenient to model differentiation syntactically using the codereliction, cocon-
traction and coweakening maps, rather than the deriving transformation D itself. We briefly
sketch how this works, following Ehrhard (2016). In the sequent calculus for linear logic, one
introduces three new deduction rules ‘dual’ to dereliction, contraction and weakening:

. I'JA,A+B
(Codereliction): T AAEB coder
(Cocontraction): _LWAAFB

"T,A)A,AFB
. I'VA,LARB
(Coweakening): “T.AFB coweak

together with new cut-elimination rules (Ehrhard 2016, Section 1.4.3).

Definition 3.13. Given a proof w of |A - B in linear logic, the derivative 07 is the proof
T

IA+B (26)
——— coctr
A,IA+B

coder

1A,A-B
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whose denotation is, by our earlier remark, the composite

D [=]

Al @ [A]

114] [B]. 27)

Remark 3.14. Given 7 as above, we have the function (Murfet 2014, Definition 5.10)
[7lw:[A] — [B],  Pr—[x]1%)p, (28)
and for P, v € [A] we interpret the vector
[=]D(19)p ® v) = [ ]Iv)p € [B] (29)

as the derivative of [ ], at the point P in the direction v. Here, we implicitly identify [A] with the
tangent space Tp[A] and [B] with the tangent space T[], [B]. This interpretation is justified
by the following elaboration of the remarks in the Introduction.

Let prom (77) denote the promotion of &, which has for its denotation the unique morphism
of coalgebras [prom (7)] : [A] — ![B] with d o [prom (r)] = []. Let y : (k[e]/e*)* — ![A]
be the morphism of coalgebras as in Section 2.3 corresponding to the tangent vector v at a point
P € [A]. Then the morphism of coalgebras

[prom ()] o y : (Kls1/6%)* —> ![B] (30)
has the following values, writing Q = [ ],;;(P), we have by Murfet (2015, Theorem 2.22)
[prom ()] y (1) = [prom (z)[|#)p = V) »
Tprom ()] (¢") = [prom (1)]Iv)p = | []¥)p),
Under the bijection of Section 2.3, the morphism of coalgebras (30) therefore corresponds to the

tangent vector [ ]|v)p € [B] at Q.

It is easy using the formulas for V, D to check that the V-rule of Blute et al. (2006, Section 4.3)
is satisfied:

Lemma 3.15. The diagram

1V ay,\y

VRIVR!V Velv eV (31)
oy, 1v®l1 D
WeVvVe!lV Vel 'V

commutes.
This, together with Blute et al. (2006, Theorem 4.12), shows that V with the comonad ! and
deriving transformation D is a model of the differential calculus in the sense of Blute et al. (2006,

Definition 4.11).

Corollary 3.16. V is a categorical model of the differential calculus.
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4. Examples

In this section, we give various examples of proofs 7 and the derivatives [7] o D of their denota-
tions, according to Definition 3.13. The encoding of integers and binary sequences in linear logic
is based on the following encoding of the composition rule.

Definition 4.1. For any formula A, let C}, denote the proof

AFA AFA
AA—oAFA

—L

We define recursively for n > 1 a proof C} of A, (A — A)" = A, where (A —o A)" denotes a sequence
of n copies of A —o A, to be

n—1
CA

AFA A (A—-A)"1FA
A (A—-A)"FA

—L

Definition 4.2. For n > 1, let comp’, denote the proof
Ca

A(A—oA"FA
(A—oA"FA—oA

R

We define compg to be the proof

_AFA
FA—A

Remark 4.3. If V=[A] and o; € [A —0 A] =Endy (V) for 1 <i <n, then
[comp’ (o1 ® - ®@an) =atyo---0ar, (32)

while [[compg]] = ly. Note the reversed ordering on the right-hand side!

4.1 Church numerals
Definition 4.4. The type of integers on A (Girard 1987, Section 5.3.2) is

intp =1(A—oA)—o(A—A).

For n > 0, we define the Church numeral n, to be the proof
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compz

(A—oA)"FA—A

(A—A)'FA—A

A—<A)A A %
Finty

nx der

R

Generally, we omit the final step, since it is irrelevant semantically. In the case n =0, the formula
(A —o A) is introduced on the left by a weakening rule.

Example 4.5. The proof2, (see e.g., Murfet 2014, Example 5.9) is

AFA  AFA |
AFA AA—oAFA .
AA—o0AA—oAFA
A—oAA—oAFA—A t
(A—0A),A—oAFA—A “
(A—0A),/(A—oAFA—oA w
I(A—oA)FA—0A

R

er

From now on, A is fixed and we write n for n,. Let V =[A] so [A — A] = Endy (V). In the
notation of Remark 3.14, there is a function

[1], : Endy (V) —> Endg (V). (33)
Lemma 4.6. For n > 0and o € Endy (V), we have [n]|#), = o" so [n] () = o™

Proof. This is an easy exercise, see Murfet (2014) for the case n =2. O

The derivative dn of Definition 3.13 is a proof of /(A — A),A—oAFA—oA and for o, v e
Endy (V) the value of its denotation [dn] = [n] o D on |#), ® v, that is, the derivative of n at « in
the direction v, is [n]|v),.

Lemma4.7. [n]|v), =Y " o va

Proof. This may be easily computed using the formulas (7), (8) for the comultiplication and
dereliction. For example, in the case n = 2, the image of |v),, under [#] is given by

[9)o F—— W)y ® [B)g + D)y ® V)

2 x der

VRu+a@v

Lol
——>aov+voa,

as claimed. O

Remark 4.8. When k= C, V is r-dimensional and ¢ = [n],;, the vector [n]|v), agrees with the
image of v under the usual tangent map of the smooth map ¢
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M,(C) = T, Endy (V) ——**~ T, End, (V) = M,(C).

This justifies in this case the interpretation of [n]|v), as the derivative.

4.2 Binary integers
Definition 4.9. The type of binary integers on A (Girard 1995, Section 2.5.3) is

binty =!1(A— A) — (I(A — A) — (A — A)).

Given a sequence S € {0, 1}*, we define a proof S, of bints as follows. Let I > 0 be the length of S. The
proof tree for S, matches that of the Church numeral [ up to the step where we perform contractions,
that is,

compi{

: (34)
(A—-A))FA—A

A —AlHA—A

We match each copy of (A —o A) on the left with the corresponding position in S, and using a series
of contractions we identify all copies corresponding to a position in which 0 appears in S, and likewise
all copies corresponding to positions with a 1. After these contractions, there will be two copies of
(A —o A) on the left (the first being by convention the remnant of all the 0-associated copies) unless
S contains only 0% or only 15. In this case, we use further a weakening rule to introduce the ‘missing’
(A —o A), giving finally the desired proof S,:

nx der

compi‘

(A—A)FA—A
(A—oA))HA—A
(A—A),N(A—A)FA—A
F binty

nx der

ctr and possibly weak

2x — R

In the final right —o R introduction rules, the second copy of (A —o A) (associated with the 15 in S)
is moved across the turnstile first. If S is the empty sequence, then 1 =0 and the proof is a pair of
weakenings on the left followed by the —o R introduction rules.

For the rest of this section, A is fixed and we write S for S,.

Example 4.10. The proof 001 is

AFA AFA
AFA AA—oAFA

AFA  AA—oAA oAFA
AA oA A——oAAoAFA
A—oAA—oAAoAFA—oA
(A —oA),(A-oA),I(A—oA)FA—-A
(A oA, A —oAFA—oA
- binty

—o L

—L

— L

R

3x der

ctr

2x — R
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where the colouring indicates which copies of !(A —o A) are contracted. Using (32),

[001] (1), ® 19)5) = [comp’ [(19), ® |9), ® [)s) =S80y oy . (35)

Generalising the calculation of Section 4.1, we now describe the derivatives of binary integers.
The general formula computes, for S € {0, 1}*, the linear operator

[[§]](|Oll) cee >Olr>y 02y |,Bl’ s IBS>5) € Endk (V) .

Informally, this operator is described by inserting y for 0 and § for 1 in (the reversal of) S, and
then summing over all ways of replacing r of the y’s in this composite with «;’s, and t of the &’
with B;s. Let Inj (P, Q) denote the set of injective functions P — Q, and write [s] = {1,...,s}.

Lemma4.11. Let S=aja;_ - - - a; with a; € {0, 1} be a binary sequence, and set
No={jlaj=0}, Ny ={jlaj=1}.
Then we have
ﬂiﬂ('alx---yas>y®|ﬂ1"")ﬂr>6)= Z Z I‘Jlr’go-..or'{’g, (36)
f€Inj ([s],No) g€lnj ([r],N1)
where
y i€No\Im(f),
Ff’g— 5 ieN\Im(g),
Y o ifieIm(f) andf(j) =1,
B ifielm(g)andg(j)=i.

In particular, this vanishes if s > |No| or r > |Ny|.

Proof. Since [S] applies n=|Np| coproducts to |y, . . ., o), yielding
Yo ), ® @l

pairwise disjoint, s.t.
U Ul={1,....s}

to which the dereliction operator d®" is applied, which annihilates those tuples (J1, . . ., J,) where
any J; contains more than one element. The resulting sum is over f € Int ([s], Ny) and each sum-
mandisy @ - Qo) @ QY Q-+ g5 - Q¥ for a permutation o. The same is true of
|B1, . .., Br)s, and after the two resulting tensors are intertwined the final step is compose all the
operators, yielding (36). O

Example 4.12. For S =001, we have
[001] (ler},, ® |2)s)
[001](lay, @2), ® |M)s) =8 oo +Somoar,
[001](19), ® B)s) =Bovoy,
[001](jer), ® |
[001] (ler1, @2),, ® |

and zero for all other inputs.

dodxoy+doyou,

Boaoy+Boyou,

B)s) =
,3)3) Boajoay+Boayoua.

More interestingly, we can also compute the derivatives of proofs of !bint, - bint4. In what
follows, A is fixedand E=A — A.
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Definition 4.13. The proof repeat is

compi

'E-!'E  EEFE .
EFE !E,!E—OE,EI—EHJL
'EFE 'E, \E, bints, EF E .
'EFE \E, 'E, \E, bints,'E —o EF-E
'E, \E, E, \E, binta, bints - E
'E, \E, \E, binty, bints, - E

|E, 'E, bint,, binty - E

binty, bint, - binty

\binty, \bint, - bint,

\bint, - binty

— L

ctr

ctr

2x —R

2% der

ctr

441

which repeats a binary sequence in the sense that the cutting it against the promotion of S is

equivalent under cut-elimination to SS. In particular, [repeat]|¥) s = [SS].

Given S, T € {0, 1}*, the derivative of repeat at S in the direction T is
[repeat]|[T])s) € [bints] = Homy (! Endy (V) ® ! Endy (V), Endy (V) ,

and as promised in the Introduction:

Lemma 4.14. [repeat]|[T])[s = [ST] + [ZS].

(37)

Proof. The value of the left-hand side on a tensor |a1,...,as), ® |B1,. .., Br)s is computed by

reading the proof tree for repeat from bottom to top:

D) s ——— I[TD) g5 @ 19 sy + 1) sy @ 111D 5]

2x der

—— [T] ® [S] + [S] ® [T]

> |a1,...,Ols)y®|,31y--->/37)5®(HIH@[[‘SH—'_[[‘SH@[[IH)

Y len), @ 1B7)s ® lare), @ 18re)s @ ([Z] ® [8] + [5] @ [7])
L]

—— Y [SI(le), ® 1B7)s) o [T](Iere), @ 1Bye)s)
I8)

+ > (7] (ler), ®187)5) o [S)(lere), @ 1Bye))
Lj

which agrees with [ST] + [IS] on |es, . . ., as), ®|B1, - . ., Br)s by Lemma 4.11.

4.3 Multiplication

The multiplication of Church numerals is encoded by a proof mult, of linty, ints I inty4, see
for example Girard (1995, Section 2.5.2). To construct the proof tree, it will be convenient to

introduce the following intermediate proof y, writing E = A —o A as above:
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IE-'E  EFE
E,inty HE .
IE, linta - E
IE, linty - |E

— L

er

rom

Then [y] : ! Endg (V) ® ![ints]] — ! Endy (V) is @ morphism of coalgebras such that

[yt ® 19)s) = 19) 0 and [y1(t® [v)g) = V() a(r)
for o, v € [ints ] = Homy (! Endy (V), Endy (V) and t € ! Endy (V). The proof mult, is

4

IE, lints - 'E EHE
'E, linty, inty - E
linty, inty Finty

—L

—R

Let I, m, n > 0 be integers. We write mult, (—, n) for the proof of lint4 - int4 obtained from the
above by cutting against the proof n of ints. The derivative of this proof at « = [I] in the
direction v = [m] is the element of [int,] given on ¢ € ! Endy (V) by

n

[mult, ] (1v)g ® [2]) () = [ (1V(E)aqy) = Y« v(B)a ()"

i=1
using Lemma 4.7 in the last step. When t = |}, for x € Endj (V), this evaluates to

n n
Z Ol(t)i_IV(t)Ol(t)n_i — Z xl(i—l)xmxl(n—i) — nxl(”_l)+m.
i=1

i=1
This result agrees with a more traditional calculus approach using limits:
[ty 100 g ® DI, — [ty ]y ® [D 1),
h—0 h

— lim [[ﬁﬂ|®>xl+hxm - [[ﬁﬂ|®>xl
h—0 h

. (Xl + hxm)n _ xln
= hm _—
h—0 h
— nxl(n—l)—i—m‘

5. Differential Lambda Calculus

Categorically speaking A-calculi are modelled by Cartesian closed categories (Lambek and Scott
1986) and any model of linear logic gives rise to a Cartesian closed category by taking the Kleisli
category of the comonad interpreting the exponential connective; see Melliés (2009, Section 7).
There is a parallel relationship between differential A-calculus and differential linear logic, which
has been worked out in the language of Cartesian differential categories (Blute et al. 2009;
Bucciarelli et al. 2010).
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Asabove k is an algebraically closed field of characteristic zero, and V is the category of k-vector
spaces. In this section, we explain how the category of cofree coalgebras over k gives a model of
differential A-calculus, by

o checking that V is a differential storage category with biproducts, so that

« by Blute et al. (2009, Proposition 3.2.1), the Kleisli category V; of (V,!) is a Cartesian
differential category,

« and we check that V), is a differential A-category in the sense of Bucciarelli et al. (2010,
Definition 4.4).

We have already checked that the comonad ! arising from the cofree coalgebra construction
defines a coalgebra modality in the sense of Blute et al. (2006, Definition 2.1), and that we have
deriving transformations Dy : !V ® V — V. By Corollary 3.8, the tuple (V,!,8,d, A,¢e,D) is a

differential category in the sense of Blute et al. (2006, Definition 2.4). We now prove further that
this is an example of a differential storage category.

For this, we need to understand ! : YV — V as a monoidal functor.

Definition 5.1. Given vector spaces V, W, let my,w be the unique morphism of coalgebras which
makes the following diagram commute:

Welw —Y 5 (v e w)

d
m lvoaw

Vew
Lemma 5.2. The morphism of coalgebras my w is natural in V, W.

Proof. If ¢ : V— V' and ¢ : W —> W/ are linear, then the outside diagram in

lp®!yr

Velw > IV QW
dV®dW dv/®dw/
Y / /
my,w VW ——— VoW my’w!
dvegw dvew
Ve w > (VW
(Ve w) oo0) (V'@ W)
commutes, by virtue of each of the sub-diagrams commuting. O

Definition 5.3. Let u: k — !k be the unique morphism of coalgebras with the property that d o
u = 1. Explicitly, u(1) = |0),.

Lemma 5.4. The data {mv,w}v,wey and u make!:V — V a lax monoidal functor.
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Proof. We have to check commutativity of the outer square in

(' A®'B)®!C e > 1A® (IBR!C)
my p®1 \ / e
'(A®B)®'C—>(A®B ®C 23 AR(BRC) +—— 'A®'(B®C)

e / \ MA,B&C
<+ ~

((A®B)® () » (A® (B® ()

la
and the outer squares in

1Qu

IA®k » 1IA® 'k
d®1 Ly

= A<+— ARk Ak
/ - x

1A < — (AQK)

k® 1A uel y k® 1A
1®d zy

= A+—k®A MiA
/ _ x

1A < (k® A)

but from the given decompositions of these squares, this is clear.
Lemma 5.5. The tuple (!, m, u) is a symmetric monoidal functor on (V, ®, k).

Proof. This means that the following diagram commutes

Ve!lw > (VW)

\/

Ve w

o lo‘ lo

WV

\/ ~

WV s (W V)

which is clear from the given decomposition.

Lemma 5.6. The natural transformations § : | —> ! and d : | — idy are lax monoidal.
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Proof. We need to check commutativity of

IAQIB —4%% o 14 gup A I('A ® 'B)

\ ld@d /
'1A®!B
MA,B lmA,B Ima.B
'(A®B)
/ K
(A®B) > 1(A® B)
Sa®B
and also
k <— lk
k —— !k s
k q
Nk
and
AQIB —2 , A@B P
mAB 1 d
1
(A B) ———— AQ®B k
dagB
which are all clear from the given decompositions. O

The above results together prove that:
Lemma 5.7. (1,8, d, m, u) is a symmetric monoidal comonad.

Now each !A is by construction a cocommutative comonoid in the category of vector
spaces, and the comultiplication A :!A — !A ® !A and counit ¢ : !|A —> k are morphisms of
I-coalgebras in the following sense. Recall that a coalgebra (Borceux 1994, Section 4.1) for the
comonad (!, 8, d) (henceforth called a !-coalgebra) is a vector space V and linear map ¢ : V— IV
with the property that the diagrams

v —2 v v—* v
) dy @ Sy (38)
\4 v '—<p> nv
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commute. We make !A ® !A into a !-coalgebra by

IAQIA — A% L iagua — ™M 1140 14)

and k is a coalgebra via u : k —> !k. Then (see Blute et al. 2006, Definition 4.1):

Lemma 5.8. The tuple (!,8,d) is a storage modality on (V, ®, k) when we take the canonical
comonoid structures (1A, A, ¢€).

Proof. We need only check A, ¢ are morphisms of !-coalgebras. In the first case, consider the
commutative diagram

IA@IA —A2% L nagnA 441 114 @ 14)

T \ ld@d/ T
IAR!IA
A AT A
1A
T
1A 0 S NA

Now since !A is cocommutative A is a morphism of coalgebras, so we may use the universal
property of !(!1A ® !A) as indicated. The fact that ¢ : |1A — k is a morphism of !-coalgebras is
exhibited by the diagram

A le 1k
A —— k
- > k
where we use that ¢ is a morphism of coalgebras. O

We conclude that V has the structure of a differential storage category, in the sense of Blute et
al. (2006, Definition 4.10).

Theorem 5.9. With the above structure V is a differential storage category.

Proof. We have shown V is an additive storage category (Blute et al. 2006, Definition 4.4), with a
deriving transformation satisfying the V-rule (Lemma 3.15) so we are done. O

5.1 Cartesian differential categories

The Kleisli category of the comonad ! on V is equivalent to the category of cofree coalgebras; for
the reader’s convenience, we recall the proof in Appendix A. Under this equivalence, the tensor
product of coalgebras, which gives the categorical product in Coalg;, by Sweedler (1969, p. 49, 65),
corresponds to the product (X, Y) > X @ Y on the Kleisli category.
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By Blute et al. (2009, Proposition 3.2.1), the Kleisli category V) is a Cartesian differential
category. In order to describe the Cartesian differential structure, recall that there is a bijection

Coalg, (X, 1Y) ——= Homy (X, Y) = W(X, Y)
Fr——dyoF.

The Cartesian differential operator on V), prescribed by Blute et al. (2009) is a function
Dxy: V(X,Y) — V(X x X, Y)
which may be viewed as a function
Hom; (!X, Y) — Hom; ({(X @ X), Y)
or equivalently as a function
Coalg, (!X,!Y) — Coalg, (X ® 1X,!Y).

In the following, we write Dx for both the deriving transformation !X ® X — !X and the map
obtained from Dy by precomposing with the swap o1x x. By definition Dy y assigns to a linear
map f : !X —> Y the composite

X® X Y
IE f
IXDX) ——~ (XOX)®XDX) —— > IXQIX — — =X ——IX

where Dx is the deriving transformation, ® is the canonical isomorphism of Lemma 3.11 and
7 : X ® X — X denote the projections. In our case, we can simplify this definition. Recall that
a Cartesian differential category (Blute et al. 2009, Definition 2.1.4) is a Cartesian left additive
category equipped with a Cartesian differential operator, denoted here by D. The left additive
structure plus (—, —) on V) is given by Blute et al. (2009, Proposition 1.3.3) from the Cartesian
and additive structure on V (the usual @ and +) as follows: given F, G € Coalg; (!X, !Y) we define
plus (F, G) € Coalg, (!X, !Y) to be the unique morphism of coalgebras with

dyoplus(F,G)zdyo(F—l-G).

Lemma 5.10. The composite

@

Imo®!my

X ® X c (X @ X) = IX®X) (X X) —™ _1x®IX

1R

is the identity map.
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Proof. We can see this by direct calculation (see Definition 2.14 for notation):
(170 @ !71) 0 A 0 O (|V1, s Vs) p ® W1 o W) )
= (o ® 1) 0 A (|(v1,0), .o (V55 0), (0, W1), .o (0, w1)) (p))

=(mo®!m) > > v W ® [vie W) g

IC[s] J<[¢]
= Z Z 8] @'VI)P®8]C |W]c>
IC[s]J<[t]
= Z > Secindi—ivide ® el
s]J<[t]

= |v1, o Vs)p ® [W1, o wt>Q
which proves the claim. O

The upshot is that (Blute et al. 2009, Proposition 3.2.1) implies the following Cartesian
differential operator makes ) into a Cartesian differential category:

Definition 5.11. The Cartesian differential operator
Dxy: VX, Y) — V(X x X,Y)
sends a linear map f :'X — Y to the linear map

(X@X)—1>'X®'Xﬂ>X®!X Dx  _yx_— Y

Direct computation shows that
Dx,y(f) (V15 oo Vs)p @ W1, s Wh) )
=DA®1) (IV1s . Vs)p ® W1, oo W) )
=fD(8s=0P ® [W1, ..., W) g + 8s=1V1 @ W1, ..., W) )
= 8s=0f | P, W1, oo We) @ + 8s=1f [V1, W1, .o Wi) -

and the lifting of Dx y(f) to a morphism of coalgebras !(X @ X) —> !Y may be described
explicitly using Murfet (2015, Theorem 2.22).

Next, we show that V) together with the maps Dx y is a Cartesian closed differential category in
the sense of Blute et al. (2009, Section 1.4). First, we recall the closed structure on V. The closed
structure on the Kleisli category is well known, see for example, the general treatment in Blute
et al. (2015). Throughout, A, B denote arbitrary vector spaces.

Definition 5.12. Let "4 g denote the unique morphism of coalgebras making
1A ® ! Homy (!4, B) —2% 5 14 @ Homy(!A, B)

I
I

FA,B: ev
<

' \
'B 7 > B

commute, where we take the usual coalgebra structure on the tensor product.

Definition 5.13. We define
HOM(A, B) = Hom (4, B) .
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Given a morphism f € Vi(B, B), that is a linear map f : \B—> B/, we define
HOM(A4, f) € Vi(HOM(A, B), HOM(A4, B')) = Homy (! Homy (!4, B), Homy (!4, B))
to be the linear map corresponding under the Hom-tensor adjunction to f o I's p.

Again, this may be computed explicitly using Murfet (2015, Theorem 2.22), but we will not
need the formulas here.

Lemma 5.14. HOM(A, —) is a functor Vi —> V.

Proof. To show HOM(A, 1) = 1xoMm(4,8), We have to show that evo(1 ® d) corresponds under
the Hom-tensor adjunction to the dereliction d : ! Homg(!A, B) —> Homy(!A, B). This we can do
by direct calculation: the map evo(1 ® d) is

[Vis e ‘Vs>p [ |§1, ey Ct)a > Si—0 | V1, oons ‘Vs>p + 5t:1§1 [V1saens Vs)p, (39)

which agrees with the dereliction on ! Homy (!4, B). Now suppose given linear maps g : |B" —> B”
and f : |B—> B/, and let e denote the Kleisli composition. To show that

HOM(4, g) e HOM(4, ) = HOM(4, g o f), (40)
we first observe g o f is the linear map

B—2 sp—T g

and the left-hand side of (40) is the composite

I HOM(A,f)

B , HOM(Ag)
!'Homy(!A, B) ——— " Homy(!A, B) ————— ! Homy(!A, B')

Homy('A, B")
which corresponds under the Hom-tensor adjunction to the left-hand vertical composite in the
following commutative diagram

1A ® | Hom(!A, B)

188 !

-

1A ® !! Homy (!4, B) —29 5 14'® | Hom(!A, B)

1®! HOM(A,f) 1QHOM(A,f)

1A ® ! Homy (!4, B) —29 4 14 @ Homy(!A, B)

1®HOM(4,g) ev
A® Ho;k(!A, B") B”
ev d
f;’ < !B’

So to prove (40), it suffices to show
Fapo(1®!HOM(A,f)o(1®8)=!fodoTp.

But both sides are morphisms of coalgebras, so we may compare them after post-composition
with d, and this reduces to ev o(1 ® HOM(A, f)) = f o I'4 g which is true by definition. O
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Lemma 5.15. The functor HOM(A, —) : Vi — V) is right adjoint to — x A.

Proof. Recall that — x A as a functor on V), sends f : !B — B’ to the linear map

FxANBOAZBRIA 2 L B@AZIB oA —' SB®A

where F is the morphism of coalgebras lifting f, given explicitly by Murfet (2015, Theorem
2.22). Given vy,.., v, P€ A and wy, ..., w;, Q € B and writing P[; for the set of partitions of
[t] ={1,...,t} we may calculate f x A as the map

F®1
W1, o WE) @ ® V1, vy V) p ——> Z
CePpy

— =y

CePyy

Hf|Wc)Q> ® V15 e Vs)p
f?q

ceC

Hf|wc)Q, V1 wens v5>
ceC (f19)@-P)

d
> 8s=t=0(f19) > P) + 8s=0,1>0(fIW1, ..., W) @, 0)
+ 8s=1,¢=0(0, v1).

So in summary:

(f X A)(|W1) aeey Wt)Q & |V1> ceey VS)P)
= (8s=t=0f 19) @ + 8s=0,6>0f W15 cr W) s s=t=0P + Ss=1,0=0V1)-

We have bijections for vector spaces A, B, C

Coalg, (IC® A, !B) = Homy(IC ® !A, B)
= Homy(!C, Homy(!A, B))
= Coalg, (!C, ' Hom('A, B))
= Coalg, (!C, ' HOM(A, B)),

and hence a bijection
Vi(C x A, B) =V (C, HOM(A, B)). (41)

The question that remains is whether these bijections are natural in C, B. Clearly, they are natural
in C. To prove naturality in B, we have to show that for a linear map f : \B— B’

VI(C x A, B) ——= V,(C, HOM(A, B))
wml lvs(l,HOM(A,f))

Vi(C x A,B') ——— VI(C,HOM(4, B'))
commutes. That is, given a morphism of coalgebras y : !|C ® A — !B, we have to show

HOM(A, f) o prom (do y) =f 0 y : IC —> Homy (!4, B) (42)

where Z denotes the morphism corresponding to z under the Hom-tensor adjunction. For this,
consider the diagram
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IA®!C .
1®prom (doy)
1®doy
1A ® Homy (14, B) <29~ 14 ® | Hom, (!4, B)
v ev 1®QHOM(A,f)
~ r ~
B /1A ® Homy (!4, B)
d ev
'B f > B

From the calculation
doT4po(l®prom (m)) =evo(l ®d) o prom (67;;)
=evo(l® c?:/y)
=doy

we deduce that 'y g o (1 ® prom (c?;/y)) = y since both sides are morphisms of coalgebras. From
this and the above diagram, we easily deduce (42). O

Lemma 5.16. With the above structure V), is a Cartesian closed left additive category.
Proof. We need to show that

V(A x B, C) ——— Vi(A, HOM(B, C))

is an isomorphism of monoids. But this map is the Hom-tensor adjunction

Homy (!4 ® !B, C) —— > Homy(!A, Homy(!B, C))

which is linear, so this is clear. O

Theorem 5.17. V), is a differential A-category (Bucciarelli et al. 2010, Definition 4.4) and thus a
model of the simply typed differential \-calculus (Bucciarelli et al. 2010, Section 4.3).

Proof. First, we observe that ) is a Cartesian closed differential category in the sense of Bucciarelli
et al. (2010, Definition 4.2). It is a Cartesian closed left additive category, and we have already
observed in Section 5.1 it has an operator Dy y (—) satisfying the axioms of a Cartesian differential
category. It remains to check the axiom (D-Curry) which says given f : C x A — B in V) and
denoting currying by A, that

D(Af) = A(D(f) o (1 x 04, 2 X 14)). (43)
Here Af : C — HOM(A, B) and so D(Af) : C x C —> HOM(A, B), whereas the right-hand side

corresponds under adjunction to

L(CxA) x (CxA)— g (44)

1 X04,m2 X124

(CxC)x A~
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In V, this map is the composition of (where 04 denotes the lift of 0: A —> A)

ICRICR'A ICRIARQRICR A
(CeO)®!'A 171 @104 @M @114

son |

COORCHORARIA————1(COORIAR(CHOIR®!A

with D( f) which is
ICRIARICR®!A B
(WCRA)RCPA) f
ldce;A(XJl

Dcoa

(CoAI(CoA) (CoA)

As above we write [n] ={1,. .., n}. This composite is the linear map !|C ® !C ® !A — B given by
the formula
|01, s &) p @ B s Bs)Q @ V15 - - o> VedR
> |a1) vy Oy ﬂl; ey ﬁs)(P,Q) ® |)/1, e yt>R

ARQA
— D DD e Be)pg) © loas, B (pg) @ l¥e)r ® lyce)r
AC[r] BS[s] C<lt]

— Yl Be)pg) ® V)R ® loac, Bee) ) ® V)R
A,B,C

— Y Sp=plaa)p ® Sc=plD)o ® Sac=pl Bre)q ® 1¥E)R
A,B,C

=lap, ..., ) p®@ D)o ®1B1s- -5 Bs)o ® V15 - ViIR
=, @) o) @B - -5 B Vb - - 5 Vi) (QR)
a®1l
[ 8r=0(P) O) ® |ﬂl) cee /35’ Vise-os yt)(Q,R)
+8=10® |B1,- -5 B V1 - - > V1) (QR)
D
> 8r=O|P’ /31’ e )/35) Y- yt)(Q,R)
+ 8r=1|a’ ﬂl) B /85) Vise- s yt)(Q,R)
f
= 8r=0f [P, B1, - - - Bss V15 - - -» V1) (Q.R)
+ 8r:1f|01, /31> e ﬂs: Yi>- - yt)(Q,R) .
On the other hand, D(Af) is the linear map

A
@ cgic—2 cic—Y . Homy (14, B)

IC®!C
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which sends |ay, ..., @) p ® |B1, .., Bs) g to the linear map

|y1a e yt>R I—>f<((sr=0|P> ,31) LR ’IBS>Q +(Sr:1|0{, ,31’ o sﬁs)Q) ® |V1> cee yt)R)

This corresponds under adjunction to the linear map !C® !C ®!A — B computed above,
completing the proof. O

Notes

1 The formal theory of coalgebras is simpler over algebraically closed fields, which explains why we use k = C in our examples,
but this is not really important: one could work over k = R by taking C-points into account in the explicit description of the
cofree coalgebra.

Acknowledgements. Thanks to Kazushige Terui, who stimulated this project by asking if the cofree coalgebra gave a model
of differential linear logic, and the anonymous referees whose suggestions improved the exposition.
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Appendix A. Kleisli Categories and Coalgebras

For background on (co)monads and their (co)algebras, see Borceux (1994, Section 4.1). Let
1"V —>V be the comonad discussed above, and §:! — !! the natural transformation of
Definition 2.16.

Lemma A.1. Given a vector space V, there is a bijection between cocommutative counital coalgebra
structures on V and !-coalgebra structures on V.

Proof. Suppose (V, A, ¢) is such a coalgebra. There is a unique morphism of coalgebras ¢a  :
V — !V such that dy o ¢a , = ly, and moreover,

v 2 sy

WA,&J JSV

W v
PAe

is easily seen to commute, so (V,@a.) is a !-coalgebra. Then (A, €) > ¢, is our claimed
bijection. Given a !-coalgebra (V, ¢) define A as the composite

Vv Y sy A Liwvelv —® L yev,
and ¢ as
14 LN | o f 5k
From commutativity of
v 2y v 2y
N s o |
1 !
v v —25 v

https://doi.org/10.1017/50960129520000134 Published online by Cambridge University Press


https://www.math.ksu.edu/~soibel/Book-vol1.ps
http://arxiv.org/abs/0805.2377
http://arxiv.org/abs/1406.5749
https://arxiv.org/abs/1407.2650
https://doi.org/10.1017/S0960129520000134

Mathematical Structures in Computer Science 455

we deduce commutativity of

A

v—2 5w » IV IV
wl avl 8V®8vl .
4 s NV —2 5 Ny v
Welv V®VW>!V®!V
That is,
Aop=(p®¢)o(d®d)oAog (A1)
We use this to prove coassociativity of (V, A, ) as follows. We must show that
1% LA | 7o A swwelv — % L ygy
¢ lrp®1
v VeV
A lA@l
!V(\SZ!V Welve Vv
d®d ld@d@l
Véi)V—) V®‘V—> V®'V®'VW> VeveVv

commutes, or stated differently, that the two ways around the outside of the following diagram
agree when precomposed with (A ® d) o A o ¢:

VeV -2, veIv 194 s VRIVRIY

®1
¢ l %l

VeV 124 vV®vV®vV

9®1 () 1®d®d
18
Ve vV® 0%
1®1®d

Wev "V®‘V®VW VeVvevVv

In this diagram every square but the one marked ( ¥ ) commutes. Now precomposing both ways
around this diagram with (d ® d) o A o ¢ amounts to precomposing the two ways around the
triangle () with the right hand side of (A1) and therefore to precomposing with A o ¢. But by
coassociativity of A, the two ways around ( 1) agree when precomposed with A. The usphot is
that the above diagram commutes, when precomposed with (d @ d) o A o ¢.

For counitality we need

d®d

V — 'V—)'V@'V—) VeV
8®1l X l¢®1

'V—)k@'V VeV
/ - % l8®1
14 = > k®V
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to commute, which is clear from the given decomposition. For cocommutativity of A we need
commutativity of

vy L wely BL vey

Nk I
WV ——1Ve!V e VOV
which is again clear. We have now assigned to any !-coalgebra structure ¢ on V a coalgebra
structure A, £,. Next we observe that the assignments
(A &)= gne, o= (Ap,&y)
are mutually inverse. Clearly given (A, ¢) the diagrams

1% sy A velv B yev

Al v ey E sk
PAeQPAe \_/{
VeV 1 ;

show that Ay, , = Aand g, , = &. Given ¢ we observe that ¢ : (V, Ay, &y) —> !V is a morphism
of coalgebras and satisfies d o ¢ = 1, which completes the proof. O

PAe

Lemma A.2. Let (V, @), (W, ¥) be !-coalgebras and (V, Ay, gp), (W, Ay, &y,) the associated coal-
gebras. A linear map f : V —> W is a morphism of -coalgebras if and only if it is a morphism of
coalgebras.

Proof. To say f is a morphism of !-coalgebras is to say
v—2 v
f If )
W— W

v

commutes, whereas to say f is a morphism of coalgebras is to say

VLV@V vV —% Lk
f fof rA, ()

commute. If ( % ) commutes it is clear that the diagrams in ( t ) commute. Conversely suppose the
diagrams in () commute. We know then that ¢, ¥ are morphisms of coalgebras, so it suffices to
check ( *) commutes after post composition by d, which is trivial. O

Recall that for a comonad T on a category ¢ we have the Kleisli category ¢ and the Eilenberg-
Moore category 4’1 (Borceux 1994, Section 4.1). Note that a comonad on C is the same thing as a
monad on C°P. Explicitly, €7 is the category with

e 0b%r=0b %,
o 61(x,y) =€ (Tx,y),
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. idfT € € (Tx, x) is the counit ¢,
o €r(y,2) X €r(x, y) — €1(x,2) is (g, f) > go T(f) 0 8x, where § : T — TT.

while T is category of coalgebras for T as defined in (38). There is a fully faithful functor ¢ —>
€T defined by X — (TX, 8x).

Proposition A.3. V' is isomorphic to Coalg,.

Proof. We define F: YV —s Coalg, by F(V,¢)=(V,Ay,&,) and G:Coalg, — % by
G(V, A, e)=(V,pa,) in the above notation. On morphism sets both of F and G are the identity
(Lemma A.2). Clearly FoG=1and Go F=1. O

Corollary A.4. V), is equivalent to the full subcategory of cofree coalgebras in Coalg,.

Proof. This is immediate from the above but can also be seen directly using

Coalg, ('A, !B) = Homy (!A, B) = Vi(A, B). m

Cite this article: Clift ] and Murfet D (2020). Cofree coalgebras and differential linear logic. Mathematical Structures in
Computer Science 30, 416-457. https://doi.org/10.1017/50960129520000134
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