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LAX OPERAD ACTIONS AND COHERENCE FOR MONOIDAL
N-CATEGORIES, A, RINGS AND MODULES

GERALD DUNN
Transmitted by James Stasheff

ABSTRACT. We establish a general coherence theorem for lax operad actions on
an n-category which implies that an n-category with such an action is lax equivalent
to one with a strict action. This includes familiar coherence results (e.g. for sym-
metric monoidal categories) and many new ones. In particular, any braided monoidal
n-category is lax equivalent to a strict braided monoidal n-category. We also obtain co-
herence theorems for A, and F, rings and for lax modules over such rings. Using these
results we give an extension of Morita equivalence to A, rings and some applications
to infinite loop spaces and algebraic K-theory.

Introduction

The purpose of this paper is to introduce the idea of a lax operad action on an n-category
and to show how it can be used to simplify the coherence conditions for an n-category
with an algebraic structure. This approach leads to coherence theorems for lax monoidal
n-categories (Theorems 1.7, 3.13 and 3.14). Coherence for braidings and other forms of
higher commutativity for lax monoidal structures are also covered by these theorems.

It is well known that the categories Mon, SymMon and BrMon of monoidal, sym-
metric monoidal and braided monoidal categories each has the structure of a 2-category.
We show in Theorem 1.6 that the 2-category structure can be described more simply
in terms of lax braided cat-operad actions. For example, there is a braided cat-operad
B (see 1.2) such that giving a lax action by B on a category A is equivalent to giving
a braided monoidal structure on A. Similarly, a strict B action on A corresponds to a
strict braided monoidal structure on A. Thus a coherence theorem for braided monoidal
categories can be approached via B actions. The monoidal and symmetric monoidal cases
arise from different choices of operad. In Theorem 1.7 we establish a coherence result
for lax C-categories for any braided cat-operad C. In particular this proves coherence for
monoidal, symmetric monoidal and braided monoidal categories.

In section 2 we extend these results to categories with a coherent ring structure which
we call lax G-ring categories. The main coherence result here, Theorem 2.5, implies that
a braided (resp. symmetric) bimonoidal category is lax equivalent to a strict braided
bimonoidal (resp. bipermutative) category. We also give some applications of Theorem
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2.5. For example we show that the K-theory of a lax G-ring category is a ring spectrum
(Theorem 2.8).

In [8] Kapranov and Voevodsky define the notions of lax monoidal 2-category and
of braiding of such an object. They show that this is a natural setting for defining
Yang-Baxter and tetrahedra equations and that lax structures provide solutions for these
equations. The idea of lax operad action allows these structures to be defined in a much
simpler and more conceptual way (see Remarks 3.10). In section 3 we define lax monoidal
n-category in this way and establish some coherence results, Theorems 3.13 and 3.14. Not
only does this point of view simplify some of the basic notions of [8], but it also seems to
be the proper setting for higher dimensional Yang-Baxter equations.

The proofs of the coherence theorems in sections 1 through 3 follow the same pattern
since in each case the coherence conditions are encoded by a lax operad action. For
example, the standard coherence result for monoidal categories due to Isbell (see [12;4.2])
is the special case of Theorem 1.7 for the trivial A, operad M, [11]. Essentially, the proof
of Theorem 1.7 (in the monoidal case) is the proof of [12;4.2] “paramaterized” by the
operad M. Theorem 1.7 follows from the observation that this works more generally for
any braided cat-operad and some additional considerations for the 2-category structure.
Similarly, Theorem 2.5 is a parameterized version of [13;VI,3.5]. This idea also extends
to n-categories with a coherent algebraic structure (Theorems 3.13 and 3.14). All n-
categories considered in this paper are assumed to be topological (see 3.1) because of the
following considerations. If C is a braided cat-operad and the n-category A has a lax C
action, then our coherence theorems give an n-category P A having a strict C action which
is lax C-equivalent to A. The n-category PA will not in general be topologically discrete
even if A is. Moreover, the applications in section 2 and elsewhere require the topological
structure. However, the reader not interested in the topological case need only assume
that the categories C; comprising C are topologically discrete, for then PA will be discrete
whenever A is. In particular there are nontopological versions of the coherence theorems
for monoidal, braided monoidal and symmetric monoidal n-categories.

In section 4 we define (lax) modules over A, and E rings R and develop some of
their basic properties. The coherence conditions for a lax R-module are not encoded by
an operad action, but can be expressed very simply using k-symmetric monoidal functors
and natural transformations. These are functors and natural transformations of kvariables
that are symmetric monoidal in each variable and satisfy some additional compatibility
conditions. We rely heavily on k-symmetric monoidal structures throughout this section.

The main goal is to set up a useful 2-category of modules having tensor product
and hom 2-functors with reasonable properties. The first step is to prove a coherence
result (Theorem 4.7). This and the use of k-symmetric monoidal structures makes the
construction of tensor product and hom 2-functors more manageable. Next, one would like
to establish some basic properties, such as adjointness, but virtually all of the expected
results are unavailable using just the 2-category structure. For example, the tensor and
hom 2-functors are lax (but not strictly) 2-adjoint, so we must also consider the 3-category
structure. The relevant terminology is given in Definition 4.9. It should be pointed out
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that all of the coherence results of this paper, except Theorem 3.13, also refer to a 3-
category structure, though this has been suppressed (through Theorem 4.7) for the sake
of concreteness. See the discussion after Definition 4.9 for the proper statements.

In section 5 we use the constructions of section 4 to prove a version of Morita equiv-
alence for A, rings, Theorems 5.8 and 5.9. These results also depend on a 3-category
structure, but unlike the coherence theorems they are essentially impossible to state with-
out the terminology of Definition 4.9.

The material on modules was developed with a view towards applications in algebraic
K-theory and stable homotopy, some of which will appear in [5] and are indicated in brief
remarks at the ends of sections 4 and 5.

Throughout this paper Cat will denote the 2-category of (small) based topological
categories; functors and natural transformations are required to be based and contin-
wous. The symbols = and 2= will denote equivalence and isomorphism of 2-categories
respectively. The 2-categories with 0O-cells the strict monoidal, permutative and strict
braided monoidal categories are denoted stMon, Perm and Braid respectively. The 1-
cells are the strict morphisms. The 1-cells F' of Mon, SymMon and BrMon satisfy
Fla®b) 2 Fa® Fb and (since F' is based) FF0 = 0. We assume the reader is familiar
with the basic ideas concerning 2-categories, [10], and operads, [11], although very little
of either is actually needed here. In the latter case all of the relevant definitions are given
in section 1.

1. Lax braided cat-operad actions

Let p : Bj — X, be the usual homomorphism from the jth braid group to the jth
symmetric group.

1.1. DEFINITION. A braided cat-operad C consists of unbased categories C;, j > 0 with
Co the trivial category, functors v : Cp x Cj, X ... x Cj, — Csj, and functorial actions
C; x B; — C; satisfying

(1) y(w;y(urswrn, oo w1y )y Y (Wks Ukt -+ s Uk, ) = V(Y (W5 wa, o Uk U, - Uy

(ii) there is an object 1 in Cy such that y(11;u) = u and y(u; 1y,...11) =u

(iii) Y(woiug, ... uk) = V(W Upe-1(1), - - - Upe—1(k)) (1, - - -5 Jk)
y(usug 11y up ) = (Ui g, . ug) (7B B Ty)

for morphisms u in Cy, u; in C;, and upg inC,,,, and o € By, 7; € B;,. Here o(ji,..., k) €
By, j, is obtained by replacing the ith strand of o with j; parallel strands and 71 &--- D713, €
By ;, is the usual sum of braids.

C is a braided operad, [6/, if all morphisms are identities. C is a cat-operad if the braid
group actions factor through p : B — ¥; and is an operad if in addition all morphisms
are identities.
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A morphism F : C — C' of braided cat-operads consists of Bj-equivariant functors
Fy:Cj — Cj such that Fy(1) = 1" and F(y(u;uy, ..., ug)) =7 (F(u); F(ur), ..., Fug)).
Morphisms for the other types of operads are defined similarly.

1.2. EXAMPLES. (i) Let S; = ij, the translation category of X; ; the objects are the
elements of 3; and there is a unique morphism o — 7 for 0,7 € ;. Thus it suffices to
define the cat-operad structure just on objects. The ¥;-action is given by right multipli-
cation. If e; € X; is the identity element, let y(ex;e;,, ..., €. ) = ex;,. This determines
on all objects by the equivariance conditions 1.1 (iii).

(ii) There is a braided cat-operad B with B; = B;, the translation category of B;. The
composition y for B is as for the cat-operad S.

(iii) If C is any (braided) cat-operad, then taking objects in each degree determines a
(braided) operad. For the cat-operad S this gives the A, operad M with M(j) = X;.

Further examples and relations among the four categories of operads can be found in

[3].
For any category A let ¢ : Cp X Cjy X - -+ X Cj, X A% — Cp X Cjy X AT x -+ - X Cj, X A*
be the obvious isomorphism.

1.3. DEFINITION. Let C be a braided cat-operad. A lax C-object in Cat is a category
A with functors 0; : C; x AV — A and natural isomorphisms

o:01(1;—) — 14 a:B0po(lx0; x---xb;)ot—bx;0(yx1)
such that
(i) Ox(ut; f) = Op(u; 7 - f), for T € By, and morphisms u in Cy, and f in A*
(i1) 6o(x;0) =0

i) of(c:1,. . Dsar,. . ag) = 8L o(ar), . o(a))
a((Le)ar, ... a5) = o(li(ca,. .., a5))
(iv) a((y(c;cry .. cr)icin, -y Crj);ialt, ... ,a’ﬁlj;?k) o
a((erer, oo CR)i Ty ooy Ty e oy Thls - - Thjy) = .
Oé((c;ﬁ)/(cl;clla'"7clj1)7"'77(Ck;ck17'"7ijk));a%17"'7@fk]§k) o
Or(1; 00, ..., )
where pg = Or,, (cpg; ai?, ..., ab%) and oy = af(cis i, - - -5 cij,)s il - ,afnfh)

A is a (strict) C-object if the components of o and « are identities.

1.4. DEFINITION. Let A and A’ be lax C-categories. A functor F : A — A’ is a lax
C-functor if there are natural isomorphisms

h:Fo; — 0 0(1xF)

such that
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(i) h(;0) = 1o
(ii) o'(Fa)oh(l;a) = Fo(a)

(ZZZ) h('y(c Cly. .. ) all,...,aljl,...,akl,...,akjk)o
Fa((¢ e, ... ck) i1y ey @1y ey Qhly ey Ok gy ) =
d((eer,... ) Fan, ..., Fayjy, ..., Fag,...,Faj,)o
0.(1c; h(crsan, ..., a14,), .- ek agr, ... agj,)) ©
hic;0j, (cr;ann, ... a15,), -, 0 (Criar, - akj,))

F is a (strict) C-functor if the components of h are identities.
1.5. DEFINITION. Let F, F': A — A’ be lax C-functors. A lax C-natural transformation
is a natural transformation T : F — F' such that
W(car,. .. a;)o1(05(c;a1,...,a5)) = 0;(1¢;7(ar), ..., 7(a;)) o hic;an, ..., a;)
T is a (strict) C-natural transformation if F' and F' are C-functors.

The lax C-categories, lax C-functors and lax C-natural transformations are the 0, 1 and
2-cells of a 2-category denoted C(Cat). The strict C-categories, C-functors and C-natural
transformations form a sub 2-category denoted C[Cat].

1.6. THEOREM. There are equivalences and isomorphisms of 2-categories
(i) M(Cat) = Mon and M|[Cat] = stMon
(ii) S(Cat) = SymMon and S[Cat] = Perm

(iii) B(Cat)=BrMon and B[Cat] = Braid

each the identity on underlying 0, 1 and 2-cells.

PrOOF. We show B(Cat)=BrMon. If (A,6) is a lax B-category define a monoidal
structure O on A by alb = 6y(es; a,b) on objects and fOg = 0,(1.,; f, g) on morphisms.
The associativity isomorphism a0(bOc) = (adb)dc is given by the isomorphisms

92(62; a702(€2; b, C)) = 93(63; a,b, C) = 92(32;92(62; a, b)aC>

where oy = a((e2;1,€2);a,b,¢) and as = a((eg; e2,1);a,b,¢).
The unit isomorphism 00a = a is o(a) o a((eg;*,1);0,a) o Oy(1.,; 19, 0(a))™! and
similarly for 00 = a. The braiding is the isomorphism

Or(e2 — 7514, 1p) < Oa(e25.0,b) — b5(7;a,b) = Ox(e2; b, a)

where 7 is the generator of By. This defines a braided monoidal structure on A.

Now suppose (A, O) is braided monoidal and define a lax B-action 6 on A as follows.
Let 61(1;a)=a, O2(e2; a1, a2) =a0b and 0;(ej; aq, ..., a;) = O2(ez;a1,0,-1(ej_1; a2, ..., a;))
for j > 3.
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In view of the equivariance conditions 1.1(iii), in order to define the natural isomor-
phisms « we need only specify the components

oz((ek;ejl,...,ejk);au,...,aljl,...,akl,...,akjk).

This is taken to be the unique isomorphism

Qk(ek; 9j1(ejl;a11, e ,aljl), e ,ij(ejk;akl, e ,akjk)) e 9j<€j; a1q, .- - ,akjk)

provided by coherence, where j = ¥j;. The natural isomorphisms o are taken to be the
identity.

This defines 2-functors B(Cat) — BrMon — B(Cat) on objects. The correspondence
on functors and natural transformations is similar and is left to the reader. [

1.7. THEOREM. Let U : C[Cat] — C(Cat) be the inclusion. There is a 2-functor P :
C(Cat) — C[Cat] such that (P,U) is a 2-adjoint pair. Moreover the unit and counit
n(A) : A — UP(A) and £(X) : PU(X) — X are equivalences in C(Cat) (more
precisely U(e) is an equivalence).
PROOF. For A € C(Cat) the category PA has objects the objects of [[;50C;jx g, A’
and morphisms the triples ((¢;a1,...,q;), f,(d;b1,..., b)) with f : 0;(c;aq,...,a5) —
0,(d; by, ...,b) in A. Composition and identities in PA are induced by that in A.

Define a C-action # on PA by

@k(c; (cr;a1ny - yaijy)s - (Crsapr, -y aks,)) = (Y(eer, ..o cn)iann, - o, Gk, )

and for f; = ((ci; @i, .-, ai5), fi, (disbiny .., b)), i =1,...,k, and u : ¢ — d in Cy, let

ek(ua f17 ey fk) = ((7(07 Clyenn ack);alla <o 7akjk)7f7 (ﬁy(da d17 s adk)a b117 oo 7bk‘lk))7

f=al(d;dy,..., dy);bi,.. bin) 0 Ok(u; fi, .. fr) o al(c ey .y ck);ann, - - ,akjk)_l.

If F: A— Ais alax C-functor, define a strict C-functor PF : PA — PA’ by
PF((c;a1,...,a5), f,(d;b1,.... b)) = ((¢; Fay, ..., Faj), f'.(d; Fby, ..., Fb)) where f' =
h(d;by,...,b) o Ffoh(cay,... a;)7"

If 7: F — F' is a lax C-natural transformation, define a strict C-natural transforma-
tion Pt : PF — PF' by

Pr(c;a,...,a;) = ((¢; Fay, ..., Fay),05(1;7(a1), ..., 7(az)), (¢; F'ay, . .., F'ay)).

Define 2-natural transformations n : Id — UP and ¢ : PU — Id as follows. For a
lax C-category A, let na(f : a — b) = ((1;a),0:(11; f), (1;0)), and for a C-category X, let
ex((cay,...,a5),9,(d;by,....0)) =g.

It is straightforward to verify that (P,U) is a 2-adjoint pair with unit 7 and counit &
having the stated properties. [
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A braided cat-operad determines a monad in Cat as follows. This will be needed in
section 4.

1.8. DEFINITION. If C is a braided cat-operad, the associated monad C' : Cat — Cat

1s defined on objects by '
CA=T][Cj xp, A/ ~

Jj>0
where (c;ay, ... a;) ~ (Y(¢; 1" x x x 1V");a4,...,4;,...q5) if a; = 0.

The definitions of the unit 7 : Id — ' and multiplication p : CC' — C' are similar
to the operad case, [11]. We also note that C'A is the free C-object on the category A.

2. Lax G-ring categories

2.1. DEFINITION. Let G be a braided cat-operad. A lax G-ring category (A, ®,0) con-
sists of a symmetric monoidal category (A, ®,0,d/,v") and a lax G-category (A, 0,1, 0, a)
satisfying

(1) 0;(g; fr,-... f;) = Lo if fi = 1o for some i.

a((y;z1, .., xk);a11, - -5 agg,) = Lo if ars = 0 for some r, s.
(ii) There are natural distributivity isomorphisms 0%(x;ay, ..., a;, aj, ..., a;) ;1 <i < j,
0;(z;a1,...,a;®a, ... a;) —2 0;(x;a1,...,a5,...,0;) ®0;i(z;a1,...,d, ..., a;)
such that
(a) [a((y; 21, @k); a5 -5 arg) © a((y; 20,00, Tk)s aan, -, @y agg, )] ©
5;(:%@1,...76Li,‘9ji($i;ai1,...7aél,...,aiji),...,(lk) o
O(1y; 1oy, - - ,5§i(xi;a,~1, e Qi Al GGy Ly ) =
5§(P)/g(y;xl7"'7xk);a117"'aail7a;l7"'7akjk) o
a((y; 1, k)01, -, @ B Ay, aggy)
where a, = 0, (xr; a1, ..., a5,), t = NiZY g 41 and g is the operad composition in
g.
(b) (ca® ob) o d;i(1;a,b) = o(a®b)
(c) 5;(:107';(11, e, a) = 5§7T(z)(x;ap771(1), . ,aprl(k),a;T_l(k), o Upr1(f))

where T € Bj, pt is the associated permutation and pt(i) = k.

(d) p'(8;(z;aq,...,a5)) o§§(a:;a1, o0y, 0,0 a5) = 0,10 1ay, o0, 0/ (00), - 1ay)
)\,(9](1', ay, ... ,Clj)) o 5;(1‘;(1,1, R ,O,Cli, ce ,Clj) = 9](11, 1a17 .. .,X(ai), ceny 1aj>

Of(xya1,. .. a5,a;,...,a;) = N(0)"' = p'(0)™" if a, = 0, for some r # i

where N (a): 0@ a — a and p'(a) : a® 0 — a are the unit isomorphisms.
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(¢) 0%(w;a1,. .. a4} a4, .. a5)00;(1a; 1ay,. .., (a5,07), ..., 1a;) =
v (a,a’) o (5;-(x;a1, e QA ag)
/

where a = 0(x;aq1,...,a5) and a' = 0j(x;aq,...,4a}, ..., a;).

y Wi

(f) (0i(x;an,. .. a:,d], ... ,a;) D lg) 0 0i(w;an,. .. a; ® aj,af, ... a;)0

0;(1z; 14y, ..., & (a5, a3,af), ..., 1q,) = o/(a,d’,a") o
(la ® 0w a1, ..., a5, af,...,a5)) 0 05(x;an,. .. a0, D aj,... a;)
with a,da’ as in (e) and a”" = 0;(x;a1,...,a7, ..., a; ).

(9) o/(aEBc,b,d)o(5§(a:;a1,...,al,ag,...,a]-)@6}(3:;@1,...,a;,...,al,ag,...,aj))o

5;?(x;a1,...,ak,a§€,...,al@ag,...,aj) =
(/(a,c,b) ® 1) o (14 ® ' (b,c) D 1g) o (&/(a,b,c) P D 1y) o (a®b,c,d)o
(05 (x5 a1, ... ak, 0, ... a;) ® 05 (z5a4,. .. ag, ap, ..., aj, ..., a;)) 0
5;(35;(11,...,ak@a;,...,al,a;,...,aj)
for k <lwhere a =0;(x;a1,...,a;),b="0;(z;aq,...,a,...,q;),
c=0j(x;a,...,q],...,a5) and d = 0;(z;aq,...,a},...,0q},...,a;).

A is a (strict) G-ring category if (A, ®) is permutative and (A,0) is a G-category.

2.2. DEFINITION. A lax G-ring functor (F,w,h) : A — A’ is a symmetric monoidal
functor (F,w) and a lax G-functor (F,h) satisfying:

(1) h(z;aq,...,a;) = 1o, if a; =0 for some i

(it) [h(z;a1,...,a5) ® h(z;a1,...,4a},...,a;)] 0

w(0(w;a1,...,a5), 0;(x;a1,..., 0. .. a5)) 0 Fol(x;a,..., a5, 0. .. a;) =
(6")(x; Fay, ..., Fag, Faj, ..., Faj) 0 0;(15; 1pay, ..., w(ai, ;) . . . 1pa,) ©
h(z;aq,...,0; @ a;, ..., a )

F is a (strict) G-ring functorof G-ring categories if F' is permutative and a G-functor.

2.3. DEFINITION. A lax G-ring natural transformation of lax G-ring functors is a natural
transformation T : F' — F' such that 7 : (F,w) — (F',w’) is a symmetric monoidal
natural transformation and 7 : (F,h) — (F', k') is a lax G-natural transformation.

T 18 strict if F' and F' are strict G-ring functors.

The 2-category of lax G-ring categories is denoted G —Rng(Cat) and the 2-category
of (strict) G-ring categories is denoted G —RngCat.
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2.4. EXAMPLES. (i) Let SymBiMon be the 2-category with 0-cells the symmetric bi-
monoidal categories (see LaPlaza [9], except that here we assume distributivity isomor-
phisms). We also have the 2-category BrBiMon having 0-cells the braided bimonoidal
categories. It contains SymBiMon as a full sub 2-category. Similarly the 2-category
BiPerm with 0-cells the bipermutative categories is a full sub 2-category of BrPerm
with O-cells the braided permutative categories (such a category is additively permutative
and multiplicatively strict braided monoidal). For the braided cat-operads S and B we
have equivalences and isomorphisms of 2-categories

S—Rng(Cat) = SymBiMon S—RngCat = BiPerm
B—Rng(Cat) = BrBiMon B—RngCat = BrPerm

each the identity on underlying 0, 1 and 2-cells. Coherence for these 2-categories is a
special case of Theorem 2.5 below.

(ii) If R is a bialgebra over a commutative ring k, then the category R-Mod of
R-modules is a monoidal category under the tensor product ® = ®; . Drinfel’d, [2],
has shown that R-Mod is braided monoidal if there is an invertible element 3 in R ®
R satisfying certain conditions. In fact there is a one-to-one correspondence between
braidings on R-Mod and such elements 3, [7]. We say (R, 3) is a braided bialgebra. In
this case the category R-Mod is braided bimonoidal with additive operation the direct
sum of R-modules and hence is a (large) lax B-ring category. If we drop the braiding on
R, then R-Mod is a lax M-ring category.

2.5. THEOREM. LetU : G—RngCat — G—Rng(Cat) be the inclusion. There is a 2-
functor P : G—Rng(Cat) — G—RngCat such that (P,U) is a 2-adjoint pair and the
unit n and counit € are equivalences in G—Rng(Cat) (i.e. U(e) is an equivalence).

PROOF. Denote the functors of Theorem 1.7 by P’ and U’. For a lax G-ring category A
define the category PA as follows. Let Aj be the space obj (P'A)/ ~ where ~ is the
relation (c;aq,...,a;) ~ 0= (x0) if a¢; = 0 for some i. Let obj (PA) be the free based
monoid on Ay and define 7 : 0bj(PA) — o0bjA by

7T((Cl;a117 .. 7a1j1>D e D(Ck‘;akla .. 7akjk)) = a @ (CLQ EB e (ak:—l @ ak;) o '),

where a, = 0;.(¢,; 001, ..., a,j,) for r=1,... k and the sum is taken over the a, # 0.
For objects a,bin PAlet PA(a,b) = {a}x A(w(a), w (b)) x{b}. Composition is induced
by the composition in A. Note that coherence determines isomorphisms 7(a0b) — 7(a) ®
7(b).
For morphisms (a, f,a’),(b,g,b") in PA let (a, f,a’)0(b,g,b') = (aOb, fOg,a'0V'),
where fOg is the composite

m(adb) —s 7(a) ® 7(b) L2% () & 7(V) — 7(d'OV)

P Ais a permutative category with commutativity isomorphisms 7(a, b) the composites

,y/

7(adb) — 7(a) ® 7(b) — 7w(b) ® 7(a) — 7(b0a)



Theory and Applications of Categories, Vol. 3, No. 4 59

where 7 = 7/(mw(a), (b)) is the symmetry of A.

Define a strict G action 6 on PA as follows. The G action on P’'A determined by @ as
in the proof of Theorem 1.7 passes to an action 8’ on Ag. Let a; ..., a; be objects in PA,
say a; = O}, bj; with by; an object of Ag. Now for ¢ € Gy, let

§k<c;ala--'a&k): (i1,..., ik)ellg(C;blil;'“abkik)

where 1 < ¢; < r; and the O sum has the lexicographic order. Then coherence provides
isomorphisms 7(0x(c; ay, ..., ax)) — Ox(c;m(ay), ..., m(a)).

For morphisms f;, = (a;, f;;al) in PA,i=1,... k and u: ¢ — d in Gy let

§k<u;717"'7fk;) - (a’faa,)

where a = 0(c;aq,...,a;), a' = 0,(d;dy,. .., a,) and f is the composite
m(a) — Ok(c;m(ar), ..., m(ax)) o Ox(d;m(ay), ..., m(ap)) — m(a’)
in which f’z@k(u, fla---7fk)- B
We next define distributivity isomorphisms 6t U — V where U = Oy(z; a4, . ..,a;0a,,
cooap)and Vo= 0g(zsaq, ... a4, ..., a)00k(x5aq, ... al, ... ag). First suppose that each

a, and a} are in Ay. Then

n . / _ 0 . / . /
Op(x;ay,...,a;0a}, ... a) = 0 (z;ay,...,a0,)00 (2501, ...,4;, ..., a)
= ek(aja ai, 7ak')|:|0k($7a17 y Qs 7ak)
and we let 0. (z;a1,...,a;al,...,a;) = id for objects in Ag.

In general expanding U and V using the definition of  we see that each is a O sum
of objects of P’A with exactly the same terms, but in different orders. It follows that
coherence determines an isomorphism d : 7(U) — (V) in A and we let 0}, = (U,d, V).

Given a lax G-ring functor (F,w,h) : A — A’ define a G-ring functor PF : PA —
PA’ as follows. On objects let PF(OF, (c;;ai, ..., a:5)) = 08, (¢;; Fag, ..., Fa;j,).

Note that the natural isomorphisms w and h determine an isomorphism 7'(PF(a)) —
F(m(a)). Now for a morphism (a, f,b) in PA let PF(a, f,b) = (PF(a), f', PF (b)) where

f' is the composite
7(PF(a)) — F(r(a)) ~5 F(r(b)) — 7' (PF(b))

If 7: F — F’is a lax G-ring natural transformation, then for a=0%_| (¢;; a1, ..., a;;,)
let Pr(a) = (PF(a),g,PF'(a)) where g is the composite

' (PF(a)) — F(r(a)) =Y F'(n(a)) — 7' (PF'(a))

This defines a strict natural transformation Pr: PF — PF".

It is straightforward to check that P : G-Rng(Cat) — G-RngCat is a 2-functor.
The unit n(A) : A — UP(A) and counit £(X) : PU(X) — X are given by n(f : a —
b) = ((1;a),0:(11; f), (1;0)) and e(z, 9,y) = g. .
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The previous theorem can be used to unify and extend the results of [3] and [4]. It is
possible to prove significantly stronger results than those stated here. We only give the
weaker versions below in order to avoid excessive technicalities. The reader should refer
to [3] and [4] for additional details.

If G is a braided cat-operad the category of G-spectra is denoted GSp and the zeroth
space of a G-spectrum E is denoted Ey. Let £ be the linear isometries operad, [13].

2.6. THEOREM. There is a functor W : G-Rng (Cat)— (G x L)Sp and an additive
group completion BA — (W A)y.

ProOF. A functor W’ : G-RngCat — (G x £)Sp and an additive group completion
n:BA — (W'A)y were constructed in [3]. Let W = W’ o P. The group completion is
obtained by composing n with the unit of the (P,U) adjunction. n

If A is a category with cofibrations and weak equivalences, write co A and w A for the

subcategories of cofibrations and weak equivalences respectively. The K-theory of A is
denoted K (w; A).

2.7. DEFINITION. Let A be a category with cofibrations and weak equivalences, and let
V denote the symmetric monoidal structure induced by the cofibrations. A lax G-ring
category with cofibrations and weak equivalences is an object (A, ®,0) € G-Rng(Cat)
such that 1d : (A, ®) = (A,V) is a symmetric monoidal natural isomorphism and co A,
w A are sub lax G-ring categories of A. The category having these objects is denoted G-
Rng(Cat).,; the morphisms are the exact functors in G-Rng(Cat). The subcategory of
objects and morphisms with strict G-structure is denoted G-RngCat,,,.

2.8. THEOREM. There is a functor Kg : G-Rng(Cat)., — (G x L)Sp such that the
additive spectrum of Kg(w; A) is equivalent to the spectrum of K(w; A) (as spectra).

ProOOF. This was shown for G-RngCat,, in [4]. The present case is immediate from
Theorem 2.5. u

3. Lax C n-categories

The first three definitions are from [14] with slight changes for the topological case. This
approach to n-categories is well-suited for our development of lax n-functors and lax
n-natural transformations in this section.

3.1. DEFINITION. A category is a space A with maps s,t: A — A and * : {(a,b) €
AXx A :tla) =s(b)} — A satisfying:

(i) ss =ts=s, tt = st =t and the inclusion Ay C A is a cofibration, where Ay =

s(A) =t(A)
(ii) s(bxa) = s(a) and t(b+*a) = t(b)

(iii) s(a) =t(v) =v implies axv=a
u=s(u) =t(a) implies uxa=a
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(iv) s(a) =t(b), s(b) =t(c) imply a*(bxc)= (ax*xb)x*c
where b a denotes the value of * at (a,b).

We will write (A, ) for the category (A, s,t,*) where u = (s,t,*) is thought of as a
partially defined operation on A.

3.2. DEFINITION. A 2-category (A, o, p1) with p,. = (S, t,, %) consists of categories
(A, o) and (A, py) satisfying:

(i) s150 = So = Sps1 = Sot1, to = tos1 = tot1 and the inclusions Ay C A; C A are
cofibrations, where A, = s,(A) = t,.(A).

(ii) so(a) = to(a’) implies s1(a*qa’) = s1(a) *¢ s1(a’) and ti(a*xga’) =ti(a) *o t1(a’)

(11i) s1(a) = t1(b), s1(a’) = t1(V), so(a) = to(a’) imply
(@1 D)o (a %1 V) = (a*ga)*; (bxogl)

3.3. DEFINITION. An n-category (A, {u,}'=5) consists of categories (A, u,) such that
(A, pir, pis) is a 2-category for 0 <r < s <n—1. A, = s.(A) = t.(A) is called the space
of r-cells.

An n-category (A, {u,}"'=y) determines an (n — 1)-category oA = (A, {p, "2 ) with
r-cells the (r+1)-cells of A. From this we get an (n — 1)-category (6 Ax 0 A, {ur 1) the
pullback of 0 A Do, Ay <2 oA with ith composition coordinatewise (and still denoted
;). Note that pg : 0AxgocA — oA is an (n — 1)-functor. We also regard the space
of O-cells as an (n — 1)-category (Ao, {p,}"=1) with all cells identities. The inclusion
Iy: Ay — oA with Iy(a) = 1, is an (n — 1)-functor. The full sub (n — 1)-category of Ay
with one object (the basepoint) is denoted A°. A map F : A — A’ of n-categories is a
based map compatible with sources and targets. F' a based map means F(1,) = 1g, for
ain A°. F determines maps oF : 0A — 0 A', 0F xq0F : cAxg0A — 0 A'xo0 A" and
F() . A() — A6 with FQ(]_Q) = ]-Fo(a)-

If : Ag — oA’ is a map of (n — 1)-categories we can form composite maps

(s0, lo-A axgoF G
O'S(OC,F) oA A(]X()O'A 0 AIXOO'A/—O>O'A/

oi(F,a): cA (Loato) o AxyAp 7Exqe oA xqo A’ o, oA
In what follows F' will be a lax n-functor and « will be the zeroth component of a lax
n-natural transformation. The composite maps above will then be lax (n — 1)-functors.
To help motivate the definitions of lax n-functor and lax m-natural transformation
we first reformulate them in the case n = 2. Vertical and horizontal composition in the
2-category Cat are denoted by e and o respectively.
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3.4. DEFINITION. A lax 2-functor (F,p,n) : (A, uo,p1) — (A, pg, 1)) consists of a
map F : A — A’ of 2-categories such that oF : cA — oA’ is a functor, and natural
isomorphisms ¢ : 0 F o g — pgo (0FxgoF) and n: oF o Iy — I} o Fy satisfying

(i) (g0 (pxo0F)) e (po (poXolea)) = (kg o (0 F Xop)) ® (¢ 0 (154 X0t0))
(i) oi(F,n) e (po (1o, Iote)) = lor = o5(n, F') @ (¢ 0 (Igs0, 154))

F'is a strict 2-functor if ¢ =id and n = id.

3.5. DEFINITION. Let (F,p,n), (F',¢',n') : (A u) — (A, 1) be lax 2-functors. A lax
2-natural transformation « : (F,¢,n) — (F',¢', 1) consists of a functor a® : Ay — oA’
with a®(a) : Fa — F'a and a natural isomorphism oo = o' : 0,(a’, F') — o4(F, a°)
satisfying

(i) (1 0 (Fxoo)) @ (1 0 (Gaxoa F")) @ (11 0 (a0, ¢")) = (1 © (10, a"t)) @ (ot 0 pro)
(i) (1 o (n, ")) & (oao Iy) = pg o (2, 1)

« is a (strict) 2-natural transformation if the components of o' are identities in (A’ 11}),
ie. oa: os(a’ F') — oi(F,a) is the identity transformation. « is a (lax or strict)
2-natural isomorphism if the components of a° are isomorphisms in (A’, up).

3.6. DEFINITION. Let a, B : (F,,n) — (F',¢',n') be lax 2-natural transformations. A
modification p : o — 3 consists of a map p : Ay — o A" with p(a) : a°(a) — 3°(a)
such that o3 e os(p, F') = 0,(F, p) e ocv.

The definition of modification is included here for convenience and will not be needed
until section 4.

We next define lax n-functor, lax n-natural transformation and certain composites of
the latter simultaneously by induction on n.

3.7. DEFINITION. A lax n-functor (F,¢,n): A — A’ consists of a map F: A — A’ of
n-categories such that o F = (F, ()22, (0:)1=2) : 0 A — 0 A" is a lax (n—1)-functor, and
lax (n—1)-natural isomorphisms po : 0 Foug — pno(cFxgoF) andng : 0 Foly — IjoF,
satisfying

(i) (1150 (poxo0F)) @ (po 0 (oX0lsa)) = (1g 0 (0 F Xop0)) @ (¢o © (1oaX0k0))
(ii) oi(F,1m0) ® (w0 © (154, loto)) = lor = a5(10, F') @ (90 © (1950, 154))

F is a strict n-functor if ¢ =id and n = id.
3.8. DEFINITION. Let (F,p,n), (F',¢',n') : (A,u) — (A", 1) be lax n-functors. A lax

n-natural transformation a = (/) : (F,¢,n) — (F',¢', 1) consists of an (n — 1)-
functor a® : Ay — o A" with a°(a) : Fa — F'a and a laz (n — 1)-natural isomorphism

oa = (&)} oy, F') — o(F,a®) satisfying

(i) (1o (0 Fx00a)) o (1o (caxoa ")) » (11 0 (a%s0,4)) = (1 © (90, a%)) ® (901 puo)
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(i) (kg o (no, @) @ (oao Iy) = pg o (a?,17p)
« is a ( strict) n-natural transformation if the components of o are identities in (A’, u})
fori>1, ie. ca:oy(a’ F") — o4(F,a°) is the identity transformation. « is a lax (or
strict ) n-natural isomorphism if the components of a° are isomorphisms in (A, up).

The compositions @ and o in (i) and (ii) are defined inductively as follows. Suppose
lax n-functor, lax n-natural transformation and the compositions e and o for lax (n — 1)-
natural transformations are defined. If F,F' F" : A — A’ are lax n-functors and
a:F — F', 3 : F" — F" are lax n-natural transformations, then the vertical composite
fea:F — F”is the lax n-natural transformation defined by (5 e ) = o (a?, 3°)
and o(Bea) = oy(r, 3°) e o5(a?; 3), where the latter is vertical composition of lax (n —1)-
natural transformations each of which is the horizontal composite of lax (n — 1)-natural
transformations. For example o;(c, 8°) = pf o (cax¢B3°) o (154, to).

IfG:A” — Aand H: A — A" are lax n-functors, then we can define horizontal
composites & o G and H o« as follows. First « oG : F oG — F’ o G is the lax n-natural
transformation defined by (a0 G)° = a® o Gy and

o(aoG) :oy(a’ oGy, F' o G) = 0y(a’, F') 0 6G "% 6,(F,a°) 0 6G = 0,(F 0 G, 0 Gy)

where the identities for o4 and o, are equalities of lax (n — 1)-functors.
Hoa: HoF — Ho F’is the lax n-natural transformation defined by (H o )" =
oH oo’ and

o(Hoa) : o4(cHoal, HoF') % g Hooy(a, F') “22%% ¢ Hooy(F, o) > o,(HoF, 0 Hoa)

where g = (o)t o (a’xgoH) o (80, 1y4:), h = @oo (0 Fxoa’)o(1,4,t) and the composite
is vertical composition of lax (n — 1)-natural transformations.

In defining these compositions for degree n we have implicitly used the fact that each
is strictly associative in degree n — 1. This is obvious for n = 2 and can be verified by
induction in general.

Let n— Cat denote the category with objects the n-categories and morphisms the
lax n-functors. It is not a 2-category with the lax n-natural transformations as 2-cells.
We do get a 2-category n—Catg by restricting to strict n-functors and strict n-natural
transformations.

If C is a braided cat-operad let ¥(ji,...,Jjk) : Cx X Cj; X --- X Cj, — Cxj, be the
composition of C and ¢(jy, . . ., jx) : Cx XCj, X+ - XCj, x A% — C,xCjy x AT -+ - xCj, X Al
the obvious isomorphism. Also let 4 : A — C; X A be the n-functor given by I4(f) =
(14, f).

3.9. DEFINITION. LetC be a braided cat-operad. A lax C-object in n—Cat is an n-category
(A, u) with laz n-functors (0;,0;,m;) : C; x A — A and laz n-natural isomorphisms

g:010ly — 14

(g, Jk) 1Ok o (le, X 05 X - x 0, )ot(ji,...,Jk) — Osj 0 (Y(jrs- - Jk) X 1ami)
such that
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(i) Or(uo;a) = Ox(u; 0a), for o € ¥y, and morphisms u in Cj, and a in A*
(1) 00(0;%) = % and 6y is a strict n-functor

(iii) co0b; =a(j)ol where I:C;jx AV — Cy x C; x A7 with I(u, f) = (11,u, f)

(iv) 00 (0 x - x0o)=a(l,...,1) o J where J:Cjx AV — C; x (C1)) x A7 with
J(u7 f) = <u7(11)]7f)

(v) la(ry, .. re) o (g, X Y(r1n, -, 714y) X Tars X oo X y(Thrs ooy Thjy) X Lan)] @
[Hko(lck X 05(7“11,---,7'1]'1) X X O‘(Tklw' Tk]k) ] =
[a(r1y, - Tkjk) (Y(Jrs - k) X :lcr11 X AT11 ><~--xCrkjkxAr’“jk) oT!
(le, X t(rin, .. yr1jy) X oo X E(Pgay ooy Thj )] @
[06(7”1,..., ) (1Ck><9r11 'XeTkjk)o(leXt(rllv"'7rljl)X‘”Xt(rkl""’rkj’“»]

where T': Cp X Cjy X -+ X Cj X Cpyy X A™ X X Gy o X A — Gy X Cjy X Gy X AT X
- xC

T1j Ce . Tk1 e Tk 4 ; ; ;
g, XA XX Gy X Gy XA X X ijk. x A"k is the obvious isomorphism
and r; = XL Ty

We say A is a strict C n-category if each 0; is a strict n-functor, o = id and o = id.

3.10. REMARKS. (i) A lax C-object in 1—Cat is the same thing as a lax C-object in Cat,
so there is no conflict with the terminology of section 1.

(ii) The notion of lax (braided) monoidal 2-category as defined in [8] is a special case
of Definition 3.9. A lax monoidal 2-category is just a lax M-object in 2—Cat and a lax
braided monoidal 2-category is just a lax B—object in 2—Cat.

3.11. DEFINITION. Let A and A" be lax C n-categories. A lax n-functor F : A — A’ is
a lax C lax n-functor if there are lax n-natural isomorphisms

hj): Fob; — 00 (1c, x F)
such that
(1) h(0) =
(ii) (0’ o F)e (h(1)oI)=Foo where I : A — Cy x A with I(f) = (11, f)

(i) [h(7) © (Y(r, -, Jk) X Las)] @ [0 aGu, .., ji)] =
[/ (G2, - k) © (Le, X F7)] @ [0 0 (1g, X h(j1) X -+ X h(jr)) 0 t(j1,. .., )] ®
[h(k) (]‘Ck X le X X ij) Ot(jla SR 7]k)]

where 7 = X7;.
F is a (strict) C laz n-functor if h =
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3.12. DEFINITION. Let F,F" : A — A’ be lax C lax n-functors. A lax C lax n-natural
transformation is a lax n-natural transformation T : F' — F' such that h'(j) @ (T 06;) =
(050 (1e, x 77)) ® h(j).

If F and F' are strict C laz n-functors (so that h and h' are identities), then we call
T a (strict) C lax n-natural transformation.

NOTATION. A lax n-natural transformation a = (af)!2; : F — F’ determines shifts
ofa = (o)} spa — tra, a lax (n — k)-natural transformation, for k = 0,...,n — 1.

Thus spa = F, s = 04(a’, F'), ete.

The coherence theorem 3.13 below is based on the following construction of an n-
category A’ from a lax n-functor F' : A — A’. First let (A%),_1 = A,_1 as (n — 1)-
categories. The n-cells of A% are the triples (f,x, g) where f and g are (n — 1)-cells of A
such that s.(f) = s.(g9) and t,.(f) = t,.(9) forr =0,...,n—2and x : Ff — Fg is an
n-cell of A’

If (f,x,g9) and (f', 2, ¢") are n-cells such that s,.(f',2',¢") = t,.(f,z,g) the rth compo-
sition is defined as follows. If = n — 1, then f' = g and we let (f',2',¢")0,(f, x,9) =
(f,x'*.2,q'). Forr <n—11let (f',2',¢")T,(f,x,9) = (f'*f,y, ¢'*,.g9) where y is the n-cell
described below.

Consider the lax (n—r—1)-natural transformation o, = (%)= "2 : 6" ' Fou, — o
(0" Fx,0™ 1 F) and its shifts o, = (01)1 2 spp, — tpp, for k=0,...,n—r—2.
We can apply the map pl. o (6" Fx,.0" F) to the pair (p,p") = ((f,z,9), (f,2',¢")) and
obtain p, (z,2") : p.(Ff,Ff) — ul.(Fg, Fg') an n-cell of A’. In a similar way we can
apply the shifts of this map to the pair (p,p’). These shifts are top,, s1¢:, taip,, etc. Also,
it y : Fu,(f, f') — Fu.(g,¢") is an n-cell we can apply the shifts of 0" F o p, to y/'.

Now take k = n — r — 2 above and consider the natural isomorphism o™ " 2yp, =

OV S 90— ty_por. If m — 1 is even, then s, . »p, and t,_, o, are shifts
of 0" F oy, and p o (6" F'x,0""1 F) respectively. In this case there is a unique n-cell

y: Fu(f, f') — Fu.(g,9') satisfying

1 n—r—2

*;Lfltn*T*ZSOT(Z%p/)*;LflSOr <f> fl)

n—r—2

Sner—or(y) = &1 (g, 4')”

The case when n —r is odd is similar. In principle one could obtain an explicit description
of y as a pasting composite by unravelling the iterated shift, but this is extremely tedious.
The above descirption has the advantage that checking associativity and the interchange
of compositions is relatively painless.

The n-cells that are identities for O, are easy to describe. If f is an r-cell the identity
n-cell is (1?_T_1, F(l?"’_l), 1?_T_1) where 1}‘_T_1 is the identity (n — 1)-cell on f. To see
that this is an identity for O, requires unravelling the shifts for the lax (n —r — 1)-natural
transformation 7,. This completes the construction of A%.

Let C(n— Cat) be the category with O-cells the lax C n-categories (A, 0, a,0) and
1-cells the lax C lax n-functors (F, h). The subcategory C<n—Cat > has 0-cells the strict
C n-categories and 1-cells the strict C lax n-functors. Let U : C<n—Cat >— C(n—Cat)
be the inclusion.
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3.13. THEOREM. Thereis a functor P : C(n—Cat) — C<n—Cat > such that (P,U) is an
adjoint pair. Moreover the unit and counitn(A) : A — UP(A) ande(X) : PU(X) — X
are equivalences in C(n—Cat) (i.e. U(e) is an equivalence).

PROOF. If A is a O-cell in C(n—Cat) let PA = Aj, the n-category associated to the lax
n-functor 0 : [1;50Cj xp, AV — A with O(u; fi, ..., f;) = 0;(u; fr, ..., f;).

Define a C-action § on (PA),_; as follows. On r-cells, r < n, let

gk(u§ <u1§f117--~7f1j1);---7(uk§fk17---7fkjk)) = (’Y(U;Ul,--~,uk);f11,---7fkjk)

For n-cells ./T\Z = ((ul, fib ce fiji),a:i, (Ui;gﬂ? . 7giji>)7 1= 1, . ,]{? with Sn_g(ui> = Gy,
tn—o(wi) = diy Sn—a(fi) = Sp—2(9a) = au and t,_o(fu) = tn—2(ga) = by, and u : ¢ —
d in Ck’a let ek(uai\l?vi‘\k) = (f?'Iag) Where f = (7(u;u1a"'7uk);f117""fkjk)7 g =
(y(u;v1, ..., 0k); G115 - - -5 Gk j,.) and x is the unique n-cell of A such that

[OzniQ((d; dl, . 7dk), bu, . 7bkjk)*n—2 Qk(u, 1y ,J}k)] *n1
a" (s un, k) fins s frgy) =
a" (w01, 0k); g11s - s ki) ¥n—1[T *n o a"2((c; e,y cr) A, - s Qg gy, )]

If (F,h) : A — A’ is a lax C lax n-functor, define a strict C lax n-functor PF :
PA — PA" as follows. On r-cells, r < n, let PF((u; f1,...,f;)) = (w; Ff1,...,Ff;).
If (f,z,9) = ((u; f1,-..,fj),z, (v;91,...,9;)) is an n-cell, then we let PF(f,z,g9) =
(W F .. FL)y.

(v; Fagr,...,Fg;)) where y is defined as follows. Consider the shift " *h(j) = h(j)" ' :
Sp—1h(j) — tn—1h(j). If n is even, then s,_1h(j) is a shift of F o §; and as in the
construction prior to the theorem the n-cell s,_1h(j)(x) is defined. Then y is the unique
n-cell such that y*,_1 h(7)" " (u; f1,..., f;) = h(G)" v; 91, ;) *n—1 Sn_1h(j)(2). y is
defined in a similar way if n is odd. The remaining verifications are straightforward. m

Theorem 3.13 has the following variant obtained by replacing the underlying category
n—Cat with the 2-category n—Catg. Thus let C(n—Catg) be the 2-category with 0,1
and 2-cells the lax C-objects in n—Cat, lax C strict n-functors and lax C strict n-natural
transformations, and let C[n—Catg] be the sub 2-category in which the C-structures on
0,1 and 2-cells are strict as well. Let V : C[n—Caty] — C(n—Catg) be the inclusion.

3.14. THEOREM. There is a 2-functor P : C(n—Catys) — C[n—Caty] such that (P, V)
is a 2-adjoint pair. Moreover the unit and counit n(A) : A — VP(A) and £(X) :
PV(X) — X are equivalences in C(n—Catg) (i.e. V(¢) is an equivalence).

PROOF. The functor P of Theorem 3.13 is defined on the 0 and 1-cells of C(n— Caty),
and it extends to the 2-cells in an obvious way. n
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4. Tensor products for A rings and modules

4.1. DEFINITION. Let A,A; and Ay be symmetric monoidal categories. A functor F :
Ay X Ay — A 1s 2-symmetric monoidal if there are natural isomorphisms

w1<G1,G2,b) : F(al ®a27b) I F(alab> @F(Gg,b)

w?(a, by, by) : Fla,by @ by) — F(a,b) ® F(a,by)
such that

(i) (F(—,b),w'(—,b)) and (F(a,—),w*(a,—)) are symmetric monoidal functors

(ii) w'(ay,as,—) : Fla; @ ag,—) — F(ay,—) ® F(ag, —) is a symmetric monoidal
natural transformation (equivalently w?(—,by,bs) @ F(—,by @ by) — F(—,b;) &
F(—,by) is a symmetric monoidal natural transformation)

for all objects a,ay,as € Ay and b, by, by € As.

4.2. DEFINITION. Let (F,w',w?), (G,v',v?) : Ay x Ay — A be 2-symmetric monoidal
functors. A 2-symmetric monoidal natural transformation is a natural transforma-
tion h : F — G such that h(—,b) : (F(—,b),w'(—,b)) — (G(—,b),v'(—,b)) and
h(a,-) : (F(a,—),w?*(a,—)) — (G(a,—),v*(a,—)) are symmetric monoidal natural
transformations for all objects a € Ay and b € A,.

h is a 2-symmetric monoidal natural isomorphism if h is also a natural isomorphism.

k-symmetric monoidal functor (F,w',... wk): A; x---x A, — A and k-symmetric
monoidal natural transformation are defined similarly.
If F;: Apn, x--- x A;,, — B, is an r;-symmetric monoidal functor for ¢ = 1,... )k

and H : By X - -+ X By — A is a k-symmetric monoidal functor, then H o (Fy X -+ - X F},)
is a X r;-symmetric monoidal functor. The verification is straightforward.

The use of k-symmetric monoidal structures simplifies the coherence conditions for a
lax G-ring category (Definition 2.1).

4.3. DEFINITION. Let G be a braided cat-operad. A lax G-ring category (A, ®,0) con-
sists of a symmetric monoidal category (A, ®,0,¢/,v") and a lax G-category (A, 0,1, 0, a)
satisfying

(1) 0;(g; f1,-..., f;) = Lo if fi = 1o for some 1.

a((y;z1, ..., 2k);a11, - - -5 agj,) = Lo if ars = 0 for some r,s.
(i) There are natural distributivity isomorphisms 5;- (x;a1,...,0;,a;,...,a5) ,1 <i<j,
0
. / J . . /
0;(z;a1,...,a;®al,...,a;) = b;(z;a1,...,0;...,0;) ®Oj(x;aq,...,d,...,4q;)

such that

(a) (0;(z;—),0;(x;—),... ,(5?(:6; —)) is a j-symmetric monoidal functor.
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(b) av:0p0(1x8;, x---x0;)ot — by, 0(yx1)is aXj;-symmetric monoidal natural
transformation.

(c) o:(0:1(1;=),01(1;=)) — 14 is a symmetric monoidal natural transformation.

(d) (0;(x7; =), 6} (273 =), ..., 60 (73 —)) =
(0; (25 p7(—)), 87 (25 p7(=)), - ., 7 (@ p7(—)))

as j-symmetric monoidal functors, where T € B;.

A is a (strict) G-ring category if (A, ®) is permutative and (A,0) is a G-category, i.e.
o =1id and a = id.

From now on we consider only strict G-ring categories which can always be arranged
by Theorem 2.5. We also assume G is one of the braided cat-operads M, B or S of section
one. In each case there is a morphism of braided cat-operads M — G, so any G-ring
category has an underlying M-ring category. This assumption is not overly restrictive by
a standard change of operad argument, [3;§4]. In fact the most important examples of A
and E, rings are already covered by the above list (¢f. Examples 2.4). We say a G-ring
category satisfies strict left distributivity if 5;(«9]'; ar,...,a;,a,...,a;) = id when a; =1
for k > i (notation as in 4.3). Imposing this condition results in no loss of generality since
it holds for the G-ring category PA of Theorem 2.5.

Let R be a G-ring category. The multiplicative operation s(es; —) : R X R — R will
be denoted p(r,s) or r ® s. Note that this is a 2-symmetric monoidal functor.

4.4. DEFINITION. A lax (left) R- module is a symmetric monoidal category M with
a 2-symmetric monoidal functor (o, w',w?) : R x M — M, a symmetric monoidal
natural isomorphism o : (a(1,—),w?(1,—)) — Id and a3-symmetric monoidal natural
isomorphism v : ao (1g X o) — o (u X 1pr) such that:

(i) v(1,s,a) = o(a(s,a)) and v(r,1,a) = a(1,,0(a))
(i7) v(r ® s,t,a)ov(r,s,a(t,a)) =v(r,s®t,a)oa(l,,v(s,t a))

M is an R-module if M is a permutative category and o =id; M is a strict R-module if
in addition v = id and w? = id.

4.5. DEFINITION. A lax R-module morphism is a symmetric monoidal functor F :
M — M’ with a 2-symmetric monoidal natural isomorphism h: Foa — o/ o (1g X F)
such that

(i) o'(Fa)oh(l,a) = Fo(a)
(i1) h(r ® s,a) o Fu(r,s,a) =v'(r,s, Fa) o a/(1,,h(s,a)) o h(r,a(s,a))

F' is an R-module morphism if M and M’ are R-modules. F is a strict R-module mor-
phism if M and M’ are strict R-modules, F' is permutative and h = id.
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4.6. DEFINITION. Let F,G : M — M’ be lax R-module morphisms. A lax R-natural
transformation is a symmetric monoidal natural transformation 7 : FF — G such that
ha(r,a) o T(a(r,a)) = o(1,,7(a)) o hp(r,a). 7 is a lax R-natural isomorphism if its
components are isomorphisms in M'. T is an R-natural transformation if I and G are
R-module morphisms, and T is strict if F' and G are strict.

The 2-categories of lax R-modules, R-modules and strict R-modules are denoted by
R—(Mod), R—Mod and R—[Mod] respectively. Similarly there are 2-categories of right
modules (Mod)—R and Mod— R. Regarding R as a left R-module, the condition of strict
left distributivity on R is equivalent to saying R is a strict left R-module, and similarly
for right modules. Since a G-ring category will rarely satisfy strict right distributivity at
the same time, it is not useful to consider strict right modules.

Let U : R—[Mod] — R—(Mod) and V : R—[Mod] — R—Mod be the inclusions.

4.7. THEOREM. There is a 2-functor P : R—(Mod) — R—[Mod] such that (P,U) is a
2-adjoint pair and the unit n and counit € are equivalences in R—(Mod) (i.e. U(e) is an
equivalence). Moreover, (P,U) restricts to a 2-adjoint pair (P,V) between R—Mod and
R—[Mod] with unit and counit equivalences in R—Mod.

PRroOOF. For a lax R-module (M, «, 0,v) let My be the smash product (obj R) A (obj M)
formed using the basepoints O and 0,;. The space of objects of PM is the free based
monoid on M, and we define a map 7 : obj (PM) — obj M by 7((r1,a1)0 - O(rk, ax))
= a(ry,a1) & (are,as) & -+ ((rg—1, ax—1) ® a(rg,ax)) - --). mor (PM) is the space of
triples (a, f,b) with a,b € obj (PM) and f : w(a) — m(b) a morphism of M. For objects
a,b in PM coherence determines an isomorphism 7 (a0b) — =(a) ® w(b). PM is a
permutative category via (a, f,b) ® (o, f', V) = (aOd’, g, b0V’) where g is the composite

m(a0a’) — 7(a) ® m(a’) 1o, 7(b) ® w(b') — w(b3b")

The commutativity isomorphism 7 has components (a0b,7(a, b),b0a) where 7(a, b) is the
composite
m(a0b) — 7(a) ® 7(b) L 7(b) ® 7(a) — 7w(bDa)
with g = y(mw(a), 7(b)), the commutativity isomorphism of M.
R acts on the objects of PM by a(r, (r1,a1)3---O(rg,ax)) = (r @ r1,a1)0---0(r @
Tk, ax), and coherence gives isomorphisms m(a@(r,a)) — a(r, m(a)). On morphisms we let
a(u, (a, f,b)) = (@(r,a), f,a@(s,b)) where u : 7 — s in R and f is the composite

r(@(r,a)) — a(r,m(a)) L a(s, 7 (b)) — m(@(s,b))

We have a 2-symmetric monoidal functor (@, w',w?) with w? = id and w' having
components w'(r, s, a) = (a(r @ s,a), g, a(r,a)0a(s,a)) where g is the composite

wl(r,s,m(a))

m(@(r®s,a)) — alr@s,n(a)) == " a(r,7(a)) ® a(s,m(a))

— 7w(a(r,a)) ®n(a(s,a)) — w(a(r,a)0(a(s, a))
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This defines a strict R-module structure on PM.

If F: M — M’ is a lax R-module morphism define PF' : PM — PM’ on ob-
jects by PF((ry,a1)0...0(rg,ax)) = (r1, Fap)O...O(rg, Fag) and note that coherence
provides isomorphisms 7'(PF(a)) — F(n(a)). For (a, f,b) in PM let PF(a, f,b) =
(PF(a), f,PF(b)) where f is the composite

7 (PF(a) — F(x(a)) “2 F(r(b)) — 7' (PF(b))

PF is a strict R-module morphism.

If 7: F — G is a lax R-natural transformation let Pt : PF — PG be the strict
R-natural transformation with components P7(a) = (PF(a),g, PG(a)) where g is the
composite

7(PF(a)) — F(r(a) "™ G(r(a) — 7'(PG(a))

The unit and counit are defined as in the proof Theorem 2.5 or 1.7. The remaining
verifications are routine. [

4.8. EXAMPLE. The commutative monoid S° = {0,1} is an S-category with zero and
hence S(S%) is an S-ring category (see [3;§3]) where S is the monad associated to S. Tt
satisfies strict left distributivity. S(S°) is the analogue for (lax) modules of the ring of
integers. If R is a G-ring category (satisfying strict left distributivity), then the inclusion
SY < R extends to a permutative functor S(S°) — R which is in fact a morphism of
G-ring categories. Thus an R-module has an underlying S(S°)-module. Also, there are
equivalences of 2-categories

S(S%) —(Mod) = SymMon S(S%) —Mod = Perm

For the latter let J : Mod —S(S%) — Perm be the 2-functor that sends a right S(S°)-
module to its underlying permutative category and define I : Perm — Mod — S(SY)
by I(M) = (M, a) where a(a,[e,;1,...,1]) =a® -+ @ a (n terms). (M) is an S(S)-
module with v = id (but is not strict). Then Jol =id and I o J = id. Now combine this
equivalence with the isomorphism S(S%)—Mod = Mod—S(S°) (see the discussion prior
to 4.16).

4.9. DEFINITION. (i) Let F,F' : A — A’ be lax 2-functors and o : F — F' a lax
2-natural transformation. o is a lax 2-natural equivalence if there is a lax 2-natural
transformation T : F' — F and modifications p : Tooc — lp and X : 0 o7 — 1
whose component 2-cells p(a), N(a') are isomorphisms in (A’, u}).

(i) Let F : A — A’ and G : A — A be lax 2-functors. We say (F,G) is a lax 2-
adjoint pair if there are lax 2-natural transformationsn: Id — Go F ande: FoG —
Id, and modifications p : eF o F'n — 1p and A\ : Ge o nG — 15 whose components
pla), A(a’) are isomorphisms in (A’, ) and (A, uy) respectively. Note that for F,G strict
2-functors, (F,G) is a 2-adjoint pair when 1 and € are strict and the components p(a),
A(d') are identities.
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If also n and e are lax 2-natural equivalences we say (F,G) is a lax 2-adjoint, lax
2-equivalence. If we only have Fn and Ge lax 2-natural equivalences we say (F,G) is a
lax 2-adjoint, weak lax 2-equivalence. Finally, if we drop the adjointness condition, but
still assume n and € are lax 2-natural equivalences, we say F' (or G ) is a lax 2-equivalence
of the 2-categories A and A’'. If the functors or transformations are strict we drop the
adjective “lax”.

The coherence theorems in sections 1 through 4 (except for Theorem 3.13) say that
(P,U) is a 2-adjoint, weak 2-equivalence. In Theorem 4.7, for example, the unit 7 is
a 2-equivalence while Ue is a 2-equivalence but ¢ is not. Note also that equivalence of
2-categories is the special case of 2-equivalence when all four modifications are identities.

We will shortly construct tensor products for R-modules. This is much simpler than
for lax R-modules and is no real limitation by the previous theorem. On the other hand,
some basic properties of the tensor product fail in R—[Mod], but hold in R—Mod (e.g. 4.17
(i)). The reverse is true in other situations, free modules for example, so it is necessary
to work in both categories.

4.10. DEFINITION. Let R, T € G—RngCat with both multiplicative operations denoted
by ®. An R—T-bimodule is a permutative category M that is a left R-module (M, o g, vR)
and a right T-module (M, ar, vr) with a 3-symmetric monoidal natural isomorphism vg 1 :
aro (ag X 17) — ago (1g X ar) such that:

(i) ver(r,a,1) = layea and vpr(l,a,t) = laja

(11) vpr(ri @ re,a,te @ t1) o vp(ag(ry ® re,a),ta, t1) o a(ar(ve(r, re, a), 1y, 1) =
vr(r1, o, ar(a, ty @ t1)) o ag(ly,, ag(ly,, vr(a, ts, t1))) o
ar(l,,,vrr(re, ar(a,tz),t1)) o ar(ly,, ar(vrr(re, a,ta), 1)) o
vrr (11, ar(agr(re, a),ta), t1) o ar(vrr(ry, ar(re, a), t2), 1)

F: M — M is an R—T-bimodule morphism if it is a left R-module morphism
(F,hgr) and a right T-module morphism (F, hr) such that

U;?’T(T, Fa,t)odp(hg(r,a),1;) o hp(ag(r,a),t) =
ar(1., hy(a,t)) o hr(r,ar(a,t)) o Fogr(r,a,t)

An R—T-natural transformation is a symmetric monoidal natural transformation 7 :
F — G of R—T-bimodule morphisms that is both R-natural and T-natural.

The 2-category of R—T-bimodules is denoted R—Mod—T.

4.11. DEFINITION. Let M be a right R-module, N a left R-module and P a permutative
category. An R-biadditive functor is a 2-symmetric monoidal functor (F,w',w?) : M x
N — P with a 3-symmetric monoidal natural isomorphism

h:FO(O[MX1N)—>FO(1MXCYN)

such that
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(Z) h(_7 L, _) =1F
(”) h<a’7 r®s, b) © F(UM(CL7 Ty 8)7 1b> =
F(1,,vn(r,s,0)) o h(a,r,an(s,b)) o h(ay(a,r),s,b)

Suppose R is an S-ring category, P is a left R-module and lett : M x R x N —
Rx M x N be the obvious isomorphism. An R-bilinear functor is a 2-symmetric monoidal
functor (F,w',w?) : M x N — P with 3-symmetric monoidal natural isomorphisms

hliFO(OéMX1N)—>OépO(1RXF)Ot

h?:Fo(ly xay) — apo(lgx F)ot
such that F is R-biadditive via h = (h*)™! o h' and
(i) h'(=.1,-) =1p = h*(=,1,-)
(ii) vp(s,r, F(a,b)) o ap(ls, h(a,r,b)) o h*(ay(a,r),s,b) =
ap(Yr(r,8), Lr(p) o ve(r, s, F(a,b)) o ap(l,, h*(a, ,b)) o h'(a,r, an(s,b))
where vg is the multiplicative commutativity isomorphism of R.

4.12. EXAMPLE. A G-ring category R becomes an R— R-bimodule via the multiplicative
operation p : R x R — R. In this case vg g = id. Moreover 1 is R-biadditive and if R
is an S-ring category, then p is R-bilinear.

If we take R = S(S°), then R-biadditive is equivalent to R-bilinear and they imply
2-symmetric monoidal, but not conversely.

We now construct a tensor product functor ®g : Mod—R x R—Mod — Perm. Let
M be a right R-module, N a left R-module and A = S(M x N), the free permutative
category on M x N, where S is the monad associated to the cat-operad S. Now let T" be
a set of formal morphisms between objects of A of the following types:

w}((ar,br), ..., (a;,al,b;),...,(a;,b)) : [ej; (a1, 1), ..., (a; ® al,by), ..., (a;,b;)] —
[ej—i-l;(al;bl)»-"7(aiabi)v<ag’b2’)a""(aj’bj)]

w?((ay,by), ..., (@, b, b)), ..., (a;,b;)) : [ej; (a1, b1), ..., (ai, b; ®BL), ..., (a;,b;)] —
lejr1; (a1, b1), ..., (a;, b;), (a;, b)), ..., (a;,b;)]

hi((a1,b1),. .., (ai, 7, b:), ..., (aj,b;)) : [ej; (a1, b1), ..., (anm(ai,7),b;), ..., (a;,b;)] —
lej; (a1, b1), ..., (a;, an(r, b)), ..., (aj,b;)]

Let A7 be the graph with the same objects as A and mor A7 = mor A[[T [[T°°. Now
form the “localization” A[T~!] of A with respect to T as the free category on the graph
A7 modulo the identifications

. ul u Un . Uul Ui —1 U;OU;41 Uit 2 Un
(1) (I‘()%‘fl<—...<—xn)—<x0%...%xi_1 — Lyg %xn)
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if u; and w;y; are morphisms in A

toP

(ii)(J:Ly<—x):1xand(yﬁxiy)zly,fortET

(iii)(:c&y}—yy):(:miy)and(x<1—”x&y):(xﬁy),foruemorAT.

A is a subcategory of A[T~!] and we partially extend the permutative operation & to
the morphisms in T'[[T°P. Let a = [e;; (a1,b1), ..., (a;,b;)] and define

L, ® wi((c1, dv), ..., (cry di)) = wly;((ar,by), ..., (a5, b;), (cr, d), . .., (ck, dy))
wi((crydy), ..., (cryd)) ® 1o = wi((cr, dy), - . -, (cky di), (a1, b1), - . -, (aj, ;)
lo ® hi((c1,dr), ..., (ck,di)) = hivj((a1,b1), ..., (a;,b;), (c1,dr),. .., (ck,dy))
hi((c1,dv), ..., (ck, di)) ® 1o = hi((c1,dn), . . ., (ck, di), (a1, b1), ..., (aj, b))

and similarly for morphisms t°° = ¢=! in T°P. For example if 1, @t = u, then u is an

isomorphism and we let 1, ® ¢! = u~ L.

Let n; : (M x N)J T, A 25 A < ATV where n : Id —> S is the unit of the
monad S. Also let A denote a diagonal functor and P : M? x N> — (M x N)? the
obvious isomorphism. Define the tensor product M ®r N to be the quotient of A[T!]
by the (implied) identifications

(l) ?,Uzl 'mjo [1(M><N)i_1 X (@M X 1N) X 1(M><N)j—i] —
77j+1o[1(M><N)i*1X(Po(lMQXAN>)X1(M><N)j*i]
wf 1m0 [1(M><N)i—l X (1M X @N) X 1(M><N)j7i] —
77j+10[1(M><N)¢71X(PO(AMX1N2>>X1(M><N)J>¢]
hi sn;o [1(M><N)i71 X (OCM X 1N) X 1(M><N)j7i] —
n;j © [1(M><N)i*1 X (lM X aN) X 1(M><N)j*i]

are natural transformations

(i) (9, wi,w?) is a 2-symmetric monoidal functor and h; : no (ay x 1y) — no (1 x
ay) is a 3-symmetric monoidal natural transformation such that 7 is R-biadditive

(111> (ul ® 1112) © (111 ©® u2> = <1y1 ® u2) © (ul ©® 112)

for morphisms wu; : x; — y; in Ar.

Now for morphisms u = (2 ¢ 21 +2 -+ <2 2, ) and v = (Yo o Yy = -+ 2
Ym ) iIn M@grN define u® v as follows. The identifications above imply that each diagram
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Ui S>) 1yj

Z; DYj ZTit1 D Y;j

1161‘ D V41 1961‘-;-1 D Vj+1
Uip1 D 1y,

- T
Ti DYj+1 ZTi+1 D Yj+1

commutes. Thus the m x n diagram formed from all these squares commutes and so
there is a uniquely determined morphism v ® v : x, ® Yy, — To D yo. This defines the
operation @ and ensures it is a functor. It is clear from the construction that M®@pzrN is
a permutative category and that the composite

MxN-"1 A— AT — M®gN

also denoted by 7, is R-biadditive.

4.13. THEOREM. Let M be a right R-module, N a left R-module and P a permutative
category. If (F,wk,wi hp) : M x N — P is R-biadditive, then there is a unique
permutative functor F : M@rN — P such that Fon = F. Moreover, if G : M@rN —
P is symmetric monoidal with G on = F, then there is a symmetric monoidal natural
isomorphism G — F.

PrROOF. Let A = S(M x N) and T be as above. F induces a permutative functor
F" : A — P which extends to a morphism of graphs I : Ay — P as follows. For
morphisms of T'[[T°P we let

F'(wi((a1,b1), ..., (a;,a}, b;), ..., (aj, b)) =

L (ay b)) @@ F(ar1bi-1) D Wi (i, af, 0:) ® Lpa,, bis)@-0F(a;b;)
F'"(w?((ay,by), ..., (ai, b, b)), ..., (a;,b;))) =

Lp(ar )@@ F(ai1,bi-1) © WE(, 0i, U) @ Lpgas, biss)eo P (o b))
F"(hi((a1,b1), ..., (@i, 7,b;), ..., (aj,b;))) =

Lr(as p)e-@F(ai1bi 1) D Pr(ai, 7, 0) © 1pa b)) @--@F(a;))
F"(w}((ay,b1), ..., (a;, al, b)), ..., (a;,b;))P) =

L (ar,b))@-0F (a1, 1) PWE (i, af, 0) T B p(asy s bis )o@ F (g ,b;)
F"(w?((ay,by), ..., (ai, b, b), ..., (a;,b;))P) =

L (ar )@@ F(ai1,bi1) BWh (i, by, bg>71@1F(ai+1,b¢+1)EB-'-EBF(aj,bj)

F"(hi((a1,b1), - (@i, b5), . ., (aj,b5))°P) =

1F(a1,b1)@”~@F(ai_1,bi_l) @ h’F (a’iv r, bi)_l @ 1F(ai+1,bi+1)@~~~@F(aj,bj)
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Now F" induces a functor A[T~!] — P which in turn induces a functor F' : M@rN —
P such that F on = F. It is straightforward to check that I is permutative and has the
stated uniqueness property.

Given (G,wg) with G on = F, wg determines a symmetric monoidal natural isomor-
phism G — F. m

4.14. COROLLARY. ®gp is a 2-functor Mod—R x R—Mod — Perm.

PrOOF. If FF: M — M’ and G : N — N’ are morphisms of right and left R-modules
respectively, then

M x NZS M <« N M'opN'
is R-biadditive, hence induces a permutative functor FRrG : MQrN — M'QrN’.
If 7:F — F"and 0:G — G’ are R-natural transformations, let (7®g0o)([e;; (a1, b1),
..y (aj, b)) = lej — ej;(Tar,oby),...,(Ta;,ob;)]. This defines a permutative natural
transformation FRQrG — F'QrG’. n

The proof of the expected result for bimodules is straightforward and is left to the
reader.

4.15. COROLLARY. The tensor product ®g induces a 2-functor
T—Mod—R x R—Mod—T" — T—Mod—-T"

If R is a G-ring category, then its (ring) opposite R° has objects and morphisms a° for a
in R. R°is a G-ring category with a°®b° = (a®b)?, 05(x;as,...,a3) = 0;(v7j5a1,. .., a;)°
and (6°)5(x; a9, ..., af, (a})°, ..., a9) = 07y a1, ..., a5, aj, . .., a;)°, where 7;(i) = j+1—i.

If T is an S-ring category, then T"and T° are isomorphic in S—~Rng(Cat). F': T — T°
defined by F'(a) = a” is permutative and a lax S-morphism where h : Fof); — 690(1x FV)
has components h(c;ay,...,a;) = 0;(0c — 075314y, .., 14;)°.

For a G-ring category R and an S-ring category T, there are isomorphisms of 2-
categories R—Mod = Mod—R°, Mod—T"° = Mod—T (by Proposition 4.16) and T—Mod =
Mod—T. Also note that a (left or right) T-module is a T'—T-bimodule in the obvious
way, hence for T-modules M and N Corollary 4.15 implies M &7 N is a T'—T-bimodule.

4.16. PROPOSITION. Let R and T be G-ring categories. If R and T are equivalent (respec-
tively isomorphic) in G—Rng(Cat), then R—Mod and T—Mod are equivalent (respectively
isomorphic) as 2-categories.

PROOF. Let (p,wy, hy) @ R — T and (¢, wy, hy) : T — R be morphisms in G —
Rng(Cat) with lax G-ring natural isomorphisms 7 : ¢ o1 = Id and ¢ : Yo = Id. Define
2-functors I : R—Mod — T'—Mod and J : T'—=Mod — R—Mod as follows.

If (M, apr,vy) is an R-module let I(M, ap,vpr) = (M, G, 0pr) where apy = gy o
(¥ x 1ar) and Tpr(ty, ta,a) = apr(hy(ty,ta) ™ 1a) o var(W(t1), ¥ (t2),a). If (F,wg, hg) :
(M, apr,vpr) — (M, appr,vpr) is an R-module morphism let! (F,wp, hp) = (F, wF,?LF)
where hp(t,a) = hp(ip(t),a). If w: F — G is an R-natural transformation let (Iw)(a) =
w(a). J is defined similarly.
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Define a 2-natural isomorphism @ : J o I — Id with components a(M) = (¢, h,) :
(JolI) (M) — M where ¢ = 13 and h,(r,a) = ap(o(r),1,). A 2-natural isomorphism
7 :1oJ — Id is defined similarly. Thus R—Mod and T —Mod are equivalent as
2-categories.

If o and 7 are identities, then I = J~! so R—Mod and T'—Mod are isomorphic. [

4.17. PROPOSITION. Let M be a right R-module and N a left R-module.
(i) M®r REM and R®r N =N in R—Mod.
(ii) M @r N=N Qr M as R— R-bimodules, if R is an S-ring category.
(11i)) (MRrN)®rP = M@r(N®rP) if N is an R—T-bimodule and P is a T-module.

PROOF. ajp; : M x R — M is R-biadditive, so we get a permutative functor a,; :
M®rR — M. Define I : M — M®gR by I(a) = n(a,1) = [e1; (a,1)]. Then @, and
I are right R-module morphisms such that @,; o I = Id and I o @; = 1d. We note that
is a 2-natural transformation, but @ is only lax 2-natural.
The R-bilinear morphism M X N — N x M — N®rM induces a permutative
functor M@r N — N®prM which is easily seen to be an isomorphism of R—R-bimodules.
The proof of (iii) is straightforward (but lengthy) and is left to the reader. "

If M and N are R-modules let Homg(M, N) be the category with objects the R-module
morphisms from M to N and with morphisms the R-natural transformations. The set O
of objects is topologized as a subspace of Map(obj M, obj N) x Map(mor M, mor N) and
the set of morphisms as a subspace of O x Map(obj M, mor N) x O. This is a permutative
category under pointwise operations. Moreover if M is an R — T-bimodule and N is an
R — T'-bimodule, then Homg(M, N) is a T'— T"-bimodule.

An elaboration of the usual argument gives the following adjointness property.

4.18. PROPOSITION. If M is an R — T-bimodule, then (M&7(—),Homg(M, —)) is a lax

2-adjoint pair. In particular, if N is a T-module and P is an R-module, then there is an
equivalence of permutative categories (hence of S(S°)-modules)

Homp(M®7N, P) = Homy(N, Hompg(M, P))

If M is an R-module, then Hompg(M, M) is an M-ring category with multiplicative
operation being composition of functors and natural transformations. Distributivity iso-
morphisms

8t
Flo"'o(F%@_F;,)o“‘on—]>(FlO"'OEO"'OFj)@(Flo"'OF;-/O"'OF"j)

are defined inductively. For j = 2 let 03 = id : (F1 @ F])o Fy, — (Fy 0 Fy) @ (F| o
Fy) and 63 = wg (Fa(—), F5(=)) : Fio (Fy & Fy) — (Fy o Fy) & (Fy o Fy). Higher
distributivity isomorphisms are composites of these. Note that Hompg(M, M) satisfies
strict right distributivity, i.e. d}(e;; Fy, ..., Fj, F{, ..., F;) = id when F}, = 1y for k < i.
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The endomorphism ring EndgM is defined to be the M-ring category Hompg (M, M)°
which satisfies strict left distributivity.

If R is an M-ring category, then R and EndgR are equivalent in M—Rng(Cat). Define
¢ : R — EndgR by p(r) = p} where p, is right translation, and ¢(f : 7 — s) = 7¢
where 7; has components 7¢(a) = 1, ® f. Also define ¢ : EndgR — R by ¢(F°) = F(1)
and ¥ (7°) = 7(1). Then ¢ o p = Id and ¢ 0 ¢p = Id. The result is also true for a G-ring
category R when G is B or S.

We next construct a tensor product for algebras over an S-ring category. Suppose A
is a G-ring category with ¢ : End4A — A as above and let End4A4 be the sub G-ring
category consisting of the A— A-bimodule morphisms and A— A-natural transformations.
It is in fact an S-ring category.

4.19. DEFINITION. Let A be a G-ring category. The center of A is the sub G-ring category
Z(A) = (EndaAy), a full subcategory of A.

If Gis B or S, then Z(A) is the full subcategory with objects a such that v(a,z) =
y(x,a)~t for all objects z in A, where ~ is the commutativity isomorphism. Thus Z(A) =
A if A is an S-ring category.

4.20. DEFINITION. Let R be an S-ring category and A a G-ring category. A is an R-
algebra in G—RngCat if there is a morphism ¢ : R — A in G—Rng(Cat) such that
©(R) is contained in Z(A) and ¢ : R — Z(A) is a morphism in S —Rng(Cat).

A morphism of R-algebras is a morphism F : A — A’ in G—RngCat such that
Foyp = ¢'. An R-algebra natural transformation is a G-ring natural transformation
T : F — F' of R-algebra morphisms such that 7(p(r)) = ly@y. The 2-category of
R-algebras is denoted R—Algg.

4.21. EXAMPLES. (i) Any object A in G—RngCat is a Z(A)-algebra in G—RngCat.
(ii) There is an isomorphism of 2-caregories G—RngCat = S(S5°)—Alg; analogous to
the case of ordinary rings (ring = Z-algebra).
(iii) An R-algebra A is an A—A-bimodule and hence an A—R, R—A and R—R-bimodule
by restriction.

4.22. PROPOSITION. ®p is a 2-functor R—Alg; x R—Alg; — R—Alg;.

PROOF. Let (A,p) and (A',¢’) be R-algebras in G—RngCat. The construction follows
that for the tensor product of modules with some additional requirements.

First A x A" is a G-category with zero, where G acts diagonally, hence S(A x A’) is
a G-ring category satisfying strict left distributivity, [3;§3]. Next, partially extend the
multiplicative operation ® (i.e. the M-action underlying the G-action) to the morphisms
in T'T]T°P. It suffices to define just the following products by strict left distributivity.
Let a = [ej; (a1, b1), ..., (aj,b;)].

lo ® wi((c, ¢, d)) =
[62j - 0(27])7 (1a1®67 1b1®d)7 <1a1®c’7 1b1®d>7 SR <1aj®67 1bj®d)7 (]‘U«j®cl7 1bj®d>] ©
wi((a ®e,a1 @, b ®d) & Bwi((e;®c,a;©c,b;@d))o
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[6]'; (5%(62; ai,C, Cl)v 1b1®d)’ ) (53(62; aj, C, C/)v 1bj®d)]

where 0(2, j) € Xy; is the obvious shuffle permutation.

1, ® w((c,d,d')) =
[e2j - ‘7(27.7)3 (1a1®07 1b1®d)> <1a1®m 1b1®d’)7 T <1a]~®c> 1bj®d)7 (1aj®07 1bj®d/)] ©
2((a1®c hh@d b @d)) & Bwi((a;®@c,bj@d,bj@d))o
[ » \ta1®cy (62’b17d d/)) '7(1aj®6152(62ab d dl))]

(1
((Cly d1)7 (Ck7 dk)) ® 1[61§(a:b)] =
i((q@a,dl®b),-..,(ci®a7c;®a,di®b>,.-.,(ck®a,dk®b))o
ler — er; Leygas Layan), - - -5 (03(€25 ¢iy by a), Lason)s - - - s Lopwas Lagen)]

UJ?((Cl, dl)a SRR (Ck7 dk)) ® 1[61;(%5)] =
wH(cp ®a,dy @), ..., (c;®a,d;@b,d; @D),. (ck®a,dk®b))o
[ek i ek; 161®(Z7 1d1®b)7 R (16 KRas 6 (62) dl) dz) b)) c Ck®a7 1dk®b)]

1, ® hi((e,r,d)) =

[ej — €43 <1a1®07 714’(%0,(7,)7 bl) & 1d)7 RN (1aj®ca WA/(SO/(T)v bj) & 1d)] ©
(@ @erb@d)®- - &h(lecrb ©d)

hi((cb d1>7 ) (Ciara dz)> ) (Cka dk)) ® 1[61;(a,b)} =
hi<<cl®a7d1®b)7--'7(c’i®a7r7di®b>7'-'7<Ck®a7dk®b>>O
[ek — Ck; (161®a7 1d1®b)7 SR (101 @ fyA(QO(T)J CL), 1di®b)7 BRI <1ck®a7 1dk®b)]

and similarly for morphisms 7 = ¢! in 7.

We add to requirement (iii) above that (u; ® 1,,) o (1, @ ug) = (1, @ ug) o (u1 ® 14,)
for morphisms w; : z; — y; in S(A x A")p. The remainder of the construction is as for
the module case. One can check that AQrA’ is a G-ring category and that defining ¢” :
R — A®grA' by ¢"(r) = [e1; (¢(r), 1)] makes A®rA" into an R-algebra in G—RngCat.
We note that A® A’ satisfies strict left distributivity (even if A and A’ do not), since this
is true for S(A x A’)y. For 1 and 2-cells, ®p is defined as for modules. =

Let R be a G-ring category and let A be an H-category with zero, [3;§3], where H is
also one of the operads M, B or S. Then R® S(A) is an S(S°)-algebra in M—RngCat,
where ® = ®g(s0y. In section five we show R ® S(A) is the free strict R-module on the
category A. If H = G, then R® S(A) is an S(SY)-algebra in G—RngCat. If G = S, any
H, then R ® S(A) is an R-algebra in H—RngCat.

For a category A let A, denote A with an object 0 and a morphism 1y adjoined. If
A is an H-category, then A, is an H-category with zero and we define the A, monoid
ring of A to be R[A] = R® S(A;). If R is an S-ring category, then R[A] is an object of
R—Alg,,; R[A] is called the H-monoid algebra, or more loosely Ay, monoid algebra of A.

In [5] we will show how the integral A, monoid algebra S(S°)[A] can be used to
construct algebraic K-theory of spaces and stable homotopy.
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5. Morita equivalence for A, rings

We begin with the construction of free modules in R—[Mod]. Throughout this section
® denotes the tensor product over S(S°). Let U : R—[Mod] — Cat be the underlying
category functor and define F = R®S(—) : Cat — R—[Mod]. The following lemma
implies that (F,U) is a 2-adjoint pair.

5.1. LEMMA. R® S(A) is the free strict R-module on the category A. Moreover, any two
R-module morphisms R ® S(A) — N (N an R-module) that agree on A are R-naturally
1somorphic.

PROOF. Let 7: A — R®S(A) be the functor defined on objects by 7(a) ={es; (1, [e1; a])].
For M a strict R-module, a functor F : A — M induces a permutative functor F :
S(A) — M and regarding this as an S(S°)-module morphism we have a strict R-module
morphism F = @y, o (1z ® F) such that F o7 = F. Here @y : R® M — M is induced
by the R-action ay; which is S(SY)-biadditive. It is a strict R-module morphism since M
is strict.

Let 4 : R x S(A) — R ® S(A) be the universal S(S°)-biadditve functor. If G :
R ® S(A) — M is a strict R-module morphism such that G o 7 = F, then using the
universal property of S(—), we get Gona = Fon, and therefore G = F. Thus R® S(A)
is the free strict R-module on A. The second statement is a consequence of Theorem
4.13. [

The adjoint pair (F,U,n,e) determines a comonad (i.e. cotriple) (G, d,e) in R—[Mod]
where G = Fold and 6 = Fnld. Moreover, it extends to a lax comonad in R—Mod which
we also denote by (G, d,¢). It fails to be a strict comonad only because ¢ is a lax 2-natural
transformation.

Define an R-module M to be G-projective, [1], if there is an R-module morphism
s: M — GM such that ey; o s = 1;. If M is projective in the usual sense, then it is
G-projective, but not conversely.

5.2. EXAMPLE. The standard Morita context. For an R-module M, let R’ = EndgM and
M'" = Hompg(M, R). Then M is an R— R'-bimodule where R' acts by o/,(a, F°) = F(a)
and for 7°: F° — G° and f:a — b, &y (f,7°) = G(f) o7(a) = 7(b) o F(f). It follows
that M’ is an R’ — R-bimodule; the R’-action is denoted ay;. Note that M’ is a strict
R'-module, so M'®rM is also a strict R’-module.

Define ¢ : M x M' — R by ¢(a,H) = H(a) and for f : a — b in M and
o:H — Hyin M', o(f,0) = Ha(f) oo(a) = a(b) o Hi(f). ¢ is clearly 2-symmetric
monoidal and in fact is R'-biadditive with h = id : p o (a/j; X 1ar) — @ o (1 X app).
Thus ¢ induces an R— R-bimodule morphism £ : M@p M — R.

Similarly there is an R-biadditive functor ¢’ : M’ x M — R’ defined on objects by
¢'(H,a) = apy(H(—),a)°, and this induces a morphism E' : M'®@gM — R’ of R'—R'-
bimodules.

A functor F' is called surjective if it is surjective on both objects and morphisms.
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5.3. DEFINITION. (i) An R-module M is a generator for R—Mod if for each R-module
N there is a category A and a surjection F' : M ® S(A) — N in R—Mod with F
permutative.

(11) M is finitely generated if there is a subcategory A of M such that the composite

R® S(A) 1R®S([ R® S( ) €M M

is surjective, where I : A — M 1is the inclusion. If all morphisms of A are identities we
say M 1is generated by a finite subset.

(111) M s finitely generated G-projective if it is G-projective and is generated by a
finite subset A for which s : M — GM factors as

M -7 R S(A) " R s(M)

for some o in R—Mod.
M is a progenerator if it is a generator and is finitely generated G-projective.

Recall the morphism E : M@rp M — Randlet I : M @ M — M®pr M’ be the
obvious R-module morphism arising from the morphism S(S°) — R’ of G-ring categories
(Examples 4.8).

5.4. LEMMA. The following are equivalent for an R-module M .

(i) M is a generator.
(ii)) M @ M’ L Mep M -5 R is surjective.

(i1i) There is a category A and a surjection F' : M ® S(A) — R in R—Mod with F
permutative.

PROOF. Suppose M is a generator and let F' : M ® S(A) — R be a permutative
surjection. By Proposition 4.18 we have a morphism of S(S°)-modules F' : S(A) —
Hompg (M, R) and since F' is permutative it equals the composite

M@ S(A) & 1o M o MepM £ R

Since F' is surjective it follows E o [ is also.
Now assume E o [ is surjective, let A = M’ and consider the composite

M® S(A) "M Mo M - MepM -Z5 R

where G is the permutative extension of id : A — M’. This composite is surjective since
G is surjective.

Suppose given F': M ® S(A) — R in R—Mod with F' permutative and surjective. If
N is an R-module, then the composite

M®SSA)@N)— M (S(A)dN) 2 (M®S(A))® N — RN — N

is permutative and surjective, hence M is a generator. n
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5.5. ExampLES. (i) If F: M — N is a surjection in R—Mod and N is a generator,
then so is M.

(ii) The (strict) R-module morphism R®S(S%) — R is surjective, so R and R®S(S°)
are generators.

(iii) If A is a category and there is a surjection A — S° (i.e. A has an object not in
the component of x), then we have a surjection F(4) = R® S(4) — R® S(S°) — R,
so F(A) is a generator.

We will use the notation of Example 5.2 and Definition 5.3 throughout the proofs of
5.6 and 5.7. Let ® = ey, 0 (1g® S(1)) : F(A) — M and A = {aq,...,a,} with ay = *.
Notice that any two R-module morphisms F, G : M — N that agree on A are R-naturally
isomorphic. For then Fo® and Go® agree on A and hence are R-naturally isomorphic by
Lemma 5.1, so composing with o gives the same for F' and G. The functors 7! : A — R
with 7(a;) = 1 and 7/}(ay) = 0, k # i, induce R-module morphisms 7; : F(4) — R
fori =1,...,n and we let m; = T, o 0. Also let I; = ay(mj(—),a;) € Homp(M, M) and
Ip=1&®&---®1,. Then I4 and 1,; are R-naturally isomorphic by Lemma 5.1 since they
agree on A.

5.6. LEMMA. If M is finitely generated G-projective, then there is a lax 2-natural equiv-
alence Tpy : Hompg(M, R)®pg(—) — Hompg(M, —) of 2-functors R—Mod — R'—Mod.

PROOF. For an R-module N, 79,(N) is induced by the R-biadditive morphism ¢y :
Hompg(M, R) x N — Hompg(M, N) with ¢\ (H,b) = ay(H(—),b). For G: N — P in
R—Mod, 73,(G) : G, o 7Y (N) — 7 (P) o (1,4®rG) is the R-natural transformation
with components induced by hg.
Define a (strict) 2-natural transformation ~yy, : Homg(M, —) — Hompg(M, R)®@g(—)
by
Y (N)(F) = [en; (71, Fay), ..., (7, Fa,)]

and
7M(N)(5) = [1en; (171'17 6(651))’ R (17771’ 5(an))]

for 9 : FF — F’ in Homgz(M,N). To see v (N) is in R’ —Mod, it suffices by lax
naturality to check for N = M. Letting z = [e,; (m1,a1),..., ("0, an)] € M'QrM, we
have vy (M)(F) = x - F°, the right R'-action on M'®grM, so vy (M) is a morphism of
right R’-modules. It is also a morphism of left R’-modules as follows. In M'®@rM we have
isomorphisms

v ey (m, [F(a) @+ & L F(a)), ..., (7, 1 F(a,) @ ® [,F(ay))]
= len; (m,am(mF(ar),a1) @ -+ ® ap(m,F(ar),an)), - ..,
(T, g (M F(ay),a1) @ -+ @ ay(m, F(an), an))]
= @, ler; (mi, o (1 F(a;), ay))]
= @i ler; (mi(=) - miF(a;), a;)]
= @i [en; (m(=) - mF(a) @ -+ & mo(—) - 7 F(an), ay)]
= @7 [er; (1, F, a )]
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> le,; (mF,a),...,(m,F,a,)] = F° x

which can be used to give vy (M) a left R'-module morphism structure; in fact vy, (M) is
an R'— R'-bimodule morphism with this structure.

Define modifications p : Tpyoyy — id and A : ypr07p — id with p(N) and A(N) the
R-natural transformations with components the following chains of isomorphisms, where
G € Homg (M, N) and y = [e,; (H1,b1), ..., (Hp, b)) € M'@rM.

p(N)(G) : (3 (N) 073 (N))(G) = an(mi(=), G(ar)) & - -+ & an(ma(—), G(an))
= Gapy(mi(—),a1) & - - & Gay(m(—), an)
= Glay(m(=),a1) & -+ @ ay(ma(=), an))
=G, (M)(z) =G
AN (y) = (V3 (N) o i (N))(y) = [en; (1, an(Hi(ar),b1) & - - & an(Hu(ar), b)), - -,
(70, an (Hi(an),b1) @ -+ @& an(Hm(an), b))
= @iy [exs (i, o (Hj(ai), by))]
= @i ler; (mi(—) - Hj(ai), b))
= oL [es (m(=) - Hj(a1) @ -+ @ mo(=) - Hj(an), bj)]
=Y
This completes the proof. [
5.7. PROPOSITION. (i) If M is finitely generated G-projective, then E' : M'@pM — R’
is an equivalence of R'— R'-bimodules.
(i1) If M is a progenerator, then E : MQr M’ — R is an equivalence of R— R-
bimodules.

PROOF. (i). E' is 79;(M) composed with the anti-isomorphism of A -rings
¢ : Homg(M, M) = R’

(an isomorphism of R'— R'-bimodules). Let X' : R — M'®@pM be vy (M) o p~L. From
the proof of Lemma 5.6, ¥ is an R'— R’-bimodule inverse equivalence of E'.

(ii). E is surjective by Lemma 5.4, so there is y = [en; (b1, H1), ..., (bm, Hn)] €
M®@rM'" with E(y) = 1. Define ¥ : R — M®&grM’' by ¥(r) = r -y, and note that
E o3 =1gx. As in the proof of Lemma 5.6 one can show r -y = y - r and obtain that ¥ is
an R— R-bimodule morphism. The diagram

1y QrE
M/®RM®R/M/ M f M,®RR
E'@pr 1y B
R'®p M’ am M’

commutes up to R'— R-natural isomorphism, where «y, is the left R’-action and [y
is the right R-action. Since (1py®gF) o (1yy®rY) = lyrg,r We see that 1p/@r%
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is an R’ — R-bimodule inverse equivalence of 1,/®rFE. By Lemma 5.6, we have that
Y, : Homg(M,R) — Hompg(M, M®grM') is an R’ — R-bimodule inverse equivalence
of E, : Homp(M, M®@pM') — Hompg(M, R). Applying Hompg (M’, —) to this pair of
equivalences and using adjointness we now have

E* : HOHH:{(M@R/M/’R) — HOHlR(M@R/MI,M@R/M,)

and
E* . HOH]R(M®R/M/, M®R/M/) — HOIHR(M(X)R/M/,R)

are R— R-bimodule inverse equivalences. This gives an R — R-natural isomorphism 9 :
¥.0FE, — Id and hence an R—R-natural isomorphism 0(1ase,, 1) : Yo E — 1y, mr -

5.8. THEOREM. If M is a progenerator in R—Mod, then M ®p/(—) is a lax 2-equivalence
of the 2-categories R—Mod and R'—Mod.

PROOF. We show M'®pg(—) is an inverse 2-equivalence of M ®p/(—). For an R-module
N, let @y and Iy be the equivalences of Proposition 4.17. Define lax 2-natural transfor-
mations 0 : M@p/(—) o M'®@pr(—) — Id and 7 : M'®@p(—) o M®p(—) — Id by:

EQrlN

(MRpM)®N “25Y RorN 2% N

Un
~

o°(N) : M®p (M'®@xN)

0 / Ve / E'Qplp 1 ap
T (P) : M@R(M(X)R/P) = (M ®RM>®R/P — R@R/P —
and for F: N — L in R—Mod, G : P — @ in R'—Mod, let ¢'(F) = hr*o lggu1y,
7(G) = hg %0 Lpg,,1,, horizontal composition of 2-cells.
o and 7 have “inverses” @ and T, the (strict) 2-natural transformations with 7(N) =
Uy'o(X®gly)oly and 7(P) = Vi o (X'®@p1p)oIp. It is straightforward to write down
the required modifications (¢ o 0 — id, etc.) and this is left to the reader. n

5.9. THEOREM. If M is a progenerator in R—Mod, then (M®p (—), Homg(M,—)) is a
lax 2-adjoint, lax 2-equivalence of the 2-categories R—Mod and R'—Mod.

PROOF. (M®p(—),Homp(M, —)) is a lax 2-adjoint pair by Proposition 4.18. The unit
1 and counit € are the composites

n:1d > M'@p(—) o M@p(—) — Homp(M, =) o MQp (—)

£: M®p (=)o Homg(M, —) — M®p/(—)o M'@p(—) —— Id

where ¢ and 7 are as in the proof of Theorem 5.8 and the unlabelled morphisms arise from
the lax 2-natural equivalence of Lemma 5.6. 1 and ¢ are clearly lax 2-natural equivalences.
u
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5.10. REMARK. A rings R and T are Morita equivalent if R—Mod and T'—Mod are lax
2-equivalent. In [5] we will show that Morita equivalent A, rings have the same K-theory.
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