Theory and Applications of Categories, Vol. 26, No. 5, 2012, pp. 132-175.

CLOSED CATEGORIES VS. CLOSED MULTICATEGORIES

OLEKSANDR MANZYUK

ABSTRACT. We prove that the 2-category of closed categories of Eilenberg and Kelly
is equivalent to a suitable full 2-subcategory of the 2-category of closed multicategories.

1. Introduction

The notion of closed category was introduced by Eilenberg and Kelly [2]. Tt is an ax-
iomatization of the notion of category with internal function spaces. More precisely,
a closed category is a category € equipped with a functor C(—,—) : C® x € — C,
called the internal Hom-functor; an object 1 of €, called the unit object; a natural
isomorphism ix : X — C(1, X), and natural transformations jx : 1 — (X, X) and
Ly, CY, Z) — C(C(X,Y),C(X,Z)). These data are to satisfy five axioms; see Defini-
tion 2.1 for details.

A wide class of examples is provided by closed monoidal categories. We recall that a
monoidal category C is called closed if for each object X of C the functor X ® — admits
a right adjoint C(X, —); i.e, there exists a bijection C(X ® Y, Z) = C(Y,C(X, Z)) that is
natural in both Y and Z. Equivalently, a monoidal category C is closed if and only if
for each pair of objects X and Z of € there exist an internal Hom-object (X, Z) and an
evaluation morphism ev% 4 X®C(X, Z) — Z satistying the following universal property:
for each morphism f : X ® Y — Z there exists a unique morphism ¢ : ¥ — C(X, Z)
such that f = ev§ ,o(1x ® g). One can check that the map (X, Z) — C(X, Z) extends
uniquely to a functor €(—, —) : C°? x € — €, which together with certain canonically
chosen transformations iy, jx, and L35, turns € into a closed category.

While closed monoidal categories are in prevalent use in mathematics, arising in cat-
egory theory, algebra, topology, analysis, logic, and theoretical computer science, there
are also important examples of closed categories that are not monoidal. The author’s
motivation stemmed from the theory of A..-categories.

The notion of A,-category appeared at the beginning of the nineties in the work of
Fukaya on Floer homology [3]. However its precursor, the notion of A,.-algebra, was intro-
duced in the early sixties by Stasheff [13]. It as a linearization of the notion of A..-space,
a topological space equipped with a product operation which is associative up to ho-
motopy, and the homotopy which makes the product associative can be chosen so that
it satisfies a collection of higher coherence conditions. Loosely speaking, A.-categories
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are to A,-algebras what linear categories are to algebras. On the other hand, A..-cate-
gories generalize differential graded categories. Unlike in differential graded categories, in
Aso-categories composition need not be associative on the nose; it is only required to be
associative up to a homotopy that satisfies a certain equation up to another homotopy,
and so on.

Many properties of A.-categories follow from the discovery, attributed to Kontsevich,
that for each pair of A-categories A and B there is a natural A,-category A, (A,B)
with A.-functors from A to B as its objects. These A,-categories of A, -functors were
also investigated by many other authors, e.g. Fukaya [4], Lefevre-Hasegawa [10], and
Lyubashenko [12]; they allow us to equip the category of A -categories with the structure
of a closed category.

In the recent monograph by Bespalov, Lyubashenko, and the author [1] the theory of
Aso-categories is developed from a slightly different perspective. Our approach is based
on the observation that although the category of A..-categories is not monoidal, there
is a natural notion of A, -functor of many arguments, and thus A.-categories form a
multicategory.

The notion of multicategory (known also as colored operad or pseudo-tensor category)
was introduced by Lambek [7, 8]. It is a many-object version of the notion of operad.
If morphisms in a category are considered as analogous to functions, morphisms in a
multicategory are analogous to functions in several variables. An arrow in a multicategory
looks like X1, Xs,..., X, = Y, with a finite sequence of objects as the domain and one
object as the codomain. The most familiar example of multicategory is the multicategory
of vector spaces and multilinear maps.

Multicategories generalize monoidal categories: a monoidal category € gives rise to a
multicategory € whose objects are those of € and whose morphisms X, X5,..., X,, = Y
are morphisms X; ® Xo ® --- ® X,, — Y of €. Multicategories arising from monoidal
categories can be described by a simple axiom, which leads to the notion of representable
multicategory [5]. The essence of the axiom is the existence, for each finite sequence
Xq,..., X, of objects, of an arrow X;,...,X,, — X that enjoys a universal property
resembling that of tensor product of modules. Hermida proved [5] that the 2-category
of monoidal categories, strong monoidal functors, and monoidal transformations is 2-
equivalent to the 2-category of representable multicategories, multifunctors that preserve
universal arrows, and multinatural transformations. This result was later extended by
Bespalov, Lyubashenko, and the author [1] to a 2-equivalence (in fact, a Cat-equivalence)
between the 2-category of lax monoidal categories, lax monoidal functors, and monoidal
transformations, and the 2-category of lax representable multicategories, multifunctors,
and multinatural transformations. Together with these works, the present papers finishes
the program of giving a complete multicategorical expression of Eilenberg and Kelly’s
seminal work [2] by making explicit a precise relation between closed categories and closed
multicategories.

Lambek defined closed multicategories in [7]. They generalize closed monoidal cat-
egories in the obvious way. Lambek’s definition of a closed multicategory is equivalent
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to the following one. A multicategory C is closed if for every sequence Xi,...,X,,, Z of
objects of C there exists an internal Hom-object C(Xj, ..., X,,; Z) together with an evalu-
ation morphism ev§, ¢ . Xy, X, C(Xy, ..., X, Z) = Z satisfying the following
universal property: for each morphism f : Xy,..., X,,,Y1,...,Y, — Z there is a unique
morphism g : Y3,...,Y, = C(Xy,..., X,,; Z) such that f = evgﬁmxm;z o(lxyy---,1x,.,9)

Bespalov, Lyubashenko, and the author proved [1] that the multicategory of A..-cate-
gories is closed, thus obtaining a conceptual explanation of the origin of the A, ,-categories
of A..-functors.

This paper arose as an attempt to understand in general the relation between closed
categories and closed multicategories. It turned out that these notions are essentially
equivalent in a very strong sense. Namely, on the one hand, there is a 2-category of closed
categories, closed functors, and closed natural transformations. On the other hand, there
is a 2-category of closed multicategories with unit objects, multifunctors, and multinatural
transformations. Because a 2-category is the same thing as a category enriched in Cat, it
makes sense to speak about Cat-functors between 2-categories; these can be called strict
2-functors because they preserve composition of 1-morphisms and identity 1-morphisms
strictly. We construct a Cat-functor from the 2-category of closed multicategories with
unit objects to the 2-category of closed categories, and prove that it is a Cat-equivalence;
see Proposition 4.6 and Theorem 5.1.

Both closed categories and multicategories can bear symmetries. With some additional
work it can be proven that the 2-category of symmetric closed categories is Cat-equivalent
to the 2-category of symmetric closed multicategories with unit objects. We are not going
to explore this subject here.

Although we have not done so in this paper, the notion of closedness can be generalized
to multicategories enriched in monoidal categories or even multicategories. The usefulness
of such a generalization is indicated by the paper of Hyland and Power on pseudo-closed
2-categories [6], in which the notion of closed Cat-multicategory (i.e., multicategory en-
riched in the category Cat of categories) is implicitly present, although not spelled out.
Martin Hyland told the author that he had known about the equivalence discussed in this
paper and even made it a base for his considerations in computer science.

We should mention that the definition of closed category we adopt in this paper
does not quite agree with the definition appearing in [2]. Closed categories have been
generalized by Street [14] to extension systems; a closed category in our sense is an
extension system with precisely one object. We discuss carefully the relation between
these definitions because it is crucial for our proof of Theorem 5.1; see Remark 2.3 and
Proposition 2.19. Our definition of closed category also coincides with the definition
appearing in Laplaza’s paper [9], to which we would like to pay special tribute because it
allowed us to give an elegant construction of a closed multicategory with a given underlying
closed category.

1.1. NoTATIiON We use interchangeably the notations go f and f - g for the composition
of morphisms f : X — Y and g : Y — Z in a category, giving preference to the latter
notation, which is more readable. Throughout the paper the set of nonnegative integers
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is denoted by N, the category of sets is denoted by §, and the category of categories is
denoted by Cat.

1.2. ACKNOWLEDGEMENTS I would like to thank Volodymyr Lyubashenko and Yuri Be-
spalov for many fruitful discussions. This work was written up during my stay at York
University. I would like to thank Professor Walter Tholen for inviting me to York and
for carefully reading preliminary versions of this paper. I am grateful to the anonymous
referee for pointing out that closed multicategories were known already to Lambek, and
for making suggestions that have improved the exposition.

2. Closed categories

In this section we give preliminaries on closed categories. We begin by recalling the
definition of closed category appearing in [14, Section 4] and [9].

2.1. DEFINITION. A closed category (C,C(—, —), 1,4, 7, L) consists of the following data:

e q category C;

e a functor C(—,—) : CP x C — C;

e an object 1 of C;

e a natural isomorphism i : Ide — C(1,—) : € — €;

a transformation jx : 1 — C(X, X), dinatural in X € ObC;

a transformation Ly, : €Y, Z) — C(C(X,Y),C(X, 7)), natural in Y, Z € Ob € and
dinatural in X € ObC.

These data are subject to the following axioms.

CC1. The following equation holds true:
. X
125 e(v,Y) 225 e(e(X, V), €(X, V)] = jecey).
CC2. The following equation holds true:

(X, V) 2% e(e(x, X), €(X,Y)) S0, e(1, (X, V)] = iecx.
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CC3. The following diagram commutes:
. v) v e(e(y,v),e(v,v))
Lijy
E(LLTy)

C(E(X,U),L(X,V))

LEXY)
€(X,U).£(X,V)

e(C(E(X, Y), (X, 1)), (E(X, ), E(X, V))) 5 e(e(y, 1), ©(€(X, V), &(X, V)))

CCY4. The following equation holds true:
1 i
(€Y. 2) 22 e(e(1,Y), e(1, 2)) 220 e(v, (1, 2))] = €(1,iz).

CC5. The map v : C(X,Y) — C(L,C(X,Y)) that sends a morphism f: X — Y to the

composite
1= C(X,X) ——=C(X,Y)

s a bijection.

We shall call C(—, —) the internal Hom-functor and 1 the unit object.

2.2. EXAMPLE. The category 8 of sets becomes a closed category if we set 8§(—, —)

8(—, —); take for 1 a set {*}, chosen once and for all, consisting of a single point *; and
define 7, j, L by:
ix(x)(%) =z, r e X;
Jx (%) = 1x;

Lyz(9)(f)=f-g9. [feSX)Y), ges(Y, 2)

2.3. REMARK. Definition 2.1 is slightly different from the original definition by Eilenberg
and Kelly [2, Section 2]. They require that a closed category € be equipped with a functor
C : € — 8 such that the following axioms are satisfied in addition to CC1-CC4.

CCO0. The following diagram of functors commutes:



CLOSED CATEGORIES VS. CLOSED MULTICATEGORIES 137
CC5’. The map

Ciegix,xy 1 C(X, X) =CC(X,X) = CC(1,C(X, X)) =C(1,C(X, X))
sends 1y € C(X, X) to jx € C(L,C(X, X)).
2, Lemma 2.2] implies that
7= Cligixy) - C(X,Y) = CE(X,Y) — CE(L, E(X,Y)) = €(L, E(X,Y)),

so that a closed category in the sense of Eilenberg and Kelly is also a closed category in
our sense. Furthermore, as we shall see later, an arbitrary closed category in our sense is
isomorphic to a closed category in the sense of Eilenberg and Kelly.

2.4. PROPOSITION. |2, Proposition 2.5] ieq,x) = C(1,4x) : €(1, X) — C(1, C(1, X)).
PROOF. The proof given in [2, Proposition 2.5] translates word by word to our setting. m
2.5. PROPOSITION. [2, Proposition 2.7] jp =ig : 1 — C(1,1).

PROOF. The proof given in [2, Proposition 2.7] relies on the axiom CC5’, and thus is not
applicable here; we provide an independent proof for the sake of completeness. The map
v:C(1,C(1,1)) — C(1,C(1,C(1,1))) is a bijection by the axiom CC5, so it suffices to
prove that v(j1) = 7v(ip). We have:

(Proposition 2.4)
) (axiom CC2)
1250 e(e(1, 1), €(1, 1)) <2 e(1, (1, 1))] (axiom CC1)
: e
- (

dinaturality of 7)

The proposition is proven. [

e(Lixh)
— x5 (‘3(]1,X)] = 1@(]17)().

PROOF. An element f € C(1, X)) is mapped by the left hand side to the composite

2.6. COROLLARY. [C(1,X) & €(1,C(L, X))

which is equal to
M emn) 21l x]=f

by the naturality of i', and because j3 = g : 1 — €(1,1) by Proposition 2.5. The
corollary is proven. [
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2.7. PROPOSITION. The following diagram commutes:

(1L,L$ )

e, ey, ) — C(1, C(E(X,Y), C(X, Z)))

PRrROOF. For each f € C(Y, Z), we have:

= [1 55 ¢ > e(x,Y)) = C(E(X, Y), E(X, 2))
= C(E(X,Y), B(X,Y)) = G(E(X, Y), E(X, 2))]
=12 ey, y) £ ey, 2) Wz, pe(xX, V), €(X, Z))]
=C(1, Ly ) (v(f))
where the second equality is by the axiom CC1, and the third equality is by the naturality
of L, in Z. o

2.8. PROPOSITION. For each f € C(X,Y), g € C(Y, Z), we have
1 -9) =7(f)-E(,9) =(9) - E(f, 1).

PROOF. Indeed, v(f - g) = jx - C(1, f - g) = jx - C(1, f) - C(1,9) = v(f) - €(1, g), proving
the first equality. Let us prove the second equality. We have:

e(1 9)

V()€1 g) = [1 25 ex, x) 2 ex,y) 2 e(x, 2)]
=12 e, y) XY ex,v) L e(x, )] (dinaturality of j)
=12 ey y) 22 ey, z) 22 (X, 2)]  (functoriality of €(—, —))
=(9) - E(f.1)

The proposition is proven. [

We now recall the definitions of closed functor and closed natural transformation
following [2, Section 2].

~

2.9. DEFINITION. Let € and D be closed categories. A closed functor ® = (¢, ¢, ¢°) :
C — D consists of the following data:

e a functor ¢ : C— D;
e a natural transformation ¢ = QASX,Y c0C(X,Y) = D(oX, ¢Y);

o a morphism ¢° : 1 — ¢1.
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These data are subject to the following axioms.

CF1. The following equation holds true:
¢° $ix ¢ .
[1 = ¢1 =% ¢C(X, X) = D(6X, 6 X)] = jox-
CF2. The following equation holds true:
. n 0
[6X 225 6e(1, X) S Dol 6X) 25 DL, 6X)] =gy
CF3. The following diagram commutes:

6C(Y, 2) 6C(E(X,Y), B(X, Z)) — L D(6C(X,Y), 6€(X, Z))

él l@(l,@
D(p,1)

D(GY, 62) —0%, D(D(¢X,0Y), D(¢X,dZ)) —— D(¢E(X,Y), D(¢X, %))

SLY 4

2.10. PROPOSITION. Let V be a closed category. There is a closed functor E = (e, é,¢€°) :
V — 8, where:
e c=V(1,—-):V-S§;

V(,-)

o ¢ = [V, VX, Y)) 15 v(X,Y) 22 (v, X), v, X)];

eV {x} = V(L,1), x— 1j.
PROOF. Let us check the axioms CF1-CF3. The reader is referred to Example 2.2 for a
description of the structure of a closed category on S.
CF1 We must prove that the composite

) V(]lva) V(]l’_)}

{x} L V(1,1 V(1,V(X, X)) i> V(X, X) S(V(1,X),V(1, X))

equals jy(,x), which is obvious, as the image of  is V(1,77 !(jx)) = V(1,1x) = lya,x),
which is pre01sely Jva,x) (%)
CF2 We must prove the following equation:

v, x) 222 v, v, X))
(L, X)

YD) (v, 1), V(L, X))

8(e, .
U5 ({3, VA, X))] = iy,
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By Corollary 2.6 the left hand side is equal to

v, x) B2 s(v(a, 1), v(L, X)) X (41, V(L X)),

and so it maps an element f € V(1, X) to the function {*x} — V(1,X), * — f, which is
precisely iy, x)(f)-

CF3 We must prove that the exterior of the following diagram commutes:

VLYY, 2)) et V(L Y(V(X, V), V(X, 2)))
(Y, 2) E V(V(X,Y),V(X, Z))
v(1,-) v(1,-)
S(V(LY), V(1. 2)) S(V(L, V(X, V), V(L V(X, 2)))
Ly ¥y va,z) S(1,771)
S(8(V(1,X),V(1,Y)),8(V(1, X),V(1, 2))) S(V(L,V(X,Y)),V(X, 2))
s§(v(1,-),1) §(1,v(1,-))

S(V(X,Y), S(V(L, X), V(L, Z))) =D s(v(1, V(X, Y)), S(V(L, X), V(L, Z)))

The upper square commutes by Proposition 2.7. Let us prove that so does the remaining
region. Taking an element f € V(Y,Z) and tracing it along the top-right path we obtain
the function

V(L,V(X,Y)) — 8(V(1, X),V(1, 2)),
g (h—=h-y"g-Y(1, 1)),

whereas pushing f along the left-bottom path yields the function

V(L Y(X,Y)) = 8(V(L, X),V(1, Z)),
).
These two functions are equal by Proposition 2.8. The proposition is proven. [

2.11. DEFINITION. Let & = (¢, o, ¢°), U = (w,@z,wo) : C — D be closed functors. A
closed natural transformation n: & — ¥ : € — D is a natural transformationn : ¢ — 1 :
C — D satisfying the following axioms.

g (k= h-y"Yg
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CN1. The following equation holds true:

CN2. The following diagram commutes:

6C(X,Y) ¢ D(HX, oY)

”c(x,wl l@(lmy)

YE(X,Y) — 5 DX, pY) —2 DL D6 X, yY)

Closed categories, closed functors, and closed natural transformations form a 2-cat-
egory [2, Theorem 4.2], which we shall denote by ClCat. The composite of closed
functors ® = ($,6,¢°) : € — D and ¥ = (¢,0,¢°) : D — & is defined to be
X=(x,%X") : € — &, where:

e Y is the composite C 4p Y &;
e § is the composite PGC(X,Y) X5 ¢D($X, ¢Y) B (X, hoY);

0 : . 0 P¢°
e " is the composite 1 — Y1 — ¢1l.

Compositions of closed natural transformations are defined in the usual way.
We can enrich in closed categories. Below we recall some enriched category theory for
closed categories mainly following [2, Section 5].

2.12. DEFINITION. Let 'V be a closed category. A V-category A consists of the following
data:

e o set Ob A of objects;

e for each X,Y € ObA, an object A(X,Y) of V;

e for each X € ObA, a morphism jx : 1 — A(X,X) in'V;

o for cach X,Y,Z € Ob A, a morphism L, : A(Y, Z) — V(A(X,Y), A(X, Z)) in V.

These data are to satisfy azioms [2, VC1-VC3]. If A and B are V-categories, a V-functor
F: A — B consists of the following data:

e a function ObF : ObA —- ObB, X — FX;
e for each X, Y € ObA, a morphism F = Fxy : A(X,Y) = B(FX,FY) in V.
These data are subject to azioms [2, VF1-VF2].
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2.13. EXAMPLE. By [2, Theorem 5.2] a closed category 'V gives rise to a category V if we
take the objects of V to be those of V, take V(X,Y') to be the internal Hom-object, and
take for j and L those of the closed category V. Furthermore, if A is a V-category and X
is an object of A, then we get a V-functor LX : A — V if we take LYY = A(X,Y) and
(L¥*)yz = Ly ,. In particular, for each X € Ob"V, there is a V-functor LX : ¥ — V such
that LXY = X(X, Y) and (LX)YZ = L))gz

There is also a notion of V-natural transformation. We recall it in a particular case,

namely for V-functors A — V.

2.14. DEFINITION. Let F,G : A — V be V-functors. A V-natural transformation « :
F— G: A — YV is a collection of morphisms ax : FX — GX in'V, for each X € ObA,

such that the diagram

AX,Y) —2Y S Y(FX,FY)

ny‘/ ‘/V(LO‘Y)

V(GX,GY) V(FX,GY)
commutes, for each X,Y € ObA.
2.15. ExXAMPLE. By [2, Proposition 8.4] if f € V(X,Y’), the morphisms

X(O!X 71)

V(f1): (Y, 2) = V(X Z), ZeObV,

are components of a V-natural transformation L’ : LY — LX : V — V.

By [2, Theorem 10.2] V-categories, V-functors, and V-natural transformations form a
2-category, which we shall denote by V-Cat.

2.16. PROPOSITION. [2, Proposition 6.1] If ® = (¢, ¢,¢°) : V — W is a closed functor
and A is a V-category, the following data define a W-category ®,.A:

e Ob®, A =ObA;
o (B, A)X,Y)=dA(X,Y);

ix = 15 61 95 pA(X, X)];

¥, = [6A(Y, Z) 252 6V(A(X, Y), AX, 2)) S W(BA(X, V), 6A(X, 2))].

2.17. EXAMPLE. Let us study the effect of the closed functor E from Proposition 2.10

on V-categories. Let A be a V-category. Then the ordinary category E,A has the same
set of objects as A and its Hom-sets are (E.A)(X,Y) = V(1,A(X,Y)). The morphism
jx for the category E,A is given by the composite

(3 5 v, 1) 25 v, A, X)),
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ie., 1x € (F.A)(X, X) identifies with jx. The morphism L3f, for the category E,A is
given by the composite

V(1,LY)
—5

V(1,A(Y, Z)) V(1,V(A(X,Y), A(X, Z)))

L V(AX,Y), A(X, Z))
YO S(AL,A(X,Y)), V(L A(X, 2))).
It follows that composition in E,.A is given by
V(L,AX,Y)) x VLAY, Z)) = V(A,AX, Z), (f,9)—f-v7(g-Lyy).

2.18. PROPOSITION. The bijections vy : V(X,Y) — V(1,V(X,Y)) define an isomorphism
of categories v : V — E,V identical on objects.

PROOF. For each X € Ob"V, we have y(1x) = jx, so v preserves identities. Let us
check that it also preserves composition. For each f € V(X,Y), g € V(Y, Z), we have

Y(f)-7(g) =v(f) -7 (7(g9) - Lyz). By Proposition 2.7, 7(g) - Ly, = 7(V(1, 9)), therefore
Y(f) - v(g) =~v(f) - V(1,9) =~(f - g) by Proposition 2.8. The proposition is proven. =

2.19. THEOREM. Fvery closed category is isomorphic to a closed category in the sense of
FEilenberg and Kelly.

More precisely, for every closed category V in the sense of Definition 2.1 there is a
closed category W in the sense of Eilenberg and Kelly such that W, when viewed as a
closed category in the sense of Definition 2.1, is isomorphic as a closed category to V.

PROOF. Let V be a closed category. Take W = E.,V. The isomorphism ~ from Proposi-
tion 2.18 allows us to translate the structure of a closed category from V to W. Thus the
unit object of W is that of V, the internal Hom-functor is given by the composite

W(—, =) = [WP x W LD por o p ZEm) 0y 4y,

In particular, W(X,Y) = V(X,Y) for each pair of objects X and Y. The transformations
ix, jx, Ly, for W are just v(ix), 7(jx), 7(Ls,) respectively. The category W admits a
functor W : W — 8 such that the diagram

w(_v_)
WP xW——"——W

w
W(_7_)

)

commutes, namely W = [W i> VAR S}. The commutativity on objects is obvious.
Let us check that it also holds on morphisms. Let f € W(X,Y), h € W(U,V); ie.,
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suppose that f: 1 — V(X,Y) and h : 1 — V(U,V) are morphisms in V. Then the map
W(f,g): WY, U) - W(X,V) is given by g — f - ¢g-h, where the composition is taken
in W. We must show that it is equal to the map

V@Y, () VLYY, 0)) = V(LY(X, V), g g-Yy7H(f), 77 (h).

We have:

g- YO THR) = (7 H9) - V(vTH(S), 1) - V(1,97 (R)  (functoriality of V(—, —))
=0y ) N 9) - V(1,7 () (Proposition 2.8)
=10y v g) () (Proposition 2.8)
=f-g9-h (Proposition 2.18)

hence the assertion. The functor W also satisfies the axiom CC5’. Indeed, we need to
show that

Wiﬂ(XJ() = V(]lviY(XJ()) : V(]].,Y(X,X)) — V(]].,Y(]].,Y(X,X)))

maps jx € V(1,V(X, X)) to v(jx) € V(1,V(1,V(X, X))). In other words, we need to
show that the diagram

1———V(X,X)

jnl liV(x,x)

V(I,1) ——Y(1,V(X, X))

commutes. However jg =g : 1 — V(1,1) by Proposition 2.5, so the above diagram is
commutative by the naturality of . The theorem is proven. [

Finally, let us recall from [2] the representation theorem for V-functors A — V.

2.20. PROPOSITION. [2, Corollary 8.7] Suppose that 'V is a closed category in the sense

of Filenberg and Kelly; i.e., it is equipped with a functor V :V — 8§ satisfying the axioms

CCO and CC5°. Let T : A — V be a V-functor, and let W be an object of A. Then the
1

map

I:V-Cat(A,V)( LY, T) = VTW, p— Vpw)lw,
s a bijection.

2.21. EXAMPLE. For each f € VLYY = VV(X,Y) = V(X,Y), the V-natural trans-
formation L/ : LY — L* : V — V from Example 2.15 is uniquely determined by the
condition (V(L')y)1ly = f.

Tt is denoted by I" in [2, Corollary 8.7].
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3. Closed multicategories

We begin by briefly recalling the notions of multicategory, multifunctor, and multinatural
transformation. The reader is referred to the excellent book by Leinster [11] or to [1,
Chapter 3] for a more elaborate introduction to multicategories.

3.1. DEFINITION. A multigraph C is a set Ob C, whose elements are called objects of C,
together with a set C(Xq, ..., X,;Y) for eachn € N and X4,...,X,,Y € ObC. Elements
of C(X1,...,X,;Y) are called morphisms and written as X1,..., X, — Y. Ifn =0,
elements of C(;Y') are written as () — Y. A morphism of multigraphs F' : C — D consists
of a function ObF : ObC — ObD, X — FX, and functions

..... Xy C(Xq, .., X Y) > D(FXy,...,FX,; FY), fw— Ff,
for eachn € N and X4,...,X,,Y € ObC.
3.2. DEFINITION. A multicategory C consists of the following data:
e a multigraph C;
o for eachn,ky,....k, € Nand X;;,Y;,Z € ObC, 1 <i<n,1<j <k, a function

n

[TC(Xu, . X Vi) x C(V, . Vi Z) = C( Xt X - Xt X1 Z),

i=1
called composition and written (fi,..., fn,g) = (f1,-.., fn) - 9;
e for each X € ObC, an element 15 € C(X; X), called the identity of X.
These data are subject to the obvious associativity and identity axioms.
3.3. EXAMPLE. A strict monoidal category C gives rise to a multicategory € as follows:
e ObE=0be
e foreachn € I\land X, ..., X,,YeObce, @(Xl, X Y)=CX1® X, Y);
in particular C(;Y) = C(1,Y’), where 1 is the unit object of C;

e for each m, ki, ..., k, € Nand X;;, Y;, Z € ObC, 1 < i <n, 1 <5 <Kk, the
composition map

[Texae - ® Xy, V) xeVi@- -0V, 2)
i=1

—>€(X11®"'®X1k1®"'®Xn1®"'®Xnk Z)

n )

is given by (f1,..., fn.g) = (1@ ® fa) - g5
e for cach X € ObC, 1§ = 1% € C(X; X) = C(X, X).
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3.4. DEFINITION. Let C and D be multicategories. A multifunctor FF : C — D is a
morphism of the underlying multigraphs that preserves composition and identities.

3.5. DEFINITION. Suppose that F,G : C — D are multifunctors. A multinatural trans-
formation r : F' — G : C — D is a family of morphisms rx € D(FX;GX), X € ObC,
such that Ff -ry = (rx,,...,rx,) - Gf, for each f € C(Xq,..., X;Y).

Multicategories, multifunctors, and multinatural transformations form a 2-category,
which we shall denote by Multicat.

3.6. DEFINITION. [1, Definition 4.7] A multicategory C is called closed if for each m € N
and X1,...,Xm, Z € Ob C there exist an object C(X1, ..., Xpn; Z), called internal Hom-ob-
ject, and an evaluation morphism

evi=ev§, x .z Xt X, O X, X Z) o Z

.....

such that, for each Yy,...,Y, € ObC, the function
SO IQOXl ..... XmiY1,..., Yn7ZC(}/i77YTL7£(X177XmJZ>>_>C(X177Xm7}/i77Y’naz>
that sends a morphism f :Yy,..., Y, — C(Xy, ..., X\ Z) to the composite

C C C
Xqoo 1Xm7f ) VX1, XmiZ
I LN

Xl?"'7Xm>)/ia"'7Yn Xla"'aXmag(Xla"'aXm;Z

1s bijective. Let ClMulticat denote the full 2-subcategory of Multicat whose objects are
closed multicategories.

3.7. REMARK. Notice that for m = 0 an object C(; Z) and a morphism ev, with the
required property always exist. Namely, we may (and we shall) always take C(; Z) = Z and
evy =15 1 Z — Z. With these choices ¢S, v ., : C(V1,.... Y Z) = C(Y1, ..., Y, Z)
is the identity map.

3.8. EXAMPLE. Let € be a strict monoidal category, and let € be _the associated multi-
category, see Example 3.3. It is easy to see that the multicategory € is closed if and only
if € is closed as a monoidal category.

3.9. PROPOSITION. Suppose that for each pair of objects X,Z € ObC there exist an
object C(X;Z) and a morphism eVS:(;Z : X, QX Z) — Z of C such that the function
@§(;Y1 v,.z 15 a bijection, for each finite sequence Y1, ..., Y, of objects of C. Then C is a

.....

closed multicategory.

PROOF. Define internal Hom-objects C( X1, ..., X,,; Z) and evaluations
VSxmz Xt X, C(X1, o X Z) = Z

by induction on m. For m = 0 choose C(; Z) = Z and evy, = 15 : Z — Z as explained
above. For m = 1 we are already given C(X; Z) and ev§.,. Assume that we have defined
C(Xy,..., Xy Z) and ev%1 x,.z for each k < 'm, and that the function

.....

CSrxevivaiz t CL Y C(X, . X Z)) = (X, ., X Y, Y 2)

..........
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is a bijection, for each k£ < m and for each finite sequence Yi,...,Y,, of objects of C. For
Xi,..., Xm, Z € ObC define

C(Xy, oo, X3 Z) B C(X: C(X, o, X 13 Z)).
The evaluation morphism eV§<17-..7 X,,.z 18 given by the composite

X1> cee aXmag(XWHg(Xl? e ,Xm—l; Z))
C C C
Jlxl""’lxml’eVXm;E(X1 ~~~~~ Xm—1;%)

Xl> ce >Xm—1>£(X1> ce aXm—l; Z)

It is easy to see that with these choices the function <p§(1w XoniYi.... Y,z d€COMPOSes as

CYy,...,. Y C(Xy,...,. X 2))
llﬂoggm:yl ,,,,, YniC(X 1o Xn—1i2)
C(Xma lea sy ang(Xb cee >Xm—1; Z))

1| 5
X100 X 1:Xm, Y1 Yni Z

C(Xy,...,. X, Y1,..., Y 2),

hence it is a bijection, and the induction goes through. [

3.10. REMARK. Lambek defined [7, p. 106] a (left) closed multicategory as one having,
for each pair of objects X and Z, an internal Hom-object X'\ Z together with a morphism
¢: X, X\Z — Z such that the induced mappings

Yi,.... Y X\Z] = [X.Y4,...,Y,: Z]

are bijective; here [—; —] denotes the Hom-set in the multicategory. Up to the obvious
notational changes, this is precisely the condition of Proposition 3.9. Therefore, Lambek’s
definition of closedness is equivalent to ours.

3.11. NOTATION. For each morphism f: Xy,..., X,, = Y with n > 1, denote by (f) the
morphism (¢x,.x,. x,.2z) () : Xo,..., X, = C(X1;Y). In other words, (f) is uniquely
determined by the equation

R

1C
[XlaXZaaXnX1—)X1>£(X17Y) Y:| :.f

Clearly we can enrich in multicategories. We leave it as an easy exercise for the reader
to spell out the definitions of categories and functors enriched in a multicategory V.
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3.12. PROPOSITION. A closed multicategory C gives rise to a C-category C as follows.
The objects of C are those of C. For each pair XY € ObC, the Hom-object C(X;Y)
is the internal Hom-object of C. For each X,Y,Z € ObC, the composition morphism
pc : C(X5Y),C(Y; Z2) — C(X; Z) is uniquely determined by requiring the commutativity
in the diagram

15 mc

X, C(X;Y),C(Y; Z) X,C(X;Z7)
eVS(;Y’lg(Y;Z)l CV%(;Z
eVC4
Y,C(Y; 2) nz Z

The identity of an object X € ObC is 15 = (1) : () = C(X; X).
PRrROOF. The proof is similar to that for a closed monoidal category. ]

3.13. NoTATION. For each morphism f : X;,...,X,, — Y and object Z of a closed
multicategory C, there exists a unique morphism C(f;7) : C(YV;Z2) — C(Xy,..., X,,; Z)
such that the diagram

1
X1y, X0, QY5 2) X1, X0, C( X, 0, X 2)

C C
f’IC(Y;z)l le"xl ,,,,, XniZ
C

Y,C(Y: Z) Z

in C is commutative. In particular, if n = 0, then C(f; Z) = (f, 1E(Y;Z)) cevgy. Ifn=1,
then C(f;2) = ((/, 1E(Y;Z)) -evy.,). For each sequence of morphisms f; : X; — Y7,
ooy fn o X,y = Y, in C there is a unique morphism C(f1,..., fn; Z) : C(Y1,..., Y Z) —
C(Xy,...,X,; Z) such that the diagram

lg(l 7777 1§(n7£(f1 7777 f"’MZ)

X17"'7Xn7£(}/17"'7yn;Z) le"'anug(Xlw"vXn;Z)

in C is commutative. Similarly, for each morphism ¢ : Y — Z in C, there exists a unique
morphism C(X71,..., X,;9) : C(Xq,..., X3 Y) = C(Xq, ..., X,; Z) such that the diagram

lf):(l 7777 lg(n 7£(X1 7777 ang)

Xl,...,Xn,Q(Xl,...,Xn;Y) Xl,...,Xn,Q(Xl,...,Xn;Z)
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in C is commutative. In particular, if n = 0, then our conventions force C(;g) = g. If
n =1, then C(X;g) = (ev§y -9).

3.14. LEMMA. Suppose that f : Xll,...,X{Cl =Y, oo, fo X X 5 Y, and
g:Y,....Y, — Z are morphisms in a closed multicategory C.

(a) Ifky =0, i.e., f1 is a morphism () — Y1, then (fi1,..., fa)-g is equal to the composite

XL Xk XL Xk Loty oy 9 ey 2y 2D e z) = 2

(b) If ky = 1, i.e., f1 is a morphism X{ — Yy, then ((f1,...,fn) - g) is equal to the
composite

C(f1;2)

XL Xk XL X ey oy 9 ey 7) c(xk 2).

(c) If k1 > 1, then ((f1,..., fn) - g) is equal to the composite

X2 xROXL X xD L xhe S

(X1 Yh), Ya, ..., Y,
— M (X)), C(V; 2)

— L C(x)2).

R o - 2 k1 (f1) 1.
- b 1 - 19921 19
(d) ifn=1, then (f1-g) = [X X =5 C(X )

C(X1s9)
=7

C(x1;2)].

PROOF. The proofs are easy and consist of checking the definitions. For example, in order
to prove (a) note that

flylg(y .z OVC .
=1 ) Y1:Z
v, C(Y1; Z)

C(fi;:2)=[C(; 2) Z],

therefore the composite in (a) is equal to

(X3, Xk XL X Ly

FUlE iy, evy. .
s C(¥152) — 0 Vi, (Y1 2) —5 7]
1%1’<g ngl;Z

) e
— (XL, Xk X X el oy, Sy e 2) —5 7).

-----

composite is equal to (fi,..., fn) - g n
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3.15. LEMMA. Let f : X =Y and g: Y — Z be morphisms in a closed multicategory C.
Then for each W € Ob C holds C(W; f - g) = C(W; f) - C(W; g).

PROOF. The composite C(W; f) - C(W; g) can be written as

CVC
cwsx) == (s y) S

CW; 2),
which is equal to {ev$,.y -f - g) = C(W; f - g) by Proposition 3.14, (d). n
WX

3.16. LEMMA. Let f : W — X and g : X — Y be morphisms in a closed multicategory
C. Then for each Z € ObC holds C(f - g;Z) = C(g; Z) - C(f; Z).

PROOF. The composite C(g; Z) - C(f; Z) can be written as

((9:1¢ (v, z2))ev¥ ) C(f:2)

C(Y;2) Q(X;Z)%C(W Z),
which is equal to ((f, 1E(y;z)) ({9, 1E(y;z)) 'eVXC/;Z)> =((f-9, 12(3/;2)) 'eV}C/;Z> =C(f-9:2)
by Proposition 3.14, (b). n

3.17. LEMMA. Let f - W — X and g : Y — Z be morphisms in a closed multicategory
C. Then C(f;Y) - C(W;g) = C(X;g9) - C(f; 2).
PROOF. Both sides of the equation are equal to ((f, IE(X;Y)) . evg(;y -g) by Proposi-
tion 3.14, (b),(d). =
It follows from Lemmas 3.15-3.17 that there exists a functor C(—,—) : C°? x C — C,
(X,Y) = C(X;Y), defined by the formula C(f; g) = C(f;Y)-C(W;g) = C(X; 9)-C(f; Z)
for each pair of morphisms f: W — X and g: Y — Z in C.
For each X,Y,Z € ObC there is a morphism L3, : C(YV;Z) — C(C(X;Y);C(X; Z))
uniquely determined by the equation

X
1LYZ

[C(X:Y),C(Y3 Z) 222 C(X;Y), CC(XG V) C(X: 2) S5 C(X: 2)] = e (3.1)

3.18. PROPOSITION. There is a C-functor L* : C — C, Y — C(X;Y), with the action
on Hom-objects given by L35, : C(Y;Z) — C(C(X;Y); C(X; 2)).

PROOF. That so defined LX preserves identities is a consequence of the identity axiom.
The compatibility with composition is established as follows. Consider the diagram

C(X5Y),

VLS, Ly o et1  C(X;7),
(v 2), CC(X V) C(x; 7)), — v
c(z:w) CIC(X: 2): C(X:W)) C(C(X’TC(X’W”
C(X;Y), Ly C(X;Y), ovC :
c(v;w) CC(X;V); C(X; W) CXGW)
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By the definition of LX the exterior expresses the associativity of uc. The right square is
the definition of uc. By the closedness of C the square

LX X

(Y 2), (2, W) — 2550 ¢(C(X; V) C(X; 2)), C(C(X; 2); C(X; W)

l N

Cy;w)

X
LYW

is commutative, hence the assertion. [

3.19. DEFINITION. [1, Section 4.18] Let C, D be multicategories. Let F' : C — D be a
multifunctor. For each X1, ..., X,,,Z € ObC, define a morphism in D

sz FC X, X Z) = D(FXy, . F Xy FZ)

.....

as the only morphism that makes the diagram

FXy...,FXu,D(FX:,...,FX,; FZ)

1D 12
FXqo FXm £X1,..,.Xm;Z

FXla---aFXmaFg(Xla-'me;Z) CVID«“Xl ,,,,, FXmiFZ

commute. It is called the closing transformation of the multifunctor F.

The following properties of closing transformations can be found in [1, Section 4.18].
To keep the exposition self-contained we include their proofs here.

3.20. PROPOSITION. [1, Lemma 4.19] The diagram

C(Yi, Y O X, oo, X Z)) — = D(FYi,. ., FYs FO(Xy, o X3 Z))

PSrro X V1o Vs Z D(FYi,...,FY,;D(FXy,...,FX,; FZ))

D
PEX1, s FXm;FYq,...FYn;FZ

C(Xy, o, X, i, Yo Z2) — 2 D(FX,y,..., FXp, FY, ..., FY,; FZ)

(3.2)
commutes, for each m,n € N and objects X;,Y;,Z € ObC, 1 <i<m, 1 <j<n.
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PROOF. Pushing an arbitrary morphism ¢ : Yj,...,Y, — C(Xy,...,X,,;Z) along the
top-right path produces the composite

125, el Px,  Fg
FX,,...,FX,,, FYi,..., FY, L FXy, ... FX,, FC(Xy,..., Xm: Z)
llD:‘Xl """ 1II:')‘_'X77L ’E(Xi)%z

sy FXy,...,FX,,D(FXy,...,FX,; FZ)

D
VEX1, . s FXm;FZ

s F'Z.

.....

Fy, . x,.z- Since I preserves composition and identities, the above composite equals
c c
F((lev B 1vag) “CVx L Xm;Z) - F((pxl ~~~~~ Xm;Y1,...Yn Z(Q))v
hence the assertion. n

Let F': V — W be a multifunctor, and let € be a V-category. We obtain a W-category
F.,C with the same set of objects if we define its Hom-objects by (F.C)(X,Y) = FC(X,Y),
and identities and composition by respectively 15°¢ = F(1%) : () — FC(X,X) and
pre = F(ue) : FC(X,Y), FC(Y,Z) —» FC(X, Z).

3.21. PROPOSITION. [cf. [1, Proposition 4.21]] Let F': C — D be a multifunctor between
closed multicategories. There is D-functor F : F,C — D, X — FX, such that

Fyy  (FO(X;Y) = FC(X;Y) — D(FX; FY)

1s the closing transformation, for each X,Y € Ob C.

PROOF. First, let us check that F' preserves identities. In other words, we must prove the
equation
Fis Fx x D
() — FC(X; X) —= D(FX; FX)] = 154.
Let us check that the left hand side solves the equation that determines the right hand
side. We have:

C c 1€ F ov
[FX 2205 X FC(X; X) 225 pX D(FX; FX) 25 FX]
C C
= [Fx 2205 px O FC(X; X) 295 PX) = FI1G,1S) - evE) = F1§ = 12,

To show that F preserves composition, we must show that the diagram

Fuc

FCX; X), FC(Y: Z) ———— FC(X; Z)
FX,Y’FY,Z‘/ ‘/FX,Z (33)

HD

D(FX;FY),D(FY; FZ)———D(FX; FZ)
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FX,FC(X:Y),FC(Y; Z)

y Fuc

FY,FC(Y;Z) L F oy Fy.y FX,FC(X;Z)

LEy.; FX,D(FX;FY),D(FY;FZ) LEx

CVFX Fysl

FY,D(FY;FZ)

CVFY FZ

/

FX,D(FX;FZ)

FeVYZ

FZz

Figure 3.1

commutes. This follows from the diagram displayed on Figure 3.1. The lower diamond
is the definition of pp. The exterior commutes by the definition of pc and because
I preserves composition. The left upper diamond and both triangles commute by the
definition of the closing transformation. [

3.22. LEMMA. [1, Lemma 4.25] Let C, D, E be closed multicategories and C DS E
multifunctors. Then
GD(FX,,...,FX,: FY)

Gpxy,...FXm;FY

E(GFX;,...,GFX,; GFY)].
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PRroOF. This follows from the commutative diagram

GFX,,...,GFX,, E(GFXy,...,GF X, GFY)

E E
1GFX1""71GFXm7QFX1 ,,,,, FXm;FY

GFX,,...,GFX,,, GD(FXy,...,FX.; FY)

E E
1GFX17"'71GFXm’GEX1 ,,,,, Xm;Y

GFXl,,GFXm,GFQ(Xl,,Xm,Y)

The upper triangle is the definition of Gy, py, ry, the lower triangle commutes by the
definition of F'y,  y ., and because G preserves composition. n

3.23. PROPOSITION. [1, Lemma 4.24] Let v : F — G : C — D be a multinatural trans-
formation of multifunctors between closed multicategories. Then the diagram

. Exl ,,,,, Xm;Y .
FC(Xy,..., Xm;Y) D(FXy,...,FX,;FY)
Ve(Xq,..., Xm;Y)
GQ(XI, ce e ,Xm7 Y) D(FX1,...F Xmsvy) (34)

D(wxy s VX iGY)

D(GX,...,GXp; GY) D(FX,,...,FX,;GY)

18 commutative.

PROOF. The claim follows from the diagram displayed on Figure 3.2. Its exterior com-
mutes by the multinaturality of v. The quadrilateral in the middle is the definition of
D(vx,,...,vx,,; GY). The trapezoid on the right is the definition of D(F X7, ..., F X,,; vy).
The triangles commute by the definition of closing transformation. [

4. From closed multicategories to closed categories

A closed category comes equipped with a distinguished object 1. We want to produce a
closed category out of a closed multicategory, so we need a notion of a closed multicategory
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with a unit object. We introduce it in somewhat ad hoc fashion, which is sufficient for
our purposes though. Similarly to closedness, possession of a unit object is a property of
a closed multicategory rather than additional data.

4.1. DEFINITION. Let C be a closed multicategory. A unit object of C is an object 1 €
Ob C together with a morphism u : () — 1 such that, for each X € ObC, the morphism

Clu; 1) C(L; X) = C(; X) =X

s an isomorphism.

4.2. REMARK. Suppose that 1 is a unit object of a closed multicategory C. Then C(u; X) :
C(L; X) — C(; X) is a bijection, as follows from the equation

[C(C(1: X)) 5 c(: X) < ()] = € Cus X)),

which is an immediate consequence of the definitions. The bijectivity of C(u; X) can be
stated as the following universal property: for each morphism f : () — X, there exists a
unique morphism f : 1 — X such that - f = f. In particular, a unit object, if it exists,
is unique up to isomorphism.

4.3. PROPOSITION. A closed multicategory C with a unit object gives rise to a closed
category (C,C(—,—),1,4,7, L), where:

e C is the underlying category of the multicategory C;
e C(X,Y)=C(X;Y), for each X,Y € Ob(C;
o 1 is the unit object of C;

o iy = (Q(U;X))_l X =C(X)—=C(1;X);

o I, C(Y;7) = C(C(X;Y); C(X; Z)) is determined uniquely by equation (3.1).

We shall call € the underlying closed category of C. Usually we do not distinguish
notationally between a closed multicategory and its underlying closed category; this should
lead to minimal confusion.
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PROOF. We leave it as an easy exercise for the reader to show the naturality of ix, jx,
and Ly, and proceed directly to checking the axioms.

CC1. By Remark 4.2 the equation

. X
12 C(v;Y) 2% CCXG V) CXGY))] = degxr)

is equivalent to the equation

u-J L .
[() =25 C(V,Y) =5 C(C(XGY); C(X;Y))] = u- ey = 16y

i
which expresses the fact that the C-functor L¥ preserves identities.

CC2. The equation in question

is equivalent to

€ Y) 2% (e X); € v)) S48 e V) = CXG V)] = 1S,

The left hand side is equal to

X C

[C(X;Y) 22 C(C(X; X); (X V) 225 C(X; X), C(C(X; X); CX;Y)) 25 C(X; V)]
= [C(X:Y) B C(x X0, (X Y) ¢ X, CC(X: X)X V) 25 CX:Y)
— [C(X: V) B (X X), X Y) 1S C(X V)] = 16

by the identity axiom in the C-category C.
CC3. The commutativity of the diagram

Y
LUV

CU;V) C(C(Y;U);C(Y;V))
LEy
C(C(X;U);C(X;V)) C(L5y)
Lo coxav)
Q(Lif([}?l)

C(CC(X;Y); C(X; U)); CC(X; Y); C(X; V) C(C(Y; U); C(C(X;Y); C(X; V)

is equivalent by closedness to the commutativity of the exterior of the diagram displayed
on Figure 4.1, which just expresses the fact that the C-functor L* : C — C preserves
composition and which is part of the assertion of Proposition 3.18.



'y o3

&(

Iﬁ

(X5Y);

Sy, U),CU;V) - C(Y;V)
LLY ev
by C(Y:U),C(C(Y;U
h (L;LE,)
C(Y;U), C(C(X; U); C(X; V) CY;U), C(C(Y; U); C(C(X V)
L, LY, 1L LEEY) TC(LE1) Ly

Im

(X;0)), <(

(@)

C(X;U),C(X;V)

L,

C(x;v)
LLExv),c0x5v)

(X;U);

le)

(X;V))

CC(X;Y); C(X; U)), CE(C(X;

C(Y;U), C(C(C(X;Y); C(X;U)); C(C(X;Y); C(X; V)

X
lLYU,l

Y); C(X;0)); C(C(X; Y

8GT

MAAZNVIN HANVSMHTO
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CC4. The equation in question

C(iy;1)
=

[C(v;2) 55 c(c(1;Y): C(1; 2)) C(Y;C(1;2))] = C(1;iz)

is equivalent to the equation

C(15C(u;1))

[C(v:2) &5 C(C(1:Y); C(1; 2)) C(C(L;Y); Z)] = C(C(u; 1); 1),

The latter follows by closedness from the commutative diagram

1,1t

C(1,Y),C(Y;2) ’ C(1;Y),C(C(1;Y),C(1; 2))
\ ovs 1,C(1,C(wi1))
vl C(1; C(1;Y),C(C(L;Y); Z)
C(w;1),1
1,C(1;Y),C(Y; Z) —251,C
ev@,1
C
Y,C(Y:Z) ov 7

in which the bottom quadrilateral is the definition of pc, the right hand side quadrilateral
is the definition of the morphism C(1; C(u; 1)), the top triangle is the definition of L, and
the remaining triangles commute by the definition of C(u;1).

CC5. A straightforward computation shows that the composite

C(X:;Y) B C(1;C(X:Y)) T C(C(x:Y)) &5 C(X5Y)

~

is the identity map, which readily implies that ~ is a bijection.
The proposition is proven. [

4.4. PROPOSITION. Let C and D be closed multicategories with unit objects. Let C and
D denote the corresponding underlying closed categories. A multifunctor F : C — D gives
rise to a closed functor ® = (¢, ¢, ¢%) : € — D, where:

o ¢:C — D is the underlying functor of the multifunctor F';

o 0= odxy = Fyy: FC(X;Y) = D(FX; FY) is the closing transformation;

o ¢°=Fu:1— F1 is a unique morphism such that [() 51 ﬁ F]l] = Fu.



160 OLEKSANDR MANZYUK

PROOF. Let us check the axioms.
CF1. By Remark 4.2 the equation

1 P e Fix FC(X; X) QQ(FX;FX)} = Jrx

is equivalent to the equation
(0% 1% P12 po(X X) 5 DFX; FX)] = u- jry = 12,

Since u-¢°- Fjx = Fu-Fjx = F(u-jx) = Fl%, the above equation simply expresses the
fact that the D-functor F' : F,C — D preserves identities, which is part of Proposition 3.21.

CF2. The equation in question

[FX —% , FC(1; X) 5 D(F1; FX) 2225 D(1; FX)] = ipx = D(u; 1)~

FC(u;1)~ 1t
is equivalent to

[Fg(n;X) D(F1; FX) =24 D(1; FX) DN D(; FX)=FX] =FC(u;1). (4.1)

The composition of the last two arrows is equal to D(F'u;1). Hence the left hand side of
the above equation is equal to

[FC(1; X) 5 D(F1; FX) 255, D FX) = FX]

= [Fc; x) 5 D(F1; FX) 22 F1,D(FT; FX) 25 FX}

= [FC(@; x) 2% p1, FC(1; X) 25 F1,D(F1; FX) <5 FX]

Fu,l Fev© }

= [FC(1; X) — F1,FC(1; X) — FX]| = F((u,1) - ev®) = FC(u; 1).

CF3. We must prove that the diagram

FC(Y; 2) —2 FC(C(X;Y); C(X; Z)) ———— D(FC(X; Y); FC(X; Z))

Fl lD(l;E)
D(F;1)

D(FY;FZ) " D(D(FX; FY);D(FX; FZ))— ="+ D(FC(X;Y); D(FX; FZ))

commutes. By closedness, this is equivalent to the commutativity of the exterior of the
diagram displayed on Figure 4.2, which expresses the fact that the D-functor £’ : F,C — D
preserves composition and which is part of Proposition 3.21.

The proposition is proven. [



F

FC(X3Y), FC(Y; Z) D(FX;FY),D(FY; FZ)

x} /
LFLX FQ<X7Y>7D(FY7FZ> l,LFX
FC LLrx F)? (FX;FY);D(FX;FZ))
Fig > C(X;Y),D(D(FX;FY);D(FX;FZ)) Ho
D(FC(X:;Y); FC(X:Z))
1,D(1;F)
FC(X;Y),D(FC(X;Y);D(FX; FZ))
OVD
FC(X; Z) - D(FX; FZ)

SHIMODALVOLLTAN dISOTD "SA SHIHODHALVO dISOTO
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4.5. PROPOSITION. A multinatural transformationt : F — G : C — D of multifunctors
between closed multicategories with unit objects gives rise to a closed natural transforma-
tion given by the same components.

PROOF. Let ® = (¢, ¢, ¢°), U = (¢,1),4°) : € — D be closed functors induced by the
multifunctors F' and G respectively. The axiom CN1 reads

It is equivalent to the equation
u #° 1 0
()= 1= F1=%G1] =u-y°,

i.e., to the equation F'u -ty = Gu, which is a consequence of the multinaturality of t. The
axiom CN2 is a particular case of Proposition 3.23. [

Let ClMulticat” denote the full 2-subcategory of ClMulticat whose objects are
closed multicategories with a unit object. Note that a 2-category is the same thing as a
Cat-category. Thus we can speak about Cat-functors between 2-categories. These are
sometimes called strict 2-functors; they preserve composition of 1-morphisms and identity
1-morphisms on the nose.

4.6. PROPOSITION. Propositions 4.3, 4.4, and 4.5 define a Cat-functor
U : ClMulticat” — CICat.

PROOF. It is obvious that composition of 2-morphisms and identity 2-morphisms are
preserved. It is also clear that the identity multifunctor induces the closed identity functor.
Finally, composition of 1-morphisms is preserved by Lemma 3.22. [

5. From closed categories to closed multicategories

In this section we prove our main result.

5.1. THEOREM. The Cat-functor U : ClMulticat" — ClCat is a Cat-equivalence.

We have to prove that U is bijective on 1-morphisms and 2-morphisms, and that it is
essentially surjective; the latter means that for each closed category V there is a closed
multicategory with a unit object such that its underlying closed category is isomorphic
(as a closed category) to V.

5.2. THE SURJECTIVITY OF U ON 1-MORPHISMS Let C and D be closed multicategories
with unit objects. Denote their underlying closed categories by the same symbols. Let
d = (¢,6,¢°) : C — D be a closed functor. We are going to define a multifunctor
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F: C — D whose underlying closed functor is ®. Define F X = ¢ X, for each X € ObC.

For each Y € Ob C, the map Fiy : C(;Y) — D(; ¢Y) is defined via the diagram

Fy

CiY) D(; ¢Y)
C(u;l)l\z ZW\D(UJ)
CL;Y) " D(e; 6v) 2 D1 gy)

Recall that for a morphism f : () — Y we denote by f : 1 — Y a unique morphism such

that u- f = f. Then the commutativity in the above diagram means that
Ff=[0%1% o120 gy,
foreach f: () =Y. Forn>1and Xj,...,X,,Y € ObC, the map
Fx, . x,v :CXy,..., X Y) = D(opXy,...,0X,;0Y)

is defined inductively by requesting the commutativity in the diagram

C(Xs, .., X C(Xy;Y)) — 2 D(6X, L ¢ X ¢C(X1;Y))
D(1:4)
o 2 D(¢Xs, ..., 0Xn; D(0X1;0Y))
2| P
C(X1, .., Xn:Y) XXy D(6X1, ..., 6Xn: 8Y)

5.3. LEMMA. The following diagram commutes

C(C(X;Y)) 229, D 6C(X; Y)) -~ D(: D(6X; 61 )
C(X;Y) ? D($X; 6Y)

In particular, Fxy = ¢xy : C(X;Y) = D(¢X; ¢Y).

(5.1)

(5.2)
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ProoOF. Equivalently, the exterior of the diagram

C(C(X;Y)) fetx D(; 6C(X;Y)) -2 D(: D(6.X: 6Y))
1| Cu;1) D(u;l)l\l D(u;1) [
C(1;C(X: Y)) % D(61; 6C(X; V) 2 Dt o v)) 259 D(1; D(6.X: 6Y))
(SDC)71 (@D)fl
C(X:Y) d D(.X;0Y)

commutes. The upper pentagon is the definition of Fic(x,y). The bottom hexagon com-
mutes. Indeed, taking f € C(X;Y) and tracing it along the left-top path yields

¢° - 6(jx) - #C(1; ) - o = ¢° - 6(jx) - ¢ - D(1;0(f)) (naturality of ¢)
= Jox - D(L;90(f)), (axiom CF1)
which is precisely the image of f along the bottom-right path. [
5.4. LEMMA. For each f: () =Y and Z € ObC, the diagram

oC(v: 2) — o 2) =02
y
D(6Y;67) — T D(;02) = 07
commutes.
PRrROOF. By definition, -
¢° o(f)

The diagram

¢C(f;1)
#C(f;1) »C(u;l
6C(Y; Z) 6C(1; 2) — =0 oc(;2) 2 ¢z
D(¢(f);1) D(u-¢%1)
D(¢Y;¢Z) —————D(¢l;0Z2) D(;¢Z)=¢Z
D(Ff;1)

commutes. Indeed, the left square commutes by the naturality of (;AS, while the commuta-
tivity of the right square is a consequence of the axiom CF2, see (4.1). [
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With the notation of Lemma 3.14, we can rewrite the commutativity condition in
diagram (5.2) as a recursive formula for the multigraph morphism F:

~

Ff =@P(F(($9) ') - 8) = " (F(f) - 9),
for each f: X1,...,X,, = Y with n > 1, or equivalently

(Ff) = [6Xa-.., 60X “0 6C(X1:Y) S D(6X1: 6Y)]. (5.3)

5.5. LEMMA. For each X,Y,Z € ObC, the diagram

Fuc

¢C(X;Y), oC(Y; Z) ————— ¢L(X; Z)

| ]

HD

D(¢X;¢Y),D(¢Y;¢Z) ———— D(¢X; ¢Z)

commautes.

PROOF. It suffices to prove the equation
(Fuc - ¢) = () - ip)-

By Lemma 3.14,(c), the left hand side is equal to

6C(v: 2) T D(6C(X; Y): 6C(X: 2)) 217 D(6C(X: V) D(6X: 02)).

while the right hand side is equal to

6C(Y: 2) S D6V 62) 22 D(D(6X; 6Y): D(9Y; 62)) 29 D(9C(X;5Y); D(6X; 62))
by Lemma 3.14,(b). Note that (up) = (¢°) ™' (up) = L?X. Furthermore, by (5.3),

(Fiic) = [6C(Y 2) “195 6C(C(X;Y): CX; 7)) & DI6C(X: Y ); 6C(X; 2))]
= [6C(Y; 2) 25 6C(C(X3 V) CX: 2)) 5 D(6C(X3Y); 6C(X; 7))
therefore the equation in question is simply the axiom CF3. [

5.6. PROPOSITION. The multigraph morphism F : C — D is a multifunctor, and its
underlying closed functor is ®.

Proor. Trivially, F' preserves identities since so does ¢. Let us prove that F' preserves
composition. The proof is in three steps.

5.7. LEMMA. F' preserves composition of the form Xy, ..., Xk Ly 4 7.
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PRrROOF. The proof is by induction on k. There is nothing to prove in the case k = 1.
Suppose that k£ = 0 and we are given composable morphisms

0L x5y

Then since u- fg = f-g= (u-f)-g =u-(f-g), it follows that f-g = f-g. By
formula (5.1),

F(f-g)=u-¢"o(f-g)=u-d" o(f-g)=u-0"-6(f) ¢lg) = Ff Fyg.

Suppose that £ > 1. Then

(F(f-9)=F(f-9)-¢ (formula (5.3))
= F((f)-C(1;9))- ¢  (Lemma 3.14,(c))
= F(f)-¢C(1;9) - b (induction hypothesis)
= F(f)-¢-D(1:6(g)) (naturality of )
= (Ff)-D(1; Fg) (formula (5.3))
(Ff-Fg), (Lemma 3.14,(c))
and induction goes through. ]

5.8. LEMMA. F' preserves composition of the form

XL xhxL xSy v, S 7

PROOF. The proof is by induction on k;. If k&, = 0, then by Lemma 3.14,(a),

(fifo) 9= [Xb,... . Xb 2oy, ¥ vy 2) 2 ¢ 7) = 7],
therefore
E((fi, f2) - 9) = Ffa- ¢(g) - #C(f15 1) (Lemma 5.7)
= Ff-6(9)-¢-D(¢(f1);1) (Lemma 5.4)
=Ffy-(Fg)- Q(Ffl, 1) (formula (5.3))
=(Ff,Ffy)-F (Lemma 3.14,(a))
If k& = 1, then by Lemma 3.14,(b),
(frf2) - 9) = [X3 . xP By, @ vy 2) =05 ¢(x) 2)],
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therefore

<F((f1,f2) 9)> <(f1 f2) 9> formula (5-3))
=Ffy-dlg) - ¢C(f1:1)- Lemma 5.7)

(

(

= Ffy-¢(9)-9-D(6(f1);1) (naturality of ¢)
=Ffy-(Fg)-D(Ffi;1) (formula (5.3))
= ((Ff1,Ffs)- Fg), (Lemma 3.14,(b))

and hence F((f1, f2)-9) = (F f1, F f3)- Fg. Suppose that k; > 1. Then by Lemma 3.14,(c)
((f1, f2) - g) is equal to the composite

XXX xE (i), v 2 G ), GV 2) 25 (X5 2),
therefore
(F((f1, f2) - 9)) = F{(f1, f2) - g) - & (formula (5.3))
= (F(f1), Ff2) - F((1,(9))pc) - ¢ (induction hypothesis)
= (F{f1), F'f2) - (1, F(g)) - Frc (case ky = 1)
= (F(fi), Ff2) - (1, F(g) - (4, é) (Lemma 5.5)
= (F{f)- &, Ffa) - (1,F{g)-¢) -
= ((Ffi), Ff2)- (1,(Fg)) - po (formula (5.3))
=((F'fi, Ffo) - Fg), (Lemma 3.14,(c))
hence F'((f1, f2) - g) = (F f1, F'fs) - Fg, and the lemma is proven. =
5.9. LEMMA. F' preserves composition of the form
XL xR X X ey S 7 (5.4)

PRrROOF. The proof is by induction on n, and for a fixed n by induction on k;. We have
worked out the cases n = 1 and n = 2 explicitly in Lemmas 5.7 and 5.8. Assume that F'
preserves an arbitrary composition of the form

1 11 1 lp—1 Plys Pn—1 q
U].""7U17" Un 1,...’Unn_1—>‘/v1,...,vn_l—>m/v’

and suppose we are given composite (5.4). We do induction on ky. If k; = 0, then by
Lemma 3.14,(a) (f1,-.., fn) - g is equal to the composite

XL Xk XL Xk Lol e oy ) S ey = 7
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therefore
E((fi,-os fu) - 9) = (Ffa.
= (Ff27'
— (ng,.
= (Ff27'
= (Ff1>

Suppose that k; = 1. Then by Lemma 3.14,(b) ((f1,. ..

OLEKSANDR MANZYUK

Efa) - F({g) - C(f1;1)) (induction hypothesis)
Efo) - (Fg) - 9C(f1;1)) (Lemma 5.7)

,E fn) - (F(g) - <ZB ‘D(é(f1);1)) (Lemma 5.4)

Ffn) - ((Fg)-D(Ffi;1)) (formula (5.3))

,Ffa) - Fy. (Lemma 3.14,(a))

, fn) - g) is equal to the composite

X1 Xk XY X Lendny vy 9y c(vy; z) Y ¢(x1 2),
therefore
(F((frs s ) 0)) = F{(fr, - fa) - 9) - @ (formula (5.3))
= (Ffa,...,Ff2)- F({g)-C(f1;1)) - ¢  (induction hypothesis)
= (Ffo,-. ., Ffa)- Flg)- ¢C(f1;1)- ¢ (Lemma 5.7)
= (Ffay, Ffa) - Flg)-#-D(6(f1):1)  (naturality of ¢)
=(Ffy,....,Ff,) - (Fg) -D(Ffi;1) (formula (5.3))
=((F'fr,.... Ffn) - Fyg), (Lemma 3.14,(b))
and hence F((f1,...,fa) - 9) = (Ff1,...,Ff,) - Fg. Suppose that k; > 1, then by
Lemma 3.14,(c) ((f1,-.., fa) - g) is equal to the composite
X2 xkOxD L xk X ke SRk ety Ly,
— s C(X{ ), C(1h: 2)
therefore
(F((frr- fa) - 9)) = F((fr. - fa) - 9) - & (formula (5.3))
= (F(f1),Ffo,....Ffn)- F((1,{g))pc) - ¢ (induction hypothesis)
= (F(f1), Ffo,....,Ff,)-(1,Fg])- Fuc- &  (Lemma 5.8)
= (F(f), Ffar- o Ffa) - (1,F(g)) - ($,6) - pp  (Lemma 5.5)
= (F(f1)- 6. Ffar-.. . Ffa) - (L F(g) - 6) - o
=({(Ffi), Ffa.. . Ffn) - (1,(Fg)) - bo (formula (5.3))
=((Ff,....,Ff.) - Fg), (Lemma 3.14,(c))
hence F((f1,...,fn) - 9) = (Ffi, Ff,) - Fg, and induction goes through n
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Thus we have proven that F' : C — D is a multifunctor. By construction, its un-
derlying functor is ¢. Furthermore, the closing transformation Fy., coincides with

bxy : ¢C(X;Y) — D(¢X;¢Y). Indeed, we first observe that Fyy = (Fev©), where
ev®: X, C(X;Y) — Y is the evaluation morphism. Further, by formula (5.3),

EX,Y = (F eVC> = ¢<eVC> : CZEX,Y = QASX,Ya
since (ev®) =1: C(X;Y) — C(X;Y). Finally,

0

Fu=[() =1 ¢1].
Indeed, by formula (5.1),

Fu=[0%1%5 60 2% 61) = [) 51 o],

sincew =1 : 1 — 1. Thus we conclude that F' : C — D is a multifunctor whose underlying
closed functor is ®. The proposition is proven. ]

5.10. THE INJECTIVITY OF U ON 1-MORPHISMS The following proposition shows that
the Cat-functor U is injective on 1-morphisms.

5.11. PROPOSITION. Let F,G : C — D be multifunctors between closed multicategories
with unit objects. Suppose that F and G induce the same closed functor ® = (¢, ¢, ¢°)
between the underlying closed categories. Then F' = G.

PRrROOF. By assumption, the underlying functors of the multifunctors F' and G are the
same and are equal to the functor ¢. Let us prove that F'f = Gf, for each f :
Xq,..., X, = Y. The proof is by induction on n. There is nothing to prove if n = 1.
Suppose that n = 0, i.e., f is a morphism () — Y. Then since F' and G are multifunctors,

Ff=F(u-f)=Fu-Ff, Gf=Gu-f)=Gu-Gf.

Since F and G coincide on morphisms with one source object, it follows that Ff = Gf.
Furthermore,

Pu=[)%1% F1=¢1] =Gu,

hence F'f = G f. The induction step follows from the commutative diagram

D(1;4)
e |1 D(¢Xs, ..., 09X, D(0X1;0Y))
[P
C(Xy,.. ., X Y)—FE 5 D(@Xy, ..., 60X, 0Y)

and a similar diagram for G, which are particular cases of Proposition 3.20. [
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5.12. THE BIJECTIVITY OF U ON 2-MORPHISMS The following proposition implies that
U is bijective on 2-morphisms.

5.13. PROPOSITION. Let F,G : C — D be multifunctors between closed multicategories
with unit objects. Denote by ® = (¢,b,¢°) and U = (4,40 the corresponding closed
functors. Letr : ® — WU be a closed natural transformation. Then r is also a multinatural
transformation F — G : C — D.

ProOF. We must prove that, for each f: Xi,...,X,, = Y, the equation
Ff"/’y = (TXl,...,TXn)'Gf

holds true. The proof is by induction on n. Suppose that n = 0, and that f is a morphism
() = Y. The axiom CN1

15 P 61 = o
implies
(05 F1 % G1] = Gu.
It follows that

Ff-ry=Fu-Ff-ry =Fu-r-Gf =Gu-Gf =GY,

where the second equality is due to the naturality of r. There is nothing to prove in the
case n = 1. Suppose that n > 1. It suffices to prove that

<Ff"f’y> = <(T’X1,...,TX7L)'Gf>ZFXQ,...,FXH—)D(FX:[;GY).

By Lemma 3.14,(c), the left hand side expands out as (Ff) - D(1;7y), which by for-
mula (5.3) is equal to F(f)-¢-D(1;ry). By Lemma 3.14,(b), the right hand side of the
equation in question is equal to (rx,,...,7x,) - (Gf) - D(rx,; 1), which by formula (5.3)
is equal to (rx,,...,7x,) - G(f) - ¥ -D(rx,;1). By the induction hypothesis, the latter is
equal to F(f) - rcix vy - ¥ -D(rx,;1). The required equation follows then from the axiom
CN2. ]

5.14. THE ESSENTIAL SURJECTIVITY OF U Let us prove that for each closed category V
there is a closed multicategory V with a unit object whose underlying closed category is
isomorphic to V. First of all, notice that by Theorem 2.19 we may (and we shall) assume
in what follows that V is a closed category in the sense of Eilenberg and Kelly; i.e., that
V is equipped with a functor V' : V — § such that VV(—,—) = V(—,—) : VP xV — §
and the axiom CC5H’ is satisfied. In particular, we can use the whole theory of closed
categories developed in [2] without any modifications. We are now going to construct a
closed multicategory V with a unit object whose underlying closed category is isomorphic
to V. The construction is based on ideas of Laplaza’s paper [9)].

We begin by recalling that for each object X of the category V one can assign a
V-functor L* : ¥ — V, and for each f € VV(X,Y) = V(X,Y) there is a unique V-natural
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transformation L : LY — L* : ¥V — V such that (V(L/)y)ly = f, see Examples 2.13,
2.15, 2.21, or [2, Section 9]. Moreover, by [2, Proposition 9.2] the assignments X ~ L*
and f — L/ determine a fully faithful functor from the category V°P to the category
V-Cat(V,V) of V-functors YV — V and their V-natural transformations. For us it is
more convenient to write it as functor from V to V-Cat(V,V)°?. Note that the latter
category is strict monoidal with the tensor product given by composition of V-functors.
More precisely, the tensor product of F' and G in the given order is FG = F -G = Go F.
Consider the multicategory associated with V-Cat(V, V)P (see Example 3.3) and consider
its full submulticategory whose objects are V-functors L*, X € ObV. That is, in essence,
our V. More precisely, ObV = ObV and

V(X1,..., X Y) =V-Cat(V, V)P(L* - ... . L% L)

— =

= V-Cat(V, y)(LY, L¥"o0...0 LXl).

Identities and composition coincide with those of the multicategory associated with the
strict monoidal category V-Cat(V, V)°P. Note that by Proposition 2.20 there is a bijection

D:V(Xy,.. ., X Y) = (VoLX o .o LY,  f (Vfy)ly.

5.15. THEOREM. The multicategory V is closed and has a unit object. The underlying
closed category of V is isomorphic to V.

PROOF. First, let us check that the multicategory V is closed. By Proposition 3.9, it
suffices to prove that for each pair of objects X and Z there exist an internal Hom-object
V(X; Z) and an evaluation morphism ev¥., : X,V(X; Z) — Z such that the map

P V(Y1 Y V(X Z)) = V(XL Y. Y 2), e (Lx f) - eviyy,

is bijective, for each sequence of objects Y7, ..., Y,. We set V(X;Z) = V(X,Z). The
evaluation map ev\)/QZ : X,V(X;Z) — Z is by definition a V-natural transformation
L? — LYX2) o X We define it by requesting (V(ev¥.2)z)1z = ly(x,z) (We extensively
use the representation theorem for V-functors in the form of Proposition 2.20). Let us
check that the map ¢ is bijective. Note that the codomain of ¢ identifies via the map I"
with the set (Vo LY" o ... 0 LY1 o LX)Z, and that the domain of ¢ identifies via I" with
the set
(VoL™o-- o L"V(X,Z)=(VolL™o---0 LMo L¥*)Z.

The bijectivity of ¢ follows readily from the diagram

V(Y. Y V(X 2) —= V(X Y3, Y Z)

A

(VolLYo...o LYo LX)Z
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whose commutativity we are going to establish. Take an f € V(Y,...,Y,; V(X; 2)), i.e.,
a V-natural transformation f : LY(%) — [Yno...0 LY. Then o(f) is given by the
composite

7 Xz o y(x.z x Xy, Y, X
L7 25 YD) o X Iy Yoo [V o LK,

Therefore, I'p(f) is equal to

(V((fL) oevXz)z)lz = (V(FLY)z) (VevXs)lz = (V fox.z)lvixz) = T(f).

Thus we conclude that V is a closed multicategory.

Let us check that 1 € ObV is a unit object of V. By definition, a morphism u : () — 1
is a V-natural transformation L* — Id. We let it be equal to i~!, which is a V-natural
transformation by [2, Proposition 8.5]. Then for each object X of V holds

V(1) = (1) - evy s V(I X) - X,
i.e., V(u;1) is the V-natural transformation

Vv
X X rvax) o pn 20V v, x)

We claim that it coincides with Lix and hence is invertible. Indeed, applying I' to the
above composite we obtain

(V((LY(H’X)U) (¢] ev}l/;X)X) 1X = (V(LY(H’X)U)X) (V(ev}l/;X)X) 1X
=VV(1, X), ux)lya,x)

=Uux = Z;(l

Let us now describe the underlying closed category of the closed multicategory V.
Its objects are those of V, and for each pair of objects X and Y the set of morphisms
from X to Y is V(X;Y) = V-Cat(V,V)(LY, LX). The unit object is 1 and the internal
Hom-object V(X;Y) coincides with V(X,Y"). For each object X, the identity morphism
1% : () = V(X;X), ie., a V-natural transformation LXX%) — Id, is found from the
equation
1x,1%

CVV .
(X X, V(X;X) —5 X] =1y,
or equivalently from the equation

ev¥ x 1% LX
[L¥ =5 XX o X X5 1] =id.

Applying I' to both sides we find that

(V((AXLY) o ev¥x)x)1x = (V(I%)pex) (V(ev¥ x)x) 1x

= V(13%)vx.0 Luce.x)
— 1y.
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Here V(l%)y(x,x) :VV(X, X),V(X, X)) = V(X, X). The morphism jx of the underlying
closed category of V is a V-natural transformation LYXX) — L. it is found from the
equation

[P0 25 1 5 1d] =1

>f:\<

Applying I" to both sides we obtain

(V(wo jx)vex.x) Lvex.x) = V(IX)wex, ) Lux x),

le.,
(Viyix ) (VUx)veoolvxox)) = 1x,
or equivalently
(V(ix)vex ) v x) = (Viveox) 1y = Jix,

where the last equality is the axiom CC5’. Therefore, jx = L/x : [YXX) o L1 Tt
also follows by construction that ix for the underlying closed category of the closed
multicategory V is (V(u;1))~! = (Lix' )~ = Lix,

Let us compute the morphism Lsif, : V(Y;Z) — V(V(X;Y);V(X;Z)). First note
that ev¥, : X,V(X;Y) — Y is the V-natural transformation LY — LY*Y) o L¥ with
components

(evxy)z = Lyz : V(Y. Z) = V(V(X,Y), V(X, Z)).

In other words, eVX;Y = L)Y{ _. Indeed, applying I" to both side of the equation in question

we obtain an equivalent equation
(V(eviy v)ly = (VLyy)ly.

Since VLY = V(X, —), it follows that (V L3y )1y = ly(x,y), so that the above equation is
just the definition of evY.y .

The morphism L3, : V(YV;Z) — V(V(X;Y);V(X;Z)) is uniquely determined by
requesting that the diagram

X
X VXY V(Y 2)— 2 X V(X Y), V(X Y) V(X Z))
Levy xvyv(x:2)
X,V(X;2)
eVV
X;Z
CVV
Y Z

YV(Y;Z) Z
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in the multicategory V, or equivalently the diagram

\%

Vx,z
7 [Y(X.2) o X
VY (x,vyw(x,z) LY
vy, [YOVXY)V(X.2) o [VXY) o [X
LéZLE(X’Y)LX
LYY, 2) ev\)/(AY
INY.Z) o 1Y ’ [22) o [VXY) o [X

in the category V-Cat(V,V) commute. Applying I' to both paths in the latter diagram
we obtain

= VY, Z), (evxy)2)(V(evy.z)z)1z,

3

or equivalently
(V(LF 2)vewx ) vix.z)) vxon) vz = (evky)z = Ly .

In other words, Ls, for the underlying closed category of V is Lz,

Let us denote the underlying closed category of the multicategory V by the same
symbol. There is a closed functor (L,1,1) : V — V, where L : V — V is given by
X +— X, f+ L7 and the morphisms V(X,Y) — V(X;Y) and 1 — 1 are the identities.
The axioms CF1-CF3 follow readily from the above description of the closed category V.
Clearly, the functor L is an isomorphism. The theorem is proven. ]
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