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MONOIDAL AND ENRICHED DERIVATORS

MORITZ GROTH

ABSTRACT. In this paper, we develop the theory of monoidal derivators and the related notions
of derivators being tensored, cotensored, or enriched over a monoidal derivator. The passage from
model categories to derivators respects these notions and hence gives rise to natural examples.
We also introduce the notion of the center of additive derivators which allows for a convenient
formalization of linear structures on additive derivators and graded variants thereof in the stable
situation. As an illustration, we discuss some derivators related to chain complexes and symmetric
spectra.
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0. INTRODUCTION

In this paper, we develop the monoidal (cf. also to [Cis08]) and enriched aspects of the theory
of derivators. As we saw in the companion paper [GrolOal, two important classes of derivators are
given by the derivators associated to combinatorial model categories and the derivators represented
by bicomplete categories. Both classes of examples can be refined to give corresponding statements
about situations where the ‘input is suitably monoidal, tensored, cotensored, or enriched’. We
formalize the notions of monoidal, tensored, cotensored, and enriched (pre)derivators and make
these statements precise. The author is not aware of a place in the literature where linear structures
on a derivator are considered. It is for this purpose that we introduce the notion of an additive
derivator and of the center of a derivator. This latter notion gives a compact definition of a derivator
which is linear over some ring (and a graded variant thereof in the stable situation).

It is well-known that the homotopy categories of (combinatorial) monoidal model categories (in
the sense of Hovey [Hov99], as opposed to the slightly different notion of [SS00]) can be canonically
endowed with monoidal structures and similarly for suitably monoidal Quillen adjunctions. These
statements are truncations of more structured results as we will see below. Once we define a
monoidal derivator as a monoidal object in the Cartesian monoidal 2-category Der of derivators
we will show that the derivator associated to a combinatorial monoidal model category can be
canonically endowed with a monoidal structure. These results generalize to model categories which
are suitably (co)tensored over a monoidal model category. As a consequence of the general theory,
we show that the 2-categories of prederivators and derivators are Cartesian closed monoidal. As
expected, we see that the internal hom HOM(D, D) coming from this Cartesian structure gives the
universal example of a derivator acting on .

Since the passage from combinatorial model categories to derivators respects monoidal structures
we obtain a very conceptual explanation for the existence of linear structures on certain naturally
occurring derivators. In fact, the linear structures are obtained by specializing to a small part of
the structure available on a derivator DD which is left tensored over a monoidal derivator E: under
suitable additivity assumptions the left action restricts to an algebra structure on the center Z(D).
We also have a corresponding result in the stable situation where one has to add some exactness
assumptions and where the outcome is a graded-linear structure on the stable derivator. As special
cases we obtain, e.g., that the derivator of spectra is linear over the stable homotopy groups of
spheres and that the derivator of chain complexes is linear over the ground ring. It is easy to
extend this in both cases to modules over commutative monoids. We also have such a result for
modules over non-commutative monoids. In these cases the derivators are linear over the homotopy
groups of the topological Hochschild cohomology of the ring spectrum resp. over the Hochschild
cohomology of the differential-graded algebra. These examples were our original motivation for
studying these questions.

Since we are restricting attention to combinatorial model categories, hence presentable cate-
gories, the special adjoint functor theorem (SAFT) of Freyd can in certain situations be applied
to deduce that there is canonically more structure available. For example, let us assume that
we have a combinatorial model category M which is left tensored over a combinatorial monoidal
model category N such that the action preserves colimits separately in each variable. Then it is
a consequence of SAFT that the category M is also cotensored and enriched over N. To capture
these additional structures at the level of derivators, we also introduce the notion of cotensored and
enriched derivators and establish the relevant examples.

Along the development of the theory, we will see that the notions introduced below extend
the corresponding ones from classical category theory. The 2-functor which sends a bicomplete
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category to the represented derivator is a faithful 2-functor and one should guarantee that the
notions introduced here are compatible with the ones from classical category theory. For example,
it is straightforward to see that a bicomplete category is additive if and only if the represented
derivator is additive. There are similar observations for the other notions we discuss in this paper.

We now turn to a description of the content by sections. In Section 1, we begin by considering the
Cartesian monoidal 2-categories of derivators and prederivators. We introduce the notion of bimor-
phisms between derivators and remark that the Cartesian product corepresents this bimorphism
functor. We then consider the basic notions of monoidal (pre)derivators, monoidal morphisms,
and monoidal transformations between such which are organized in the 2-categories MonPDer and
MonDer. We define a monoidal prederivator by making explicit the notion of a monoidal object in
the Cartesian 2-category of prederivators. One then remarks that monoidal prederivators can be
identified with 2-functors Cat®® — CAT which factor over the 2-category MonCAT of monoidal
categories. Since the 2-functor which sends a category to the associated represented prederivator
preserves 2-products, we obtain an induced 2-functor MonCAT — MonPDer. We then show that
derivators associated to combinatorial monoidal model categories can be canonically endowed with
monoidal structures. This is done by showing, more generally, that a Brown functor between model
categories (cf. Definition 1.15) induces a morphism of associated derivators. Some relevant exam-
ples related to simplicial sets, chain complexes, and symmetric spectra are given, before we turn, in
the last subsection, to the center Z(ID) of a derivator. This notion allows for a convenient formal-
ization of linear structures on a derivator. We establish the result that suitably additive monoidal
derivators are linear over the ring of self-maps of the monoidal unit of the underlying monoidal
category.

In Section 2, we turn to prederivators tensored or cotensored over monoidal prederivators. We
begin with a short technical subsection in which we construct the 2-Grothendieck fibration of
tensored categories. In the next subsection, we introduce the notions of tensored and cotensored
derivators as certain module objects. We show that the Cartesian monoidal 2-categories PDer resp.
Der of prederivators resp. derivators are closed and that the internal hom HOM(D, D) together with
the canonical action on D provides the universal example of a module structure on ID. The latter
part is, in fact, a special case of a general 2-categorical statement which we prove as Theorem B.11.
In the last subsection we give some interesting examples. We show that if a combinatorial model
category M is tensored over a combinatorial monoidal model category N, then the derivator Dy,
associated to M is canonically tensored over Dy . The result of Section 1 on the linear structures
on suitably additive monoidal derivators can be generalized to the situation of a suitably tensored
additive derivator.

In Section 3, we introduce the notion of derivators enriched over a monoidal derivator. In order to
have a compact definition of such a gadget we start by considering the 2-Grothendieck opfibration of
enriched categories. Elaborating a bit on the fact that enriched category theory admits base change
along monoidal functors we obtain the 2-category of enriched categories. In the next subsection,
we use this to give a compact definition of an enriched derivator. Our main source of examples
of enriched derivators is the following result (Theorem 3.10): an action of a monoidal derivator E
on a derivator D which is part of an adjunction of two variables exhibits the derivator D as being
canonically enriched over E. This is, in particular, the case for closed monoidal derivators. In
the last subsection, we show that if a combinatorial model category M is suitably tensored over a
combinatorial monoidal model category N then the associated derivator Dy is canonically enriched
over Dy . We close by mentioning some derivators related to chain complexes and symmetric spectra
as more specific examples of enriched derivators.
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Finally, in the appendices we recall and establish some 2-categorical notions and results. In
Appendix A, we quickly recall the classical Grothendieck construction associated to a category-
valued functor. We then give a variant thereof in the 2-categorical setting. These constructions are
used in Section 2 and Section 3. Appendix B has two subsections. In the first one, we recall the
notions of monoidal objects and modules in monoidal 2-categories and construct the 2-category of
all modules using the 2-categorical Grothendieck construction. In the second subsection, we show
that in a closed monoidal 2-category the canonical actions of internal endomorphism objects give
us the terminal module structures (in a bicategorical sense, cf. Theorem B.11). This allows us to
put the results on the linear structures of Section 1 and Section 2 into perspective.

Before we begin with the proper content of this paper let us make two more comments. The first
comment concerns set-theoretical issues. In what follows we will frequently consider the ‘category
of categories’ and similar gadgets. Strictly speaking these are not honest categories in the sense
that they would be locally small, i.e., have hom-sets as opposed to more general hom-classes. These
problems could be circumvented by a use of Grothendiecks language of universes. Since we do not
wish to add an additional technical layer to the exposition by keeping track of the different universes
we decided to ignore these issues.

The second remark concerns the different kinds of ‘hom-objects’ which will show up frequently.
Let C be a category and let X, Y € C be two objects. The set of categorical morphisms from
X to Y will be denoted by home(X,Y). If the category € is enriched over a monoidal category
D, we will usually write Home(X,Y) € D for the enriched hom-objects. Finally, in the case of
a closed monoidal category D and two objects X,Y € D, the internal hom will be denoted by
HOMqp (X,Y) € D. The author is aware of the fact that these three situations are of course not
disjoint but we will apply these conventions as a rule of thumb.
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1. MONOIDAL DERIVATORS

1.1. The Cartesian monoidal 2-categories Der and PDer. For the basic notions of the theory
of 2-categories we refer to [Bor94a, ML98, Kel05b] which will be used more systematically here
than in the companion paper [GrolQal. In order to establish some notation we begin by quickly
recalling the definitions of a prederivator and morphisms of prederivators. By contrast, the notion
of a derivator will not be recalled and we refer instead to [Grol0a]. Original references for derivators
are [Gro, Hel88]. Other references for the theory of derivators and stable derivators include [Fra96,
Kel91, Mal07a, Mal01, CNO8].

We recall that a prederivator is a 2-functor D: Cat®® — CAT where Cat denotes the 2-category
of small categories and CAT denotes the 2-category of (not necessarily small) categories. Spelling out
this definition, we thus have for every small category J an associated category D(J), for a functor
u: J — K an induced functor D(u) = uv*: D(K) — D(J) and for a natural transformation
a: u — v of two such functors a natural transformation D(«) = o*: u* — v* as indicated in the
following diagram:

/u“ﬂ /L
J\@K, D(K) \U;(x D(J)

These associations are compatible with compositions and units in a strict sense, i.e., we have equali-
ties of the respective expressions. One can of course also consider 2-functors which are only defined
on certain 2-subcategories Dia C Cat (for example finite categories, finite and finite-dimensional
categories or posets) subject to certain closure properties (cf. Section 4 of [Grol0Oal]). This would
then lead to the notion of a (pre)derivator of type Dia. For simplicity, we will stick to the case of
all small categories but everything that we do in this paper can also be done for prederivators of
type Dia.

A morphism F: D — D' of prederivators is a pseudo-natural transformation of 2-functors.
Thus, such a morphism consists of a family of functors F;;: D(J) — D'(.J) together with specified
isomorphisms v%': u* o Ffy — Fyou* for each functor u: J — K. These isomorphisms have to be
suitably compatible with compositions and identities. More precisely, given a pair of composable
functors J — K — L and a natural transformation a: uy — ug: J —> K, we then have the
following relation resp. commutative diagrams:

. Y ()l*
Yia, = idp, u*v*F —— u* Fo* uiF —— uj
J’Yn WIJ, J’Yuz
2!
. Fu*v* Fui —— Fuj
[e3%

Here, we suppressed the indices of F' and the upper indices of the natural transformation -y (as
we will frequently do in the sequel) to avoid awkward notation. Moreover, we will not distinguish
notationally between the natural transformations v and their inverses. If all the components v
are identities then F' will be called a strict morphism.

We will later introduce the notion of an adjunction of two variables between prederivators and
in that context it will be important that we also have a lax version of morphisms. So, let us
call a lax natural transformation F: D — D a laxz morphism of prederivators. Thus, such a lax
morphism consists of a similar datum as a morphism satisfying the same coherence conditions with
the difference that the natural transformations v} : u* o ' — F ou* are not necessarily invertible.
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For simplicity we will also apply the same terminology for ‘extranatural’ variants therof as in the
context of adjunctions of two variables (cf. Lemma 1.11).

Finally, let F, G: D — D’ be two morphisms of prederivators. A natural transformation
7: F — (G is a family of natural transformations 7;: F; — G which are compatible with the
coherence isomorphisms belonging to the functors F' and G. Thus, for every functor u: J — K
the following diagram commutes

wF —— u*G

Fu* —— Gu*.

One checks that a natural transformation is precisely the same as a modification of pseudo-natural
transformations (see [Bor94a, Definition 7.5.3]). Given two parallel morphisms F' and G of pred-
erivators let us denote by nat(F,G) the natural transformations from F to G. Thus, with pred-
erivators as objects, morphisms as 1-cells and natural transformations as 2-cells we obtain the
2-category PDer of prederivators. In fact, this is just a special case of the 2-category of 2-functors,
pseudo-natural transformations and modifications. The full sub-2-category spanned by the deriva-
tors is denoted by Der. Given two (pre)derivators D and D' let us denote the category of morphisms
by Hom(DD, D) while we will write Hom*™ (D, D) for the full subcategory spanned by the strict
morphisms.

Example 1.1. The Yoneda embedding y: CAT — PDer sends a category C to the represented
prederivator y(€): J — Fun(J, C). Here, Fun(J,€) denotes the category of functors from J to C.
The 2-categorical Yoneda lemma implies that for an arbitrary prederivator I we have a natural
isomorphism of categories

Y: Homipet(y(J), D) — D(J).

For simplicity, we will sometimes drop the embedding y from notation and again just write C for
the prederivator represented by a category C.

In every 2-category we have the notion of adjoint 1-morphisms, equivalences, and Kan extensions
(see Sections 1 and 2 of [Str72]). Let us consider the first two notions in the 2-categories PDer
and Der. So, let L: D — D' and R: D' — D be two morphisms of (pre)derivators and let
n: idp — Ro L and €: L o R — idp be two natural transformations. Then one can check that
the 4-tuple (L, R, 7, ¢) defines an adjunction D — D’ resp. an equivalence D —~ D' if and only if
for each category J we obtain an adjunction D(.J) — D'(J) resp. an equivalence D(J) — D'(.J)
by evaluation. Given such an adjunction (L, R): D — D’ the adjunctions at the different levels
are compatible in the sense that for a functor u: J — K we obtain the following commutative
diagram:

homp (1) (L X, Y") ———— hompx)(X, RY)

| |-

hompy (jy (u* Lg X, u*Y) homp () (u* X, u* RkY')

" E

hompy () (Lyu* X, u"Y) —— homp ) (u* X, Ryu"Y’)
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Here, the morphisms % resp. v are the natural transformations which belong to the morphisms
L resp. R.

The fact that adjoint morphisms of derivators behave in the expected way with respect to
homotopy Kan extensions is the content of the following lemma. Recall that given a functor
u: J — K and a derivator D, one of the axioms of a derivator guarantees that the restriction
functor u*: D(K) — D(J) has an adjoint on either side. We denote any left resp. right adjoint
functor of u* by wi: D(J) — D(K) resp. u.: D(J) — D(K) and call such a functor a homotopy
left resp. homotopy right Kan extension functor.

Lemma 1.2. Let (L,R): D — D' be an adjunction of derivators. Then L preserves homotopy left
Kan extensions and R preserves homotopy right Kan extensions.

Proof. By duality it suffices to give the proof for homotopy left Kan extensions. Let u: J — K be
a functor between small categories and let u* denote the induced functors in D and D' . Similarly,
let us denote both respective homotopy left Kan extension functors by w;. For objects X € D(J)
and Y € D'(K) we have the following chain of natural isomorphisms:

homp/ gy (wL;(X),Y) = homp (s (Ls(X),u"(Y))
= hompn (X, Ryu™(Y))
= homp()(X,u" Rk (Y))
= homyp ) (w(X), Rk (Y))

Il

homD/(K) (LK'I.L! (X), Y)

By the Yoneda lemma, this natural isomorphism is induced by an isomorphism between the corep-
resenting objects. Taking Y = Ligw(X) and tracing the map id: Lxu(X) — Lxu(X) through
this chain of isomorphisms we obtain a natural isomorphism S: wiL; — Lxw . But this natu-
ral isomorphism is easily identified with a base change morphism occurring in the definition of a
homotopy left Kan extension preserving morphism of derivators (cf. Section 3 of [Grol0a]). This
concludes the proof.

Let us define the (‘internal’) product of two prederivators. Thus, let D and D’ be prederivators,
then their product D x D is defined to be the composition of the 2-functors

Cat® — 2 Cat®P x Cat®® 2% CAT x CAT —*s CAT

where A denotes the diagonal. The product of morphisms of prederivators and natural transfor-
mations is defined similarly and this gives us the 2-product in the 2-category PDer of prederivators.
Recall from [Grol0a] that we also have the notions of a pointed resp. stable derivator.

Lemma 1.3. Let D and I be derivators. Then D x D is again a derivator. Moreover, if D and
D' are in addition pointed, resp. stable then the product D x D is also pointed, resp. stable.

Proof. Since isomorphisms in product categories are detected pointwise and since a product of
two functors is an adjoint functor resp. an equivalence if and only if this is the case for the two
factors the axioms (Derl)-(Der3) are immediate. Also the base change axiom holds since the base
change morphism in D x D’ can be taken to be the product of the base change morphisms in D
and ' which are isomorphisms by assumption. Thus, with D and D’ also the product D x D' is a
derivator. Similarly, since the product of pointed categories is again pointed we obtain the result
for pointed derivators. For stable derivators, note that ID x D is strong since the product of two full
resp. essentially surjective functors is again a full resp. essentially surjective functor. Finally, an
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object X = (Y,Y’) € D(O) x D'(0) is (co)Cartesian if and only if the components Y € D(0J) and
Y’ € D'(0) are (co)Cartesian. Hence, if D and D’ are stable, the product D x D’ is also stable. [

The product endows the 2-categories PDer and Der with the structure of a symmetric monoidal
2-category, called the Cartesian monoidal structure. The unit e of the monoidal structure is the
prederivator with constant value the terminal category e (consisting of one object and its identity
morphism only) and the symmetry constraint is given by the twist morphism 7': D x D’ — D’ x D.
To simplify notation we will suppress the canonical associativity isomorphisms and hence also
brackets from notation. In the next subsection, we will introduce monoidal (pre)derivators as
monoidal objects in the respective 2-categories.

Before we turn to monoidal derivators let us introduce bimorphisms between (pre)derivators.
Since the product of two derivators is the 2-categorical product we understand morphisms into
them. But also maps out of a product of two derivators are easy to describe: up to an equivalence
of categories these are just the bimorphisms as we will define them now.

Definition 1.4. Let D, E, and F be prederivators. A bimorphism B from (D,E) to F, denoted
B: (D,E) — F, consists of a family of functors

BJh.]z: ]D)(Jl) X E(J2) — F(Jl X Jg), Ji, Jo € Cat,

and for each pair of functors (uq,us2): (Ji,Jo2) — (K1, K3) a natural isomorphism 7£,uz as indi-
cated in:

Kqi,Kg

D(K:) x B(K2) —"2 (K, x K)

u’{xu;l = J(ulxug)*

]D)(Jl) X ]E(JQ) B—) F(Jl X JQ)

J1,J2
These data have to satisfy the following coherence conditions. Given a pair of composable pairs
(ur,u2): (Ji,J2) — (K1, K3) and (vy,v9): (K1, Ks) — (L1, L2) and a pair of natural transfor-
mations (a1, ag): (u1,u2) — (uj,us) we have via,, id,, = idp, ,, and the commutativity of the
following two diagrams:

(ug X ug)*(v1 X v2)* B —— (u1 X up)*B(v} x v}) (ur X ug)*B —— (u} x ub)*B

S | &
B(uy ) (v x v3)

B(uf x u) —— B(uf* x ub")

Now, given two parallel bimorphism B, B’: (D,E) — F, a natural transformation 7: B — B’
of bimorphisms consists of a family of natural transformations 7, s,: By, j, — BY, ;,- These
have to be compatible in the sense that given a pair of functors (uy,us): (J1,J2) — (K1, K3) the
following diagram commutes:

(ug X uz)*B —"— (uy X ug)* B’
WJ J{v
B(uj x u3) —— B'(u} x u3)

Given three prederivators D, E, and F we obtain a category of bimorphism from (D, E) to F which
we denote by BiHom((D, E),F). In fact, given three such prederivators we can consider the exterior
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product DK E of D and E and the 2-functor Fo(— x —) which are defined by
(DRE)(J1,J2) =D(J1) x E(J2) and (Fo(— x =))(J1,J2) =F(J1 x Jo).
Then, we have an equality of categories

BiHom((D, E),F) = PsNat(DX E,Fo(— x —))

where PsNat(—, —) denotes the category of pseudo-natural transformations and modifications. This
observation shows that BiHom((—, —), —) is functorial in all three arguments. Let us now show that
BiHom((—, —), —) is corepresentable. For two prederivators D and E, the universal bimorphism

(D,E) — D x E has components induced by the projections:

*
pry

D(Jy) x E(Js) —"P2 s D]y x Jo) x E(J; % J)

This bimorphism induces the right adjoint in the following proposition.
Proposition 1.5. For prederivators D, E, and F we have a natural equivalence of categories
BiHom((D, E),F) =+ Hom(D x E, F).

Proof. Let us begin by defining a natural functor [: BiHom((D,E),F) — Hom(D x E,F) so let us
consider a bimorphism B: (D,E) — F. The component {(B); of [(B): D x E — F is defined by:

*

I(B): D(J) x E(J) =25 F(J x J) —25 F(J)

The structure morphism belonging to w: J — K is defined by WL(B) = Af‘ﬂf)u :

D(K) x E(K) 25 F(K x K) —" F(K)

u* Xu*i ﬂ l(uxu)* lu*

D(J) x E(J) ——F(J x J) —— F(J)
B,y A%
It is immediate that [(B) is in fact a morphism of prederivators and one checks that this assignment
can be completed to the definition of a functor .
We now construct a functor r: Hom(D x E,F) — BiHom((ID,E),F) so let us consider a mor-
phism G: D x E — F. The component r(G),. s, is defined to be the following composition:

pri X prj GiyxJy

'I’(G)lejgi ]D)(Jl) X E(JQ) D(Jl X JQ) X E(Jl X J2) F(Jl X JQ)

For a pair of functors (u1,uz): (Ji,J2) — (K1, K2) we set 7?&?22) =78 L, (pr x prj) :

* *
pri X pry GKyxKy

D(Kl) X E(KQ) ]D)(Kl X Kg) X E(Kl X KQ) F(Kl X KQ)

ufxu;J (ulxug)*x(ulxuz)*l <= l(ulxuz)*

D(J1) x E(Js) ——————— D(J1 X J2o) X E(J1 x J) —————— F(J1 x Jo)

pri X prj GiyxJy

This completes the definition of a bimorphism r(G): (D,E) — F. One checks again that this
assignment can be extended to a functor r as intended.
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Let us next show that the composition r o[ is naturally isomorphic to the identity. For a
bimorphism B: (D,E) — F the component of (rol)(B) at (J1,J2) is given by A* o Bo (pr] x pr)
as depicted in:

D(Jy) x B(Jo) ——2— 3 F(J; x J)

pry X PYEJ( A l(prl X pry)”

]D)(Jl X Jz) X E(Jl X Jg) T)F(Jl X Jo X Jp X JQ) *—>F(J1 X J2)
J1 X Jg
Since (pry x pry) o Ay, « g, = id this diagram shows that we have an isomorphism from By, j, to
(rol)(B) 5, given by 71, s, = A% . 5, 7£1,pr2' Let us check that these assemble into an isomorphism
of bimorphisms 7: B — rl(B). Thus, let us consider a pair of functors (uj,us): (J1,J2) —
(K1, K3) and let us check that the following diagram commutes:

TKq,Kq

(w1 X u2)*Bi, i, — (U1 X u2)"rl(B)k, K,
vf’l,u{ Jvﬁﬁ(ﬁé
BJl,Jz(uT X u;) ﬁ TZ(B)Jl,b(u;i< X 'LL;)

Unraveling definitions we see that this diagram can be rewritten in the following form where we
omit the indices of B for simplicity:

* * v * *
(u1 X ug)" Ak g, (pry X pry)*B (u1 X ug)* Ak, x, B(pri x pr3)
’YB
Ajlsz(ul X Ug X U1 X Ug)*(pry X pry)*B —— AleJZ(ul X ug X uy X ug)*B(pr X pry)
= ,YB
A% g, (Pry X pro)*(ug ¥ uz)*B AleJ2B((u1 X ug)* % (u1 X uz)*)(pri x pr3)
yP =
A%, (Pry X pro)* B(uj x us3) = A% o 5, Bpri x pr3)(ui x u3)

But by the coherence property of the bimorphism B we deduce that this diagram commutes and
thus that we have constructed an isomorphism of bimorphisms 7: B — ri(B).

Finally, let us construct a natural isomorphism [or — id . So, let G be a morphism D x E — .
The component (I o7)(G) is given by A* o G o (pr} x pr3) as in:

* *
pri X prj

D(J x J) x B(J x J) —— S F(J x J)

A‘*,xA‘*,l — lAT]

D(J) x E(J) F(J)

D(J) x E(J)

G

By the equality (A% x A%) o (pr] x pr3) =id it follows that this diagram gives us an isomorphism
o5 = fng (pri x pr3): Ir(G); — G . Let us check that these isomorphisms assemble into a natural
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isomorphism Ir(G) — G. Thus, let us consider a functor w: J — K. Unraveling definitions we
have to show this time that the following square commutes:

'YG

u* A% G (P X prj) u G (A x Af)(pr] x pr3)

] |

A% (u x u)*Grx i (pri X pr3) Gy(u* x u*)(A% x A% )(pri x pri)

g [

A5G () (6 0)*) (o pr) = G4 o AG)((a )" (1 w)")(prf  pr)

But this diagram is commutative by the coherence conditions of the 2-cells belonging to a mor-
phism of prederivators. Thus ¢ is an isomorphism and we can now conclude that the functor
BiHom((D, E), —) is corepresentable by D x E. O

The proof shows that these natural equivalences give us natural isomorphisms of categories if we
restrict to strict bimorphisms (in the sense that all 2-cells are identities) on the left-hand-side and
to strict morphisms on the right-hand-side.

1.2. Monoidal prederivators, monoidal morphisms, and monoidal transformations. Em-
phasizing similarity to the fact that a monoidal category ([EK66] or [ML98]) is just a monoidal
object (called a pseudo-monoid in [DS97]) in the Cartesian 2-category CAT, we could just say that
a monoidal prederivator is a monoidal object in the Cartesian 2-category PDer (cf. Appendix B).
We prefer to make this more explicit:

Definition 1.6. Let D be a prederivator. A monoidal structure on D is a 5-tuple (®,S,a,l,7)
consisting of two morphisms of prederivators

®: DxD—D and S:e—D
and natural isomorphisms I, a, and r as indicated in the diagrams:

S xid id xX® id x §

exD——DxD DxDxD——DxD DxD+——Dxe
7 l@ ®><idl = l@ @zi N
= D DxD———D, D =

This structure has to satisfy the usual coherence conditions as in Appendix B. A symmetric
monoidal structure on D is a 6-tuple (®,S, a,l,r,t) where (®,S,a,l,r) is a monoidal structure and
t is a natural isomorphism as in

DxD—25DxD

3 J@
® D
which satisfies additional coherence conditions as specified in [ML98, Bor94b]. A monoidal resp.

symmetric monoidal prederivator is a prederivator endowed with a monoidal resp. symmetric
monoidal structure.
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We will often denote a monoidal prederivator simply by (D, ®,S) or even by D. Moreover, we
apply the same terminology for derivators, i.e., a derivator is monoidal if and only if the underlying
prederivator is monoidal. The prederivator e can also be considered as the prederivator represented
by the terminal category e. So, the 2-categorical Yoneda lemma provides a natural isomorphism of
categories

Y: Hom#i< (e, D) = D(e).

The left-hand-side denotes the full subcategory of Homppe (e, D) spanned by the strict morphisms
of derivators, i.e., those morphisms for which the coherence isomorphisms « are identities. Thus, in
particular, a strict morphism e — D amounts to the choice of an object in D(e). A not necessarily
strict morphism e — I contains more information but see Lemma 1.46 (this reflects the fact
that we should work with the bicategorical Yoneda lemma as opposed to the 2-categorical one
since we are working with pseudo-natural transformations instead of the more restrictive 2-natural
transformations).

Let D be a (symmetric) monoidal prederivator and let J be a category. Then, by definition, we
have a functor ®: D(J) x D(J) — D(J), an object S(J) € D(J), and also natural transformations
which endow ID(.J) with the structure of a (symmetric) monoidal category. Moreover, for a functor
u: J — K we have an induced natural isomorphism v® as indicated in:

D(K) x D(K) — D(K)

U*XU*J/ /7] u*

D(J) x D(J) —— D(J)

Similarly, since S: e — D is a morphism of derivators we have a canonical natural isomorphism
7° as in the following diagram:

e 2 k)

7ol

S(J) ]D)(J)

It is easy to check that these two natural isomorphisms endow u*: D(K) — D(J) with the
structure of a strong (symmetric) monoidal functor. For example, the definition of a natural
transformation between morphisms of prederivators implies that the following diagram commutes:

(®O (® x id))ou* — (®o(id x@))ou*

u* o (®o(®xid)) —— u* o (®o (id X®))
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Evaluating this at three objects X, Y, and Z € D(K) gives us precisely the first coherence condition
as imposed on a strong (symmetric) monoidal structure on a functor:

(WX uY)u'Z ——u'X® WY uZ)

(XQ®Y)uZ WX @u (Y ®2)

(X ®Y)® Z) —— ur (X 2 (Y ® Z))

The other coherence axioms are checked similarly. Moreover, there is a corresponding result for
natural transformations. Let a: w — v be a natural transformation of functors J — K. Then it
follows immediately that o*: u* — v* is a monoidal transformation with respect to the canonical
monoidal structures. For example the fact that S: ¢ — D is a morphism of prederivators encodes
that a* is compatible with the unitality constraints of «* and v*. In fact, the commutative square
on the left reduces to the triangle on the right:

Syu* —— u* Sk S(J) — u*(S(K))
Sjv* ——v" Sk \v*(S(K))

Thus, a monoidal prederivator resp. a symmetric monoidal prederivator D factors canonically as
D: Cat®® — MonCAT — CAT resp. D: Cat®® — sMonCAT — CAT .

Here, MonCAT resp. sMonCAT denotes the 2-category of monoidal resp. symmetric monoidal cat-
egories with strong (symmetric) monoidal functors and monoidal transformations. Note that the
dual D°P of a monoidal prederivator D is also canonically endowed with a monoidal structure. Be-
fore we turn to some interesting examples, let us quickly give the adapted classes of morphisms and
natural transformations. Again, the same terminology will also apply for derivators.

Definition 1.7. Let D and D' be monoidal prederivators. A monoidal structure on a morphism
F: D — D of prederivators is a pair of natural transformations

DxD-—2 D e—> 4D

e a | . |

s
D' x D - D’ D’
such that the coherence diagrams of Appendix B are satisfied. A monoidal structure is called strong
if these natural transformations are isomorphisms. A (strong) monoidal morphism F: D — D’
between monoidal prederivators is a morphism endowed with a (strong) monoidal structure.

There is an obvious variant for the case of symmetric monoidal prederivators [Bor94b] which
demands for an additional coherence property but which again will not be made precise. For
completeness we include the definition of a monoidal natural transformation.
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Definition 1.8. Let D and D' be monoidal prederivators and let F, G: D — I be monoidal
morphisms. A natural transformation ¢: F — G is called monoidal if the following two diagrams
commute:

Qo(FxF)——Fo® S——FoS
¢X¢l Lﬁ Jd)
®o(GXG)—— Go® GoS

As in classical category theory, there is no additional assumption on a monoidal transformation
of symmetric monoidal functors. Thus, with these notions we have the 2-categories of (symmetric)
monoidal (pre)derivators together with the strong monoidal morphisms and monoidal transforma-
tions, which are denoted by:

MonPDer, sMonPDer, MonDer resp. sMonDer

For a summary, let us use the following notation of Appendix B: Given a monoidal 2-category C,
let us denote by Mon(C) the 2-category of monoidal objects in €. For the case of the Cartesian
monoidal 2-category CAT we have Mon(CAT) = MonCAT, the 2-category of monoidal categories.
Thus, we may summarize our discussion as the following isomorphism of 2-categories:

MonPDer = Mon(CAT®™" | x_ ¢) 2 Mon(CAT, x, )" = (MonCAT)<""

There is an analogous variant for symmetric monoidal prederivators.

Using the equivalence of categories BiHom((D,D),D) ~ Hom(D x D, D) of Proposition 1.5 a
monoidal structure on a prederivator D induces a bimorphism ®: (D,D) — . This bimorphism
is then also coherently associative and unital, which gives us the associated exterior version of the
monoidal structure.

Similarly to the theory of ordinary derivators, also in the monoidal context there are the two
important classes of examples coming from categories and model categories. Let us recall that given
a small category J and a category € we denote the associated functor category by Fun(J, C).

Example 1.9. The 2-functor y: CAT — PDer sending a category € to the represented prederiva-
tor € defined by C: J — Fun(J, ) preserves 2-products and hence monoidal objects. Thus, we
obtain induced 2-functors

y: MonCAT — MonPDer and y: sMonCAT — sMonPDer.

The monoidal structure on the prederivator represented by a monoidal category € sends two objects
X,Y € Fun(J,€C) to the composition

A ®

J IxJ X eve—2e

where A is the diagonal functor. The monoidal unit is given by

J%eiwvt.

If the monoidal category € is bicomplete, then we obtain a corresponding monoidal derivator. There
is a similar result for symmetric monoidal categories.

The second class of examples of monoidal derivators comes from combinatorial monoidal model
categories and will be treated in Subsection 1.4. But let us first extend the last example to include
results about biclosed monoidal categories. This will be done in the next subsection.



MONOIDAL AND ENRICHED DERIVATORS 15

1.3. Adjunctions of two variables and closed monoidal derivators. Our next aim is to in-
troduce the notion of an adjunction of two variables between prederivators (which will, in particular,
allow us to talk about closed monoidal derivators). Similarly to the theory of monoidal structures
this can be given in two equivalent ways: there is an exterior version using bimorphisms and an
interior version using morphisms of two variables. Let us give the details for the exterior version.

We begin by recalling the following. Let D, €, and F be categories and let us agree that we call
a bifunctor ®: D x € — F a left adjoint of two variables if there are functors Hom; and Hom,. and
natural isomorphisms as in:

homs(X ®Y,Z) = homg(Y,Hom;(X,Z2)) = homop(X,Hom,(Y,Z2))

Let now D, E, and F be prederivators and let ®: (ID,E) — F be a bimorphism of prederivators.
The minimum we expect from the notion of an adjunction of two variables is the following. For two
categories J; and Jy; we would like to obtain an adjunction of two variables by evaluation. Thus,
for X € D(J1), Y € E(J2), and Z € F(J; x J2) we would expect to have natural isomorphisms

hom]F(Jlxb)(X RY,7) = homE(Jz)(Y, Hom;(X, 7)) = homD(Jl)(X, Hom,.(Y, Z)).
Here, Hom;(—, —) and Hom,.(—,) are certain functors
Homl(—7—): ]D)(Jl)OpXF(Jl XJQ) —>E<J2) and Homr(—,—): E(JQ)OpXF(Jl XJQ) —)D(Jl)

Moreover, these natural isomorphisms should be compatible with restriction of diagrams in the
following sense. Let us focus on Hom;(—, —) but similar reasonings apply to Hom,.(—, —). Thus, for
a pair of functors (u1,us): (J1, J2) — (K7, K3) we would like to have a commutative diagram of
the following form:

IR

homp(k, x k) (X ® Y, Z) homgk,) (Y, Hom;(X, Z))

J l

homg( s, o) (U X @ u3Y, (ur X ug)*Z) ——— homg s, (uY, Homy(ui X, (u1 X u2)*Z))

Here, the left vertical morphism is obtained by an application of the restriction of diagram functor
(up X ug)*: F(K; x K1) — F(J1 x Ja) followed by a map which is induced by the structure
isomorphism of the bimorphism ® : (D,E) — F:

Vot WX @usY — (ug X up)* (X ®Y)

Now, if we want to construct the vertical map on the right-hand-side we would certainly start by
applying u}: E(K2) — E(J2). But then we are in the situation that we need a map

homg 1,y (u3Y, us Hom (X, Z)) — homg(, (u3Y, Hom;(ui X, (uy X ug)*Z))

which would most naturally be induced by a morphism u3 Hom; (X, Z) — Hom;(u} X, (u1 X u2)*Z).
Let us check that such a map can be canonically constructed from the structure morphisms belong-
ing to the bimorphism ®. By adjointness, a map ’yq'jf)rzlz : uy Homy (X, Z) — Hom;(ui X, (uy xuz)*Z)
is equivalently given by a map uiX ® uy Hom;(X, Z) — (u1 X ug)*Z. Using the adjunction counit
X X @ Homy(X, Z) — Z we can consider the map:

®
WX © ug Homy(X, Z) —— (u1 x ug)* (X @ Homy(X, Z)) — s (u1 x us)*Z
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Hom;

The adjoint of this map is taken as the definition of v, 7t , i.e., we set:
,'7.]
us Hom;(X, Z) —————  Hom;(ui X, ui X ® uj Hom;(X, Z))

Hom ®
’YHI’LQJ, J:Yulﬂu

Homy (ui X, (u1 X ug)*Z) +—— Hom; (uf X, (u1 X ug)*(X ® Hom(X, Z)))

We now claim that this map can be used to show that the adjunctions at the different levels are
compatible. Thus, we have to show that the following diagram is commutative:

1R

homIF(Kl ><K2)(X®Y, Z) hOfI’l[@(Kz)(Yv7 Homl(X, Z))

(ulxug)*l lu;

homF(Jliz)((ul X u2)* (X ®Y), (u1 X uz)*2) homE(J2)(u§Y, us Hom; (X, 7))

homp( 7, x 1) (Ui X @ u3Y, (w1 X u2)*Z) ———— homg,)(u3Y, Hom; (ui X, (u1 X u2)*Z))

Foramap f: X®Y — Z let us denote by ¢1(f) resp. ¢2(f) the image of f under the path passing
through the upper right resp. lower left corner. By definition ¢ (f) is the map ey®nf as depicted
in the next diagram precomposed by 7 : u5Y — u} Hom;(X, X ® Y):

ut Hom, (X, X @ ) d ut Hom, (X, Z)
n’ n’
Hom;(uf X, ui X ® ui Hom(X, X ® Y)) S N Hom;(uf X, uj X ® ul Hom;(X, Z))
48 48

Homy (1 X, (u1 x u)*(X @ Homy(X, X @ Y))) ~— Homy (uf X, (11 x uz)*(X ® Homy(X, Z)))

e X

Hom;(ui X, (u1 X u2)* (X ®Y)) Hom; (u3 X, (u1 X u2)*Z)

Since the above diagram is commutative we can calculate

o(f) = fEAEIR = ST = %0 = ().
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Here we used once more the triangular identity and the naturality of the transformations as ex-
pressed by the commutativity of the following diagram

,r]K

ud uy Hom(X, X ®Y)

njl n’
K

Hom; (uf X, ui X ®@ u3Y) -7 Hom; (ui X, ui X ® ui Hom;(X, X ® Y))
7®J 7@

K
Homy (uf X, (w1 X u2)*(X @ Y)) —— Hom; (uf X, (u1 X ug)*(X @ Homy(X, X ®Y)))

EK

id
Hom;(uj X, (u1 X us)* (X ® Y))
together with the fact that ¢, sends f in a short-hand-notation to fy®n”.
Thus, in order to express the compatibility of the adjunction isomorphisms with restriction of

diagrams we have constructed a natural transformation vf°7! as indicated in:

HOI‘I‘Il(f,f)I(l’K2

]D)(Kl)Op X ]F(Kl X KQ) E(KQ)

u;x(ulxuz)*l == J(u;

]D)(Jl)Op X F(Jl X Jg) E(JQ)

Hom;(—,—)7;,75

But this time —as the examples will show— it is important to note that this natural transformation
is not necessarily invertible! Moreover, these natural transformations satisfy certain coherence
conditions which are very similar to the ones in the case of a bimorphism (we will show this below
in the case of an internal adjunction of two variables (see Lemma 1.11) since this will be used in
Section 3). Said differently the functors Hom;(—, =)k, .k, together with the natural transformations
ymg assemble into a lax dinatural transformation Hom;(—, —).

In the case of Hom,.(—, —) a similar reasoning leads to the conclusion that we can construct nat-
ural transformations /°7r : uj o Hom,.(—, =)k, ,k, — Homy(—, =)z, © (u3 x (u1 X uz)*) which
satisfy suitable coherence conditions. Again it is important to note that these natural transfor-
mations are not necessarily invertible. Thus, also the Hom,(—, =)k, x, together with the natural

transformations 'yZ'f“;; assemble into a lax dinatural transformation Hom,.(—, —).

Definition 1.10. Let D, E, and F be prederivators. A left adjoint of two variables from (D,E)
to F is a bimorphism ®: (D,E) — F such that for all pairs of categories (K7, Ks) the functor
®Kr, Ky D(E1) x E(K2) — F(K; x K») is a left adjoint of two variables.

The discussion preceding the definition thus guarantees the following. Given a left adjoint of

two variables ®: (D,E) — F, we can find functors Hom;(—, —) and Hom,(—,—) and natural
isomorphisms:

homp(k, x k) (X ®Y,Z) = homgg,)(Y,Hom(X, Z)) =  hompg,)(X,Hom, (Y, Z))
Moreover, the functors Hom;(—, —) and Hom,.(—, —) can both be extended to lax dinatural transfor-

mations which in turn can be used to show that the adjunctions of the different levels are compatible.
Let us denote an adjunction of two variables by ®: (D, E) — F or by (®, Hom;, Hom,): (D,E) — F.
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The internal version of a left adjoint of two variables is completely parallel. A morphism
®: DXE — F is called a left adjoint of two variables if for all categories J the induced functor
®: D(J) x E(J) — F(J) is a left adjoint of two variables. By similar arguments as in the exterior
case this implies that we have compatible adjunctions of two variables at the different levels. For
example let Hom,(—, —): E(J)°? x F(J) — D(J) be chosen levelwise right adjoints to —® — then

we can define natural transformations 7™ by the following diagram:

u* Hom,(Y, Z) —~— Hom, (u*Y, u* Hom,(Y, Z) @ u*Y)

vﬂml J{%?

Hom,.(u"Y, u* Z) —— Hom,.(u*Y, u*(Hom, (Y, Z) ® Y))

Next, we want to show that these data assemble into a lax morphism. Let us allow ourselves to
commit a slight abuse of notation and write Hom, as a lax morphism E°® x F — D although,
strictly speaking, this is not correct since E°P(K) = E(K°P)°P £ E(K)°P.

Lemma 1.11. Let D, E, and F be prederivators and let @: D xE — F be a left adjoint of two
variables. The functors Hom; resp. Hom,. together with the natural transformations yH°™ resp.
Hom, define a lax morphism of prederivators:

Yu
Hom;(—,—): D’ xF — E resp. Hom,(—,—): E®? xF — D

Proof. Let us give the proof in the case of Hom,. . It is easy to see that 'yi'jfm" = id since this reduces

to a triangular identity of adjunctions. So, let us consider two composable functors J — K — L.
Using the fact that ®: D x E — F is a morphism of derivators it is easy to verify that the following
diagram commutes for arbitrary objects X € D(L), Y € E(L), and Z € F(L) :

. ®
homp)(X ® Y, Z) — homp(g)(u* (X ®@Y),u*Z) AN homp( ) (u* X ® u*Y,u*Z)

. :

homg( 7y ((uv) (X ® Y), (uv)*2) homg( ;) (v* (u* X ® u*Y), v*u* Z)
7®J( l’y@’
hom]F(J) ((’U,’U)*X ® (uv)*Y7 (UU)*Z) homﬂr(J) (’U*U*X R v*u*Y, U*U,*Z)

Using the fact that we have levelwise adjunctions and that these adjunctions are compatible we
obtain the corresponding result for the ‘right-hand-side of the adjunction’. By this we mean that also
the following diagram commutes in which we use H resp. 4" as abbreviations for Hom,. resp. ~Hom-:

5 H
homp1) (X, H(Y, Z)) SN homp gy (u* X, u* H(Y, Z)) AN homp ) (u* X, H(u*Y, u* 7))

~ ;

homD(J)((uv)*X, (uv)* H(Y, 2)) hom]D)(J)(v*u”‘X7 v* Hw*Y,u*72))

homp 7y ((uv)* X, H((uv)*Y, (uv)*Z)) homp ) (v*u* X, H(v* u*Y, v*u* 7))
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Choosing X = Hom,.(Y, Z) and tracing the identity id: Hom,.(Y,Z) — Hom,(Y, Z) through the
two possible ways to the lower right corner we obtain the second coherence condition of a lax
morphism.

Finally, we also have to show a certain compatibility with 2-cells. So, let us consider a natural
transformation a:: u; — ug between parallel functors J — K. We have to show that the following
diagram commutes:

ujoH usoH
H H
%”J, l’yw
Ho(ui® x uj) —— Ho(ui®® x u3) <~ Ho(u3*® x u3)
« [e3

But unraveling definitions we can see that the above diagram can be extended to the following one.
For simplicity of notation we drop the ‘op’ in u7°? and u°? :

*

wi H(Y, Z) o wi H(Y, 2)
m / n2
H(wlY, ui H(Y, 2) © wiY) —2 s H(ulY, ui H(Y, Z) ® u]Y) H(u3Y, uj H(Y, Z) ® u3Y)
8, HwiY,us H(Y, Z) @ u3Y) Viry
Viry
MY, w (Y, 2) © V) —— Ky Y, u3(H(Y, 2) © ) o HQusY, us(HIY, 2) V)

H(uiY,uiZ)

- Ho(ui®™ x u3)
[e3 (03

Ho(uz™ x u3)

In this diagram, the upper right quadrilateral commutes by the extranaturality of the adjunction
unit in the context of an adjunction with parameters (cf. [ML98, Section IX.4]) while the center
left square commutes since ® is a morphism of prederivators. The remaining part of the diagram
commutes by naturality which concludes the proof. O

The interior and the exterior version of adjunctions of two variables are compatible. If we have
a bimorphism ®: (D,E) — F and a morphism of two variables ® : D x E — F which correspond
to each other under the equivalence of Proposition 1.5 then the bimorphism ® is a left adjoint of
two variables if and only if this is the case for the morphism ®.

We now turn to examples in the context of represented (pre)derivators. Let ®: € x D — &
be a functor of two variables. We can extend ® to a (strict) bimorphism ®: (€,D) — & of
the associated represented prederivators. In fact, for a pair of categories (Ji,J2) let us define
®,.0,: €T x DIz — €71%J2 By sending a pair (X,Y) to:

®

XQY:J xJp X exD y e

Let us call this bimorphism ® the bimorphism represented by &.
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Proposition 1.12. Let C, D be complete categories, € a category and ®: C x D — & a left
adjoint of two variables. The represented bimorphism ®: (€, D) — & is then also a left adjoint
of two wvariables. In particular, adjunctions of two variables between bicomplete categories induce
adjunctions of two variables between represented derivators.

Proof. Let us content ourselves by giving the construction of Hom;(—, —) and the natural isomor-
phism expressing one half of the fact that we have an adjunction of two variables. So, let us consider
a pair of categories (J1, J2) and let us construct a right adjoint

Homy(—, —): (@) x /12— D2,
Using (@/1)°P = (€°P)”/i" | as an intermediate step we can associate a pair (X, Z) to the functor
Homi(—, =)o (X X Z): J{P x J; x Jy — CP x &€ — D.

Here, Hom; is a functor expressing the fact that ® is an adjunction of two variables. Forming the
end over the category J; we can define Hom;(X, Z): J, — D by:

Hom (X, Z)(-) :/ Hom; (X (j1), Z(j1 x —))

J

Let us check that this gives us the desired adjunction. For this purpose let us consider a functor
Y € D72, Using the fact that natural transformations give an example of a further end construction
we can make the following calculation:

hOngliQ(X®Y,Z) = / homg(X(jl)®Y(]2),Z(]1,j2))
(J1,92)
= [ homy (Y(ja), Homu(X (), 203, 2)
(J1,92)

~ / homa (Y (j2), / Homy (X (j1), Z(j1. j»))

/ homyp (Y (j2), Homy(X, Z)(j2))

J
=~ homgpu, (Y,Hom(X, 2))

The third isomorphism follows from Fubini’s theorem for ends and the fact that corepresented
functors are end preserving, the second one is the adjunction isomorphism at the level of categories,
while the first and the last one are given by the fact that natural transformations can be expressed
as ends. This concludes the construction of an adjunction of two variables. O

We use this example to illustrate that the structure maps belonging to the right adjoints are
not necessarily isomorphisms, i.e., that we only obtain laz dinatural transformations as opposed
to pseudo dinatural transformations. So, let us consider a pair of functors (uy,us): (Ji,J2) —
(K1, Ks), two diagrams X : K1 — Cand Z: K; x Ko — & and let us have a look at the diagram:

fkl Homl (X(kl), Z(kf1, UQ(—)))

PTuy (5),u1 (5))

I
4
J;, Homy (X (u1(51)), Z (ua (1), w2 (=) —5—— Homy (X (ua(51)), Z(ua (1), u2(-)))

PT;1 5t/
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The upper left object is uj Hom;(X,Z) and the lower left one is Hom;(ufX, (u; X ug)*Z). The
horizontal morphism belongs to the universal wedge of the lower end construction while the di-
agonal morphism is part of the universal wedge belonging to the upper end construction. By
the universal property of the lower wedge there is a unique dashed arrow as indicated which
is compatible with all projection morphisms. If we take these dashed arrows as a definition of
%'jf{zg(*’*): ul Hom;(—, —) — Hom;(u}(—), (u1 X u2)*(—)) one can check that Hom; becomes a
lax dinatural transformation. The fact that the adjunctions at the different levels are compatible
with the restriction functors is expressed by the commutativity of the following diagram. In this

diagram, we drop the arguments to simplify notation:

home (X ® Y, Z) Jx, homo (v, Jx, Homi(X, 7))

J

Loy home (w1 X u2)* (X ®Y), (w1 x uz)*Z) [, homa (ugy, S, Homy (X, (id xuz)*Z))

|

[ s, home (Ui X @ u3Y, (w1 X uz)*Z) —— [, homa (u;Y, [, Homy (ui X, (uy x uQ)*Z))

le XK2

This diagram commutes by the universal property of end constructions.

Let us recall from Example 1.9 that prederivators represented by monoidal categories can be
canonically endowed with a monoidal structure. We can now obtain a similar result for biclosed
monoidal categories under an additional completeness assumption. Of course there is a similar
result for closed monoidal categories, i.e., symmetric biclosed monoidal categories.

Definition 1.13. Let (D, ®,S) be a monoidal prederivator. The monoidal prederivator or the
monoidal structure is called biclosed if the morphism ®: DxD — D is a left adjoint of two
variables. A symmetric monoidal prederivator having this additional property is called a closed
monotdal prederivator.

Corollary 1.14. Let C be a (bi)closed monoidal, complete category. The represented monoidal
structure on the represented prederivator C is then also (bi)closed. In particular, derivators repre-
sented by (bi)closed monoidal, bicomplete categories are canonically (bi)closed monoidal.

1.4. Monoidal model categories induce monoidal derivators. Before we turn to monoidal
model categories let us make some more comments on the derivator Dy associated to a combinato-
rial model category M (cf. [Grol0a]). Recall that combinatorial model categories as introduced by
Smith are cofibrantly generated model categories which have an underlying presentable category
(for the theory of presentable categories cf. the original source [GU71] but also [AR94, MP89]).
In the construction of the derivator Dy we use the fact that the diagram categories M7 can be
endowed both with the injective and the projective model structure. The existence of the projec-
tive model structure follows from a general lifting result of cofibrantly generated model structures
along a left adjoint functor ([Hir03]) while the existence of the injective model structure is, for
example, shown in [Lur09]. Since both model structures have the same class of weak equivalences,
it is not important which one we use in the definition of the value Dy (J) as they have canonically
isomorphic homotopy categories:

Ho (M) 2 Ho(M)

proj
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Now, for a functor u: J — K, the induced precomposition functor v*: M% — M preserves weak
equivalences with respect to both structures. Hence, by the universal properties of the localization
functors v: M7 — Ho(M”) and v: MX — Ho(M¥) we obtain a unique induced functor u* at
the level of the homotopy categories such that the following diagram commutes on the nose:

ME T o

Ho(MX) T> Ho(M”)

By definition, this induced functor is taken as the value Dy (u).

Alternatively, one could also form the left derived functor Lu* with respect to the injective model
structures or the right derived functor Ru* with respect to the projective model structures. Recall
that these are functors endowed with natural transformations which turn Lu* into a right Kan
extension of v owu* along v while Ru* becomes a left Kan extension of v o u* along 7 :

MK u” N M‘] MK u” N MJ
’YJ{ 7 J"/ "{ A Jv
HO(MK) ?) HO(MJ) HO(MK) F HO(MJ)

Since the localization functor v: M — Ho(MX) is a 2-localization, we obtain, in particular,
an isomorphism of categories:

71 Ho(W7)HeOT)  Ho(ng7 ). 1)

Here, the right-hand-side is the full subcategory of Ho(M’ )MK spanned by the functors which
invert the weak equivalences. For an arbitrary functor F': Ho(M¥) — Ho(M) this gives us the
following two bijections

nat(F,u*) —— nat(F o v, u* o), nat(u*, F) —— nat(u* o v, F o 7).

But these bijections express that the induced functor u*: Ho(M¥) — Ho(M”) is simultaneously
also a right Kan extension and a left Kan extension of v o u* along . We thus obtain natural
isomorphisms

Lu* =2 o = Ru.

This observation will be useful in the construction of the monoidal derivator underlying a com-
binatorial monoidal model category. More generally, it allows for the construction of morphisms
of derivators induced by Brown functors and hence, in particular, by Quillen functors or Quillen
bifunctors. One motivation for the notion of Brown functors is the following. In order to form the
derived functor of a —say— left Quillen functor not all of the defining properties of a left Quillen
functor are needed as already emphasized in [Hov99, Hir03, Mal07b]. Thus, sometimes the following
definition is useful (cf. also to [DHKS04] and [Shull] where these are called deformable functors
and derivable functors, respectively).

Definition 1.15. Let M and N be model categories and let F': M — N be a functor. F is a
left Brown functor if F preserves weak equivalences between cofibrant objects. Dually, F is a right
Brown functor if F preserves weak equivalences between fibrant objects.
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As one sees from the constructions in [Hov99, Hir03], this suffices to obtain the respective derived
functors which again will have the universal property of the respective Kan extensions. In what fol-
lows, we will only state and prove the results for left Brown functors (and left Quillen (bi)functors),
but also the dual statements hold true.

Proposition 1.16. Let M and N be combinatorial model categories and let F: M — N be a
left Brown functor. Then by forming left derived functors we obtain a morphism of derivators
LF: Dy — Dy . In particular, this is the case for left Quillen functors.

Proof. Let J be a category and let us consider the induced functor F': M7 — NY. With respect to
the injective model structures, this is again a left Brown functor. Hence, given a functor u: J — K
we have the following commutative diagram of left Brown functors:

ME L NE

inj inj
J N J
J\/Einj r Ninj

Passing to left derived functors for the horizontal arrows and to the induced functors on the local-
izations for the vertical arrows gives us the following diagram which commutes up to a canonical
natural isomorphism ~,,:

D (K) — Dy (K)

T
Do (J) — 7= D (J)

It is easy to check that these natural isomorphisms «,, u: J — K, endow the functors LF' with
the structure of a morphism of derivators. O

Since adjunctions and equivalences of derivators are detected levelwise we immediately obtain
the following corollary.

Corollary 1.17. Let (F,U): M — N be a Quillen adjunction of combinatorial model categories.
Then we obtain a derived adjunction (LF,RU): Dy — Dy . If (F,U) is a Quillen equivalence then
(LF,RU) is an equivalence of derivators.

There is a further important class of Brown functors, namely the Quillen bifunctors. These are
central to many notions of homotopical algebra.

Definition 1.18. Let M, N, and P be model categories. A functor ® : MxN — P is a left Quillen
bifunctor if it preserves colimits separately in each variable and has the following property: For
every cofibration f: X; — X5 in M and every cofibration ¢g: Y7 — Y5 in N the pushout-product
map

fOg= (X209 (feY): Xo@Ylx ey X10Y: — Xo®Ys

is a cofibration which is acyclic if in addition f or g is acyclic.

There is the dual notion of a right Quillen bifunctor Hom: M° x N — P. In that case one
considers the induced maps

Homg(f, g): Hom(Xz,Y1) — Hom(X1, Y1) XHom(x,,v,) Hom (X2, Y2).
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The following is immediate.

Lemma 1.19. Let ®: M x N — P be a left Quillen bifunctor and let X € M resp. Y € N be
cofibrant objects. The functors X®@ —: N — P and — QY : M — P are then left Quillen functors.
In particular, ®: M x N — P is a left Brown functor when we endow M x N with the product
model structure.

Thus Proposition 1.16 can be applied to Quillen bifunctors. Under the canonical isomorphism
Daixn = Dy X Dy we obtain that a Quillen bifunctor ®: M x N — P induces a morphism of
derivators Dy¢ X Dy — Dy . Let us not distinguish notationally between this morphism and the
associated bimorphism (cf. Proposition 1.5) and let us denote both by

L L
®: Dy X Dy — Dyp and ®@: (Dy, D) — Dy

The bimorphism can also be obtained without invoking Proposition 1.5. The bifunctor ® in-
duces a strict bimorphism of represented derivators ®: (M,N) — P. For each morphism of pairs
(u1,ug2): (J1, J2) — (K1, K2) we have a commutative diagram of left Brown functors as follows if
all model categories are endowed with the injective model structures:

MKI X NKQ ® s TKIXKZ

u’{xu;l l(ulxuﬁ*

MJI X NJz 5 UJJ1><J2

Forming derived functors at the different levels and taking the natural isomorphisms induced by
these diagrams we obtain again the bimorphism (D, Dy) — Dep .

In the context of combinatorial model categories, we get a stronger statement. Recall that the
adjoint functor theorem of Freyd takes the following form in the context of presentable categories:
a functor between presentable categories is a left adjoint if and only if it preserves colimits. For
example, in the context of combinatorial model categories a monoidal structure which preserves
colimits in each variable is always a biclosed monoidal structure, i.e., we have an adjunction of two
variables (®, Hom;, Hom,.).

Now, let M, N, and P be combinatorial model categories. Then given a left Quillen bifunctor
®: M x N — P we obtain an adjunction of two variables (®,Hom;, Hom,.). This adjunction is
expressed by natural isomorphisms

homp(X ®Y,Z) = homy(X,Hom,.(Y,Z)) = homy(Y,Hom;(X,Z))
for certain functors
Hom;(—,—): M°* x ? — N and Hom,.(—, —): N°P x P — M.

Lemma 1.20. Let M, N, and P be model categories and let (®,Hom;, Hom,): M x N — P be an
adjunction of two variables. If we endow M°P resp. N°P with the dual model structures we have the
following equivalent statements: ® is a left Quillen bifunctor if and only if Hom; is a right Quillen
bifunctor if and only if Hom,. is a right Quillen bifunctor.

By the above discussion, we know that a left Quillen bifunctor ® : M x N — P between combi-
natorial model categories extends to an adjunction of two variables. By Proposition 1.12 or again
by the special adjoint functor theorem, we deduce that this adjunction induces adjunctions of two
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variables between represented derivators ®: (M,N) — P. By the last lemma, we have thus ad-
junctions of two variables consisting of Quillen bifunctors which induce derived adjunctions of two
variables Dy (J1) X Dy (J2) — Dp(J; x Jo). This shows that the morphism

L
®: (D, D) — Dy
is a left adjoint of two variables. We have thus established the following result.

Corollary 1.21. Let M, N, and P be combinatorial model categories and let @: M XN — P be a
left Quillen bifunctor. Then, by forming derived functors, we obtain an adjunction of two variables
at the level of associated derivators:

L
(®, RHom;,RHom,.): (Dyg, D) — Dy
For later reference let us quickly introduce the notion of Quillen homotopies.

Definition 1.22. Let F, G: M — N be left Brown functors. A natural transformation 7: F' — G
is called a (left) Quillen homotopy if the components 7x are weak equivalences for all cofibrant
objects X.

Lemma 1.23. Let F, G: M — N be left Brown functors between combinatorial model categories
and let T: F — G be a left Quillen homotopy. Then we obtain a natural isomorphism

Lr: LF — LG
of induced morphisms LF, LG: Dyt — Dy .

With these preparations we can now turn to monoidal model categories. We use the following
definition of a monoidal model category, which is close to the original one in [Hov99].

Definition 1.24. A monoidal model category is a model category M endowed with a monoidal
structure such that the monoidal pairing ®: M x M — M is a Quillen bifunctor and such that a
(and hence any) cofibrant replacement QS — S of the monoidal unit has the property that the
induced natural transformations QS®— — S®— and —® QS — — ® S are Quillen homotopies.

Theorem 1.25. Let M be a combinatorial monoidal model category. The associated derivator Dy
inherits canonically the structure of a biclosed monoidal derivator. If the monoidal structure on M
is symmetric, then this is also the case for the induced structure on Dy .

Proof. We only have to put the above results together and care about the unit. The injective
model structures on the diagram categories Mir]1j have the property that the natural transformations
RQS®R— —S®—and —®EQS — — ®S are again Quillen homotopies since everything is defined
levelwise. Thus, at each stage we can apply the corresponding result of [Hov99] to obtain a monoidal
structure on Ho(M). Moreover, by Corollary 1.21 these fit together to define a biclosed monoidal

structure on Dy since the left Quillen bifunctor ® induces a derived adjunction of two variables. [

There is a similar result for monoidal left Quillen functors. Recall from [Hov99] that a monoidal
left Quillen functor is a left Quillen functor which is strong monoidal and satisfies an additional
unitality condition. This extra condition ensures that the derived functor will respect the monoidal
unit at the level of homotopy categories. We omit the proof that such a monoidal left Quillen functor
between combinatorial model categories induces a monoidal morphism of associated derivators.
After having given the following central examples we will shortly consider the situation of weakly
monoidal Quillen adjunctions.
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Example 1.26. Let k be a commutative ring and let Ch(k) be the category of unbounded chain
complexes over k. This category can be equipped with the combinatorial (so-called projective)
model structure where the weak equivalences are the quasi-isomorphisms and the fibrations are
the surjections ([Hov99]). The tensor product of chain complexes endows this category with the
structure of a closed monoidal model category. The unit object is given by k[0] which denotes the
chain complex concentrated in degree zero where it takes the value k. Thus, the associated stable
deriwator of chain complezes
Dy = Den)

is a closed monoidal derivator. More generally, let C' be a commutative monoid in Ch(k), i.e., let
C be a commutative differential-graded algebra. Then, the category C' — Mod of differential-graded
left C-modules inherits a stable, combinatorial model structure ([SS00]). Moreover, forming the
tensor product over C' endows C' — Mod with the structure of a closed monoidal model category.
We deduce that the associated stable derivator of differential-graded C—modules

De = Do —Mod
is also closed monoidal.

Example 1.27. Let Seta denote the presentable category of simplicial sets. If we endow it with
the homotopy-theoretic Kan model structure ([Qui67], [GJ99, Chapter 1]) we obtain a Cartesian
closed monoidal model category SetX*". Recall that the cofibrations are the monomorphisms, the
weak equivalences are the maps which become homotopy equivalences after geometric realization
and the fibrations are the Kan fibrations. Since this model structure is combinatorial, we obtain a
closed monoidal derivator of simplicial sets:

]D)SetA = ID)Setﬁa"

But, there is also the Joyal model structure on the category of simplicial sets (see for example
[Joy08], [Lur09], and also [GrolOb]). This cofibrantly generated model structure is Cartesian so
that we again have a Cartesian closed monoidal model category Set X! where the underlying model
category is combinatorial. Thus, we obtain a further closed monoidal derivator, the derivator of
oo—categories:

Deo—cat = DsetJﬁyal

Example 1.28. Let Sp™ be the category of symmetric spectra based on simplicial sets as introduced
in [HSS00]. This presentable category carries a symmetric monoidal structure given by the smash
product A where the monoidal unit is given by the sphere spectrum S. It is shown in [HSS00] that
Sp* endowed with the stable model structure is a cofibrantly generated, stable, symmetric monoidal
model category in which the unit object is cofibrant. We obtain hence an associated stable, closed
monoidal derivator of spectra:
Dgp = Dg,s

Moreover, let us denote by E — Mod the category of left E—module spectra for a commutative
symmetric ring spectrum E € Sp):. The category E — Mod can be endowed with the projective
model structure, i.e., the weak equivalences and the fibrations are reflected by the forgetful functor
E—Mod — sz . This model category is a combinatorial monoidal model category when endowed
with the smash product over E and hence gives rise to the stable, closed monoidal derivator of
E—module spectra:

Dr = Dg_Mod
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We will now consider weakly monoidal Quillen adjunctions as introduced by Schwede and Shipley
in [SS03a] and illustrate them by an example. This example will also reveal a technical advantage
derivators do have when compared to model categories. Before we get to that let us give the
following result (cf. [Kel74]). Let us consider an adjunction (L, R): € — D where both categories
€ and D are monoidal. Moreover, let us assume that we are given a lax monoidal structure on the
right adjoint:

m: RX®@RY — R(X®Y) and u: S— RS

The map w is adjoint to a map v': LS — S while we can define m’: L(X ®Y) — LX ® LY to
be the map adjoint to

XoV "% RLX @ RLY —"™ R(LX ® LY).

It is now a lengthy formal calculation to show that the pair (m/,u’) defines a lax comonoidal
structure on L. Similarly, if we start with a lax comonoidal structure on L given by

m: L(X®Y)—LX®Y) and u':LS—S,

we can consider the map u: S — RS which is adjoint to u’. Moreover, let m: RX @ RY —
R(X ®Y) be the map adjoint to

L(RX ® RY) ™ LRX ® LRY ~2%, X 9 Y.

This will then define a lax monoidal structure on the right adjoint R. With these preparations we
can formulate the next lemma.

Lemma 1.29. Let C and D be monoidal categories and let (L, R): € — D be an adjunction. The
above constructions define a bijection between lax monoidal structures on R and lax comonoidal
structures on L. Moreover, if (L, R) is an equivalence then we have a bijection between strong
monoidal structures on L and strong monoidal structures on R.

Proof. We have to show that the two constructions are inverse to each other. Let us consider
the case where we start with a lax monoidal structure (m,u) on R. From this we can form the
lax comonoidal structure (m’,u') on L and again a lax monoidal structure (m”,v”) on R. Tt is
immediate that we have u = «”, so it remains to show that we also have m = m/. By the definition
of the morphisms m’ and m”, we have the following commutative diagram:

RX ® RY — RL(RX ® RY) " RL(RLRX ® RLRY)

L :

R(X @) ¢— R(LRX ® LRY) +—— RLR(LRX ® LRY)
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Using (n®n) onp =no(n®mn), we can deduce the following commutative diagram

RX @ RY "y RLRX ® RLRY —— RL(RLRX ® RLRY)

m” R(LRX ® LRY) —— RLR(LRX ® LRY)

_l l_

R(X ®Y) ¢—— R(LRX ® LRY) «—— RLR(LRX ® LRY)

where the lower right square commutes by a triangular identity. Using the triangular identity again,
we can conclude by the following calculation:

m’ = (c®e)omo(n@n) =mo(e@e)o (@) =m

The second statement for the case of an equivalence of monoidal categories is immediate since in
that case the adjunction unit and counit are natural isomorphisms. ]

Let us now recall the following definition of [SS03a).

Definition 1.30. Let M and N be monoidal model categories. A weak monoidal Quillen adjunction
M — N is a Quillen adjunction (F,U) together with a lax monoidal structure (m,u) on the right
adjoint U such that the following two properties are satisfied:

i) The natural transformation m’: Fo® — ®o(F x F) which is part of the induced lax comonoidal
structure on F' is a left Quillen homotopy.

ii) For any cofibrant replacement Q@ S — S of the monoidal unit S of M the map FQS — FS =+ S
is a weak equivalence.

We call such a datum a weak monoidal Quillen equivalence if the underlying Quillen adjunction
(F,U) is a Quillen equivalence.

In the context of combinatorial monoidal model categories one checks that weak monoidal Quillen
adjunctions (resp. equivalences) can be extended to weak monoidal Quillen adjunctions (resp. equiv-
alences) at the level of diagram categories with respect to the injective model structures.

Proposition 1.31. Let (F,U): M — N be a weak monoidal Quillen adjunction between combina-
torial model categories. Then the left derived morphism LE: Dy — Dy carries canonically the
structure of a strong monoidal morphism while RU: Dy — Dy is canonically lax monoidal. If
(F,U) is a weak monoidal Quillen equivalence then both ILF and RU carry canonically a strong
monoidal structure.

Proof. By our assumption the natural transformation m’: F o ® — ® o (F x F) is a Quillen
homotopy. By the additional compatibility assumption of the induced map v’ : FS — S we can
use m' and v’ in order to obtain a strong comonoidal structure on LF: Dy — Dy . Since there
is an obvious bijection between strong comonoidal and strong monoidal structures, we end up with
a strong monoidal structure on LF. If (F,U) is actually a weak monoidal Quillen equivalence, we
can apply a variant of Lemma 1.29 for derivators to also construct a strong monoidal structure on
RU. |

Corollary 1.32. Let M, N be combinatorial monoidal model categories which are Quillen equivalent
through a zigzag of weakly monoidal Quillen equivalences between combinatorial monoidal model
categories. Then we obtain a strongly monoidal equivalence of derivators Da; — Dy .
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As an illustration we want to apply this to the situation described in [Shi07]. In that paper,
Shipley constructs a zigzag of three weak monoidal Quillen equivalences between the category of
unbounded chain complexes of abelian groups and the category of HZ-module spectra. To be more
specific, the monoidal model for spectra is chosen to be the category of symmetric spectra ([HSS00])
and HZ denotes the integral Eilenberg-MacLane spectrum. The chain of weak monoidal Quillen
equivalence passes through the following intermediate model categories

HZ — Mod ~¢ Sp>(sAb) =~ Sp™(Ch™) ~¢ Ch.

Here, Ch™ is the category of non-negatively graded chain complexes of abelian groups, sAb is the
category of simplicial abelian groups and sz(—) denotes Hovey’s stabilization process by forming
symmetric spectra internal to a sufficiently nice model category ([Hov01]). There is a similar such
chain of weak monoidal Quillen equivalences if we replace the integers by an arbitrary commutative
ground ring k. Since all the four model categories occurring in that chain are combinatorial we can
apply the last corollary in order to obtain the following example.

Example 1.33. For a commutative ring k let us denote by Hk the symmetric Eilenberg-MacLane
ring spectrum. Then we have a strong monoidal equivalence of derivators

Dk :DH]C'

1.5. Additive derivators, the center of a derivator, and linear structures. For a derivator
D and a category J it is immediate that D(J) has initial and final objects as well as finite coproducts
and finite products (cf. Subsection 1.1 of [Grol0al]). A pointed derivator is a derivator such that
every initial object of the underlying category D(e) is also final. Tt follows then that all values D(.J)
are pointed. For additive derivators, it also suffices to impose the additivity assumption on the
underlying category. For us the notion of an additive category does not include an enrichment in
abelian groups. The additional structure given by the enrichment in abelian groups can be uniquely
reconstructed using the exactness properties of an additive category. Thus, the category D(e) is
assumed to be pointed and the canonical map from the coproduct of two objects to the product
of them is to be an isomorphism. Moreover, for every object there is a self-map which ‘behaves as
an additive inverse of the identity’. For a precise formulation of this axiom, compare to Definition
8.2.8 of [KS06]. Alternatively, one can demand the shear map

((1) 1>:X|_IX*>X><X

to be an isomorphism for each object X.
Definition 1.34. A derivator DD is additive if the underlying category D(e) is additive.

Proposition 1.35. If a derivator D is additive, then all categories D(J) are additive and for any
functor u: J — K the induced functors u*, wy, and u, are additive.

Proof. Let us assume D to be additive and let us consider an arbitrary category J. We already know
that ID(J) is pointed. Since isomorphisms in ID(J) can be tested pointwise and since the evaluation
functors have adjoints on both sides it is easy to see that finite coproducts and finite products in
D(J) are canonically isomorphic. Similarly, let X € ID(J) be an arbitrary object and let us consider
the shear map ((1) }) : X UX — X x X. This map is an isomorphism if and only if this is the case
when evaluated at all objects j € J. But j* ((1) }) can be canonically identified with the shear map

of j*X € D(e) which is an isomorphism by assumption. Finally, given a functor u: J — K, the
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induced functors u*, w;, and u, are all additive since each of them has an adjoint on at least one
side. 0

In contrast to the above definition, let us call a prederivator additive if all values and all pre-
composition functors are additive.

Example 1.36. i) Let C be a category. Then the prederivator € represented by € is additive if
and only if the category € is additive.

ii) Let D be a stable derivator. Then we showed in Section 4 of [Grol0a] that D is also an additive
derivator. So, this is, in particular, the case for derivators associated to stable (combinatorial)
model categories.

Definition 1.37. Let D be a prederivator. The center Z(D) of D is the set of natural transforma-
tions

Z(D) = nat(idD, ldD)

Thus, an element of Z(D) is a natural transformation 7: idp — idp, i.e., a family of natural
transformations 77 : idp(y) — idp(s) which behave well with the precomposition functors u*. The
composition of natural transformations endows Z(ID) with the structure of a (commutative) monoid.

Lemma 1.38. Let D be an additive derivator. The center Z(D) of D is then a commutative ring.

Proof. The multiplication on Z(D) is given by composition. For two elements 7, ¢ € Z(D), a
category K and an element X € D(K), by naturality we have the following commutative diagram:

(Tr)x

X——X

(UK)X\L J{(UK)X

X— X
(Tr)x
Thus we have o7 = 70, i.e., the multiplication is commutative. Since the precomposition functors
u* are additive, the sum 7 4 o of two elements 7, 0 € Z(D) lies again in the center. Finally, the
biadditivity of the composition in the additive situation concludes the proof. ([

This commutative ring Z(ID) can be used to endow an additive derivator with k—linear structures
as follows.

Definition 1.39. Let D be an additive derivator and let k be a commutative ring. A k—linear
structure on D is a ring homomorphism

ok — Z(D).

A pair (D, o) consisting of an additive derivator D and a k—linear structure o on D is a k—linear
derivator.

As emphasized in the definition, k—linearity of an additive derivator is additional structure
(contrary to the additivity of an additive derivator which is a property). Nevertheless, we will
drop o from notation and speak of a k—linear additive derivator D. Every additive derivator is
canonically endowed with a Z-linear structure.

Now, let D be an additive derivator. Evaluation at a category J induces a ring homomorphism
Z(D) — Z(D(J)), where Z(ID(J)) denotes the usual center of the additive category ID(.J), i.e., the
commutative ring of natural transformations idpy) — idp(s) . Thus, a k—linear structure on an
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additive derivator induces k—linear structures on all its values. Moreover, these k—linear structures
are preserved by the precomposition functors. Recall for example from [KS06] that for a morphism
f: X — Y in D(K) and a ring element s € k the morphism sf: X — Y is given by the diagonal
in the following commutative diagram:

S

X— X

f lf
Y

Y —

S

Here, we simplified notation by writing s for (o(s)x)x resp. (o(s)k)y. Now, since o(s) € Z(D)
we have an equality of natural transformations u*s = su®™: u* — u* for an arbitrary functor
u: J — K. For a morphism f: X — Y in D(K) this equality implies su*(f) = u*(sf), i.e., the
k—linearity of u*. Conversely, k—linear structures on the values of an additive derivator such that
the precomposition functors are k—linear give a k—linear structure on the additive derivator. This
gives the first part of the following proposition.

Proposition 1.40. Let D be an additive derivator. A k-linear structure on D is equivalently given
by a k-linear structure on D(J) for each category J such that the precomposition functors are k-
linear. Moreover, in that case also the homotopy Kan extension functors w,u.: D(J) — D(K)
associated to an arbitrary functor u: J — K are k—linear.

Proof. Tt remains to give a proof of the second statement and, by duality, it suffices to treat the
case of homotopy left Kan extensions. Let X,Y be objects of D(J) and let s € k. Let us con-
sider the following commutative diagram in which the horizontal isomorphisms are the adjunction
isomorphisms:

homp ) (w1 X, wY") = homp7) (X, uw*wY")

S*J l(u*(S))*

homD(K) (ng, u;Y) T homD(J) (X, U*UIY)

The vertical map on the left sends wi(f): wX — wY to sui(f). So let us calculate the image of
w (f) under the composition of the three maps. Let us remark first that (u*(s)). = s. since u* is
k—linear. Thus, the image of ui(f) under the composition of the first two maps is the composition
of the following commutative diagram:

x "1 wrwm X L> wrwY

o]

X — wr X T) wrwY

But, using the triangular identities, this composition is sent by the second adjunction isomorphism
to w(f)ui(s) = w(sf). Hence, we obtain the intended relation sui(f) = w(sf) expressing the
k—linearity of wu;. |

We finish by giving the notion of k—linear morphisms of k—linear derivators. Let us note that an
additive morphism F: D — D’ of additive derivators induces ring maps F,: Z(D) — nat(F, F)
and F*: Z(D') — nat(F, F).
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Definition 1.41. Let D and ' be k—linear derivators with respective k—linear structures o and o’.
An additive morphism F': D —s D' is k—linear if F,oo = F*oo’: k — nat(F, F'). With all natural
transformations as 2-morphisms we thus obtain the 2-category Der2dd:*
add,Z

of k—linear derivators.

In particular, we have Der = Der®® It is easy to see that an additive morphism F: D — D’
of k—linear derivators is k—linear if and only if all components F : D(K) — D'(K) are k—linear
functors. Thus we obtain the following example — more specific examples of linear structures will
be given at the end of this subsection.

Example 1.42. Let D and D’ be additive derivators. Then a Z—linear morphism F: D — D’ is
the same as a coproduct-preserving morphism. In particular, all exact morphisms between stable
derivators are Z-linear. This is, for example, the case for all morphisms u*: D — D; induced
by the precomposition functors of a stable derivator D. Recall that D is the derivator which sends
a category L to D(J x L).

In the case of a stable derivator D there is the following graded variant of the center. Recall from
Section 4 of [GrolOa] that the suspension functor ¥: D(J) — D(J) is defined as the following
composition:

2 D(J) D(J x 7) —5 D(J x 0) L D)
Since the morphisms of derivators u*: Dx — D preserve homotopy left and homotopy right
Kan extensions, the above suspension functors can be taken together to define a self-equivalence
3: D — D of the derivator, the suspension morphism. More precisely, we use Lemma 2.9 twice
which states that the homotopy Kan extensions at the different levels assemble into a morphism of
derivators.

Let us consider the values of a stable derivator as graded categories in the following way.
For a category J and two objects X,Y € D(J), the graded abelian groups homp(;)(X,Y), and
homp ;) (X,Y)* are defined to be

homp () (X,Y ), = homp(;)(X,Y)™™ = homp;) (X" X,Y), n € 7.

Here, we used that the suspension is invertible in the stable situation in order to define the Z—graded
abelian groups.

(0,0)
—_—

Example 1.43. For a commutative ring k£ and k-modules M and N we have the following identi-
fication:
homp, () (X" M, N) = Exty (M, N).

For a functor u: J — K the induced functors u*, w;, and u, are graded since they are exact with
respect to the canonical triangulated structures [Grol0al]. Let us now come to a graded-commutative
variant of the center for stable derivators.

Definition 1.44. Let D be a stable derivator and let 3: I — I be the suspension morphism.
Then the graded center Zo(D) of D is the Z—graded abelian group which in degree n is the subgroup
Z,(D) = Z7™(D) of nat(X",idp) given by the natural transformations 7 that commute with the
suspension up to a sign, i.e., satisfy X7 = (=1)"7%: ¥t — 3.

It is immediate to see that the composition of elements of the center endows Z,(D) with the
structure of a graded-commutative ring. Similarly to the unstable case, we can now talk about
graded-linear structures. A graded-linear structure on a stable derivator is a map o: Ry — Zo(D)
of graded rings. Similarly to the ungraded case, it follows that also the homotopy Kan extensions
are linear over R,.
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Lemma 1.45. Let D be a stable derivator endowed with a linear structure over the graded ring R,
andletw: J — K be a functor. The graded category D(K) is then canonically Re-linear. Moreover,
the induced graded functors u*: D(K) — D(J) and wy, us: D(J) — D(K) are linear over R,.

Let us now turn towards the linear structures which are canonically available for suitable additive,
monoidal derivators. The 2-categorical Yoneda lemma gives us for every monoidal prederivator D
the strict morphism kg, : e —> D corresponding to the monoidal unit S, of the underlying monoidal
category D(e).

Lemma 1.46. Let D be a monoidal prederivator. Then the unit morphism S: e — D and the
strict morphism kg, : e — D are naturally isomorphic.

Proof. Recall from the proof of the 2-Yoneda lemma that the value of kg, at a category K is just the
element pj (S.) where px: K — e is the unique functor to the terminal category e. Moreover, for
a functor w: J — K the induced functors u*: D(K) — D(J) are canonically monoidal functors.
In particular, there is a canonical isomorphism u*(Sx) — S; which is, as we saw in the first
subsection, the structure isomorphism +, belonging to the morphism of prederivators S: e — D .
Applied to the canonical functor pg, this gives us an isomorphism

TK = Ypr * (Ks. )k = Pk (Se) — Sk .

These Tk assemble to a natural isomorphism 7: ks, — S. In fact, we just have to check that the
following diagram commutes:

ok
UITR=U"Yp

u*pi(Se) u* Sk
J%
P? (Se) SJ

* *
TJU =Tp, ;U

But this is just a special case of the coherence properties of the isomorphisms belonging to the
morphisms of prederivators S: e — D. O

We can also give a more conceptual proof of this lemma. For this purpose, let us recall the
bicategorical Yoneda lemma. For a general introduction to the theory of bicategories cf. [Bén67).
Although we are only concerned with 2-categories, let us quickly mention that the basic idea with
bicategories is that one wants to relax the notion of 2-categories in the sense that one only asks for
a composition law which is unital and associative up to specified natural coherent isomorphisms.
Given two 2-categories € and D and two parallel 2-functors F,G: € — D one can now consider
the category PsNat(F, G) of pseudo-natural transformations where the morphisms are given by the
modifications. As a special case, let us take D = CAT, let us fix an object X € € and let us
consider the corepresented 2-functor y(X) = Hom(X,—) : € — CAT . If we are given in addition
a CAT-valued 2-functor F': € — CAT then we can consider the category PsNat(y(X),F). The
bicategorical Yoneda lemma states that the evaluation at the identity of X induces a natural
equivalence of categories:

Y: PsNat(y(X), F) — F(X)

The bicategorical Yoneda lemma in the more general situation of homomorphisms of bicategories
can be found in [Str80].
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Now, given two prederivators I and )’ the category of morphisms from D to D’ is given by
Hom(D,D’) = PsNat(ID,D’). In the situation of the last lemma, the bicategorical Yoneda lemma
hence gives us an equivalence of categories

Y: Hom(e,D) = Hom(y(e), D) — D(e).

Both morphisms S and kg, are mapped to S, under Y showing that they must be isomorphic.
Let now D be a monoidal, additive derivator and let us assume that the monoidal structure
preserves coproducts. The natural isomorphism of the last lemma induces a ring map

homp () (Se, Se) — nat(ks, ® —, ks, ® —) = nat(S®—,S®—).

A final conjugation with the coherence isomorphism /: S ® — 22 id thus gives us a ring map
hom]D)(e) (Sea Se) — Z(D)a

i.e., the derivator D is endowed with a linear structure over the endomorphisms of S. Thus, we have
proved the following result.

Corollary 1.47. Let D be an additive, monoidal derivator with an additive monoidal structure.
Then D is canonically endowed with a linear structure over homp.) (Se,Se). In particular, let M
be a combinatorial, closed monoidal model category with unit object S such that the associated
derivator is additive. The derivator Dy is then canonically endowed with a linear structure over
homHo(M) (S, S) .

Note that there is a certain asymmetry in the construction of the linear structures. We only used
the coherence isomorphism S ®— = id. As a consequence, a similar result concerning the existence
of linear structures can also be established for suitably left-tensored derivators (cf. Section 2).
Furthermore, there is a graded variant of this result for stable, monoidal derivators if the monoidal
structure has certain exactness properties. But before we come to that we want to mention that
the existence of these linear structures is only the shadow of a much more structured result. In
the next section we will see that a derivator has an associated derivator of endomorphisms denoted
END(D). Using Theorem B.11 of Appendix B we deduce that END(DD) is canonically monoidal and
that associated to a monoidal derivator D there is a monoidal morphism D — END(DD). In the
additive context, the ring map of the last result is just a shadow of this monoidal morphism. We
will prove such a result in the more general context of tensored derivators in Section 2.

Recall, e.g. from [HPS97, Definition A.2.1] and [May01l, Section 4], that there are notions of
when a closed monoidal structure on a triangulated category is compatible with the triangulation.
In the context of stable derivators the ‘triangulation’ is not an additional structure (cf. [Grol0Oal)
but we nevertheless want to introduce a similar notion here. Before we introduce it, let us assume
we were given a stable, monoidal derivator D such that the monoidal structure ® commutes with
the suspension in both variables. Then, for arbitrary s, ¢ we can consider the following possibly
non-commutative diagram in which the left vertical arrow is given by the symmetry constraint:

YIS@NES = 4 N5t S

L

StSRDTS —— NS

Definition 1.48. A derivator D is compatibly stable and closed monoidal if D is stable, closed
monoidal, and if the above diagram commutes for all r and s.
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We could have given the same definition in the more general context of a stable derivator with a
monoidal structure which commutes with the suspension and is additive in both variables. However,
to be closer to the situations as considered in [HPS97, May01] we assumed the derivator to be closed
monoidal which is anyhow fulfilled by all examples we are considering here.

Let D be a compatibly stable and closed monoidal derivator and let S, be the monoidal unit
of the underlying monoidal category D(e). It follows that the graded abelian group of self-maps
homp () (Se, Se)e is a graded-commutative ring. In fact, as a special case of the composition in the
graded category D(e), the composition of g: ¥"S, — S, and f: ™S, — S, is given by:

gof: Z"+mSeE—>nfEnSei>Se

The graded-commutativity of this composition follows now from the following diagram which uses
the fact that we are given a compatibly stable and closed monoidal derivator:

" . .
sms, o9 yming, _CV snimg B sng,

F

f f®id g®id g
S. ®X" S, S ®%™S,
id ®g idef
Se——— 385, ®Se ——— S ®Se &S,

Here, the composition of the bottom line just gives ids, by one of the coherence axioms for a
symmetric monoidal category.

Proposition 1.49. A compatibly stable and closed monoidal derivator D is canonically endowed
with a linear structure over the graded-commutative ring homp.(Se, Se)e, i.€., we have a morphism
of graded rings

homD(e) (Se, Se). — Z.(D)
Proof. We only give a sketch of the proof. Using the same notation as in the unstable case, we
obtain a map homp)(Se,Se)n = hompe) (X" Se,Se) — nat(ksns, ® —, ks, ® —) which can be
composed with the following chain of identifications:

nat(kyng, ® — ks, @ —) = nat(X" o (ks, ® —), ks, @ —)

nat(X" o (S®—),S®—)
nat(2”7 id]D))
Z,(D)

1%

1%

These assemble together to define the intended map of graded rings homp.)(Sec,Se)e — Zo(D). O

This can be applied to interesting derivators which are associated to certain combinatorial, stable,
monoidal model categories. We take up again two of the examples of Subsection 1.4 which give rise
to compatibly stable and closed monoidal derivators. In both contexts, the differential-graded and
the spectral one, it is well-known that they satisfy the compatibility condition.
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Example 1.50. Let us consider the projective model structure on the category Ch(k) of chain com-
plexes over k. The ring of endomorphisms of the monoidal unit £[0] in the homotopy category, i.e., in
the derived category D(k) of the ring k, is just the ground ring, i.e., we have homp ) (k[0], k[0]) = k.
Thus, the derivator Dy, is canonically endowed with a k-linear structure. Furthermore, the projec-
tive model structure on unbounded chain complexes is a stable model structure so that we obtain
even a linear structure over a graded ring by the last corollary. But, since the graded ring of endo-
morphisms hom p ) (k[0], k[0])e is concentrated in degree zero, we gain no additional structure by
considering the graded ring map

hom pi) (k[0], k[0])e — Za (D).

But, if we consider a commutative differential-graded algebra C over k we have the associated closed
monoidal derivator Do of C'—modules. The monoidal unit in this case is C' itself and the ring of
graded self-maps in D¢ (e) = Ho(Mod —C) is canonically isomorphic to the homology H,(C'). Thus,
D¢ is endowed with a linear structure over the graded ring Ho(C) via a map of graded rings

Ho(C) — Zo(De).

Example 1.51. Let us consider the absolute projective stable model structure on the category
sz. The endomorphisms of the sphere spectrum in the homotopy category, i.e., in the stable
homotopy category SHC, are the integers, i.e., we have homsnc(S,S) = Z. Thus, the derivator Ds,
is endowed with a Z—linear structure what we already knew since Ds;, is stable. But there is even
more structure in this case: the graded self-maps of the sphere spectrum in SHC form the graded
ring 72 given by the stable homotopy groups of spheres. Thus, the derivator Ds,, is endowed with
a 75 —linear structure, i.e., we have a map of graded rings

7'('? — Z.(]D)Sp).

In particular, all categories Ds,(K) are 75 —linear categories and all induced functors u*, u;, and u,
preserve these linear structures. Similarly, if F is a commutative ring spectrum, then the derivator
Dpg of right E—module spectra is canonically endowed with a linear structure over the graded ring
of self-maps of F in the homotopy category Ho(Mod —F). Thus, we obtain a canonical morphism
of graded rings

Te(F) — Zo(Dp)

where 7, (E) denotes the graded-commutative ring of homotopy groups of FE.
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2. DERIVATORS TENSORED OR COTENSORED OVER A MONOIDAL DERIVATOR

2.1. The 2-Grothendieck fibration of tensored categories. Let us motivate the construction
of this subsection by an analogy with algebra. For a ring R, we denote by R — Mod the category
of left R-modules. Moreover, given a ring homomorphism f: R — S we denote the associated
restriction of scalar functor by f*: S —Mod — R — Mod . Since restricting scalars is functorial we
can use the two assignments R — R — Mod and f — f* to obtain a functor

(=) — Mod: Ring®® — CAT.

In Appendix A, we recall that in the context of a category-valued functor there is the so-called
Grothendieck construction [Bor94b, Vis05]: it turns such a functor into a Grothendieck fibration
or a Grothendieck opfibration depending on its variance over the domain of the original functor.
The basic idea behind this construction is to glue the different values together in order to obtain
a single category which memorizes for each object that it lived in the image category of a certain
object. Applied to our situation of the functor Ring®® — CAT, the Grothendieck construction
gives us the category Mod of modules. An object in this category is a pair (R, M) consisting of a
ring R and an R-module M. A morphism (R, M) — (S, N) is a pair (f, h) consisting of a map
of rings f: R — S and a map of R-modules h: M — f*N. This category is endowed with the
Grothendieck fibration
p: Mod — Ring

which projects an object (R, M) resp. a morphism (f,h) onto the first component. There is a
further canonical functor associated to Mod, namely the functor U: Mod — Ab which sends a
module to the underlying abelian group. Using the restriction of scalars, this functor sends (R, M)
to ¢ M where cr: Z — R is the characteristic of the ring. We thus have the following diagram
in which the vertical arrow is a Grothendieck fibration:

Mod —Z— Ab
|
Ring
For a ring R the fiber of p over R, i.e., the left pullback below, is canonically isomorphic to the

category R — Mod . Given an abelian group A, we can consider the category Mod(A) = U~1(A) of
module structures on A which is defined to be the pullback on the right-hand-side:

R — Mod —— Mod Mod(A) —— Mod
| b | )
€0 Ring € Ab

The universal example of a ring acting on A is given by the ring end(A) = homz(A, A) of Z-linear
endomorphisms together with the action by evaluation. The universal property of this action is
precisely the fact that the pair consisting of the ring end(A) and this action is a terminal object of
the category Mod(A).

In Subsection 2.3, we want to redo the same reasoning where we replace the closed monoidal
category of abelian groups by the Cartesian closed monoidal 2-category Der of derivators. In
particular, given a derivator D we want to construct a derivator END(D) of endomorphisms and
show that it satisfies the 2-categorical version of this universal property.
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Recall that we have defined a monoidal derivator E as a monoidal object in Der. We have then
observed that such an E is, in particular, a 2-functor E: Cat®® — CAT which factors over the
2-category MonCAT of monoidal categories. To have a similar ‘pointwise description’ for derivators
which are tensored over a monoidal derivator, it is convenient to consider the 2-category ModCAT of
tensored categories. This 2-category comes up naturally as a 2-categorical Grothendieck construc-
tion as we describe it now. In fact, this is just a special case of results from Appendix B applied
to the Cartesian monoidal 2-category CAT . Since the details for the case of an arbitrary monoidal
2-category are given in that appendix we allow ourselves to be sketchy here.

Let us recall that a monoidal category € is just a monoidal object in the Cartesian monoidal
2-category CAT . Associated to such a monoidal category C there is the 2-category C — Mod'® of
categories which are left C-modules. An object of this 2-category is a category D endowed with
a left action ®: € x D — D and certain specified coherence isomorphisms expressing adequate
multiplicativity and unitality conditions. There are the notions of lax €—module morphisms and
C—module transformations between two such so that we indeed obtain a 2-category € — Mod'* .

Moreover, given a monoidal functor f: €; — Cs, we obtain an induced restriction of scalars
functor f*: Co— Mod'> — Cy— Mod'®* and similar observations can be made for monoidal transfor-
mations between monoidal functors. Thus, summarizing these associations, we obtain a 2-functor

(=) — Mod"™: MonCAT®P —» 2-CAT.

Here, 2-CAT denotes the 2-category of large 2-categories. An application of the 2-categorical
Grothendieck construction (cf. Appendix A) gives us the 2-Grothendieck fibration of tensored cat-
egories p: ModCAT'™ — MonCAT . Here, ModCAT" is the 2-category where the objects are
pairs (€, D) consisting of a monoidal category € and a category D which is left-tensored over C.
A morphism (€1,D;) — (C2,D2) is a pair (f,h) where f: C; — G5 is a monoidal functor
and h: D1 — f*Dsy is a lax morphism of €;-modules. We will not make the 2-morphisms ex-
plicit here since this is done in more generality in Appendix A. Let us form the 2-subcategory
ModCAT C ModCAT"™ given by all objects, the strong module morphisms and all 2-cells. Thus, the
morphisms are expected to be multiplicative up to specified natural isomorphism. The projection
on the second component defines a 2-functor U: ModCAT — CAT which will be used in the next
subsection to express the universal property of the (pre)derivator of endomorphisms. Thus, as an
upshot we obtain the following diagram of 2-categories in which the vertical arrow is again called
the 2-Grothendieck fibration of tensored categories:

ModCAT —Y 5 CAT

|

MonCAT

2.2. Tensors and cotensors on derivators. In this subsection, we want to formalize actions of
monoidal derivators on other derivators. Recall that a monoidal derivator is just a monoidal object
in the Cartesian 2-category Der. As it is the case for every monoidal 2-category, there is thus the
derived notion of a module over a monoidal derivator. Since the coherence conditions are harder
to find in the literature we include them in Appendix B. In contrast, we allow ourselves to be a bit
sketchy here in setting up the 2-category of left module derivators over a monoidal derivator.

So, let (E,®,S) be a monoidal derivator and let D be a derivator. A (left) E —module structure
on D is a triple (®,m,u) consisting of a morphism of derivators ®: ExD — D together with
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natural isomorphisms m and v as indicated in the following diagrams:

ExExD-%ExD exD—"3ExD
®><idJ( 4 l@ 7 l@
ExD———D = D

These natural isomorphisms expressing the multiplicativity and unitality of the action are subject
to certain coherence axioms. Given two E—modules (D;, ®,m;,u;), i = 1,2, a laz E—module
morphism D1 — Dy is a morphism F': D — Dy of derivators together with a natural transfor-
mation mg

ExD; 2D

FJ 7 JF
E x Dy ®4) Dy

which again have to satisfy certain coherence conditions. If the 2-cell mp belonging to such a
morphism is invertible we speak of a strong morphism or simply of a morphism of E-modules.
Finally, given two E —module morphisms (F,mp) and (G, mg), a natural transformation ¢: FF —
G is an E —module transformation if the following diagram commutes:

o F(-) 2 06

m{ Jma

F(-®-) T) G(—®-)

With these notions, we obtain the 2-category E — Mod"* of E-modules, lax E-module morphisms
and E —module transformations. There is a similar 2-category E — Mod if one only takes the strong
E-module morphisms. Moreover, there are different flavors of actions like exact actions in the stable
case, colimit-preserving actions and so on. We do not give explicit definitions for all of these but,
nevertheless, allow ourselves to use these notions. Moreover, using the Cartesian 2-category PDer
instead of Der we obtain corresponding notions for prederivators. Since the dual of a monoidal
derivator is again a monoidal derivator we can make the following definition.

Definition 2.1. Let E be a monoidal derivator. A derivator is tensored over E if it is a left module
over E and is cotensored over E if it is a right module over E°P . A left E-module D is called a closed
module if the action map ®: E x D — D is a left adjoint of two variables.

Given a monoidal derivator E we just constructed the 2-category E — Mod™ of E —modules.
We leave it to the reader to check that a monoidal morphism of derivators F': [E; — Es induces
a restriction of scalars 2-functor F*: Ey —Mod®™ — E; — Mod"® . The assignment F — F* is
functorial and there is a similar observation for monoidal transformations so that we end up with
a 2-functor

(=) — Mod"™: MonDer®® — 2-CAT .

Thus, we can again apply the 2-categorical Grothendieck construction of Appendix A in order
to obtain the 2-Grothendieck fibration of tensored derivators p: ModDer'™ —s MonDer. If we
form the 2-subcategory consisting of all objects, the strong module morphisms only and all 2-cells
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then we obtain the 2-category ModDer. Moreover, it is easy to verify that there is a 2-functor
U: ModDer — Der which sends an object, i.e., a pair consisting of a monoidal derivator and a
module over it to the derivator underlying the module derivator. Thus we are in the situation of
the following diagram:

ModDer —Y— Der

|
MonDer

Given a derivator D let us call the 2-category Mod (D) = U ~}(D) the 2-category of module structures
onD.

Before we give some immediate examples let us mention the ‘pointwise description’ of tensored
derivators. Let D be an E —module derivator and let J be a category. Then it is immediate that D(J)
is canonically an E(J)—module. Moreover, let us consider a functor u: J — K. By the reasoning in
Section 1 the functor uj;: E(K) — E(J) is canonically endowed with a strong monoidal structure.
Thus, we have the induced restriction of scalars functor E(u)*: E(J) — Mod — E(K) — Mod. In
particular, we can consider the E(K)—module E(u)* D(J) for which the action map is given by

o
ug Xid

E(K) x D(J) E(J) x D(J) —2- D(J).

Since ®: Ex D — D is a morphism of derivators we have a natural isomorphism 7% which can
be rewritten as:
®

E(K) x D(K) D(K)

N
(/)

E(K) x D(J) T)IE(J) x D(J) T)ID) J
Upg X1

Similarly to the case of a monoidal derivator one can check that the pair (uf), 7$) defines a morphism

D(K) — E(u)*D(J) in E(K) — Mod. Said differently, we have a morphism

w” = (ug, (up, 7)) (E(K),D(K)) — (E(J),D(J]))

in ModCAT and one can make similar observations for natural transformations. Using the 2-
Grothendieck fibration of left-tensored categories and the corresponding forgetful functor as indi-
cated in

ModCAT —Z— CAT

d
MonCAT

we can hence give the following ‘pointwise description’. A left-tensored prederivator is a 2-functor
D: Cat®® — ModCAT . Such a 2-functor has an underlying prederivator UoD: Cat®® — CAT and
this prederivator is then left-tensored over the monoidal prederivator E = poD): Cat®® — MonCAT .
A left-tensored derivator is a left-tensored prederivator such that the underlying prederivator is a
derivator.

Example 2.2. The 2-functor y: CAT — PDer: € —— y(C€) sending a category to the represented
prederivator preserves 2-products and hence monoidal objects and modules. It follows that with
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a monoidal category C also the represented prederivator € is canonically monoidal and there is a
similar remark for C-modules. Thus, we have induced 2-functors

y: € — Mod — y(€) — Mod and y: ModCAT — ModPDer.

Example 2.3. Every monoidal derivator is canonically a left and a right module over itself. In
particular, this is the case for the monoidal derivators associated to combinatorial monoidal model
categories.

In the last section we proved that an additive, monoidal derivator with an additive monoidal
structure is canonically endowed with a linear structure over the ring of endomorphisms of the
monoidal unit of the underlying monoidal category. Recall from the proof of that result that
we only used the fact that the monoidal derivator is left-tensored over itself. Thus, we obtain
immediately the following more general result.

Corollary 2.4. Let E be an additive, monoidal derivator with an additive monoidal structure. Any
additive left E —module D is canonically endowed with a linear structure over homg(Se, Se).

In this context, an additive E —module D is of course an E —module D such that the underlying
derivator and the action are additive. We give more specific examples in Subsection 2.4 where we
also apply this last corollary. But before that let us develop a bit more of the general theory and
show that the Cartesian monoidal 2-categories PDer and Der are closed. This will also put into
perspective the above corollary in that the ring map giving the linear structure is only a shadow of
the fact that there is monoidal morphism of derivators in the background.

2.3. The closedness of the Cartesian monoidal 2-categories PDer and Der. Recall from
classical category theory that given a category D there is the monoidal category of endomorphisms
of D. This is the universal example of a monoidal category acting from the left on D. The cor-
responding result is also true in the world of co—categories as is shown by Lurie in Chapter 6 of
[Lurll]. If one wants to give a corresponding result in the world of prederivators one should at first
show that the 2-category PDer is Cartesian closed in a sense which is to be specified.

For this purpose, let us recall from [Grol0a] that PDer is right-tensored over Cat®” . In fact, for
every prederivator D and every small category J we have the prederivator

Dy =D(J x —): Cat® = Cat? —2, CAT.

This gives us an induced 2-functor (—)(_y: PDer x Cat®® — PDer which turns PDer into a right
Cat®? —module.

The aim is now to show that the Cartesian monoidal 2-category PDer is closed in the bicate-
gorical sense. Thus, given three prederivators I, D', and D" we want to construct a prederivator
HOM(D',D”) of morphisms and a natural equivalence of categories

Hom(D x D', D) <= Hom(ID, HOM(D', D"")).

In more formal terms, we are looking for a biadjunction (see [Gra74], [Fio06, Chapter 9] or Appendix
B.2). Note that we have Hom(—,—) = PsNat(—, —) in our situation. For a category J let us
again denote the represented prederivator by y(J). If we now assume that we were given such a
construction of an internal hom HOM(—, —) then for an arbitrary category J we would deduce the
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following chain of natural equivalences of categories:

HOM(D,D')(J) =~ PsNat(y(J),HOM(D,D"))
PsNat(y(J) x D, D)
PsNat(DD, HOM(y(J),D"))

1

12

The equivalences are given by the bicategorical Yoneda lemma and the assumed closedness property.
So, we have reduced the problem to giving an identification of HOM(y(.J),D’) for a category J and
a prederivator I'. By similar arguments and for a category K we obtain natural equivalences of
categories as follows:
HOM(y(J),D')(K) =~ PsNat(y(K), HOM(y(J),D"))
~ PsNat(y(K) x y(J),D')

PsNat(y(J x K),D’)

D'(J x K) =D/ (K)

12

Putting these chains of natural equivalences together we would obtain as an upshot the following
equivalence which motivates the next definition

HOM(D,D')(J) ~ PsNat(D,D’;) = Hom(D, D’}).
Definition 2.5. The prederivator hom HOM is the 2-functor HOM: PDer®? x PDer — PDer which
is adjoint to

id R ra
PDer®® x PDer x Cat® — O pDeroP % pDer — MM AT

Given two prederivators I and D’ the prederivator HOM(ID, D) is called the prederivator of mor-
phisms from D to D' . Moreover, for a single prederivator I we set

END(D) = HOM(D, D) € PDer
and call this the prederivator of endomorphisms of D . For derivators D and D’ we define HOM(ID, D)
and END(D) using the underlying prederivators.
More explicitly, for two prederivators D, I, and a small category J we have thus
HOM(D,DD’)(J) = Hom(D,D’,) € CAT.

Our next aim is to show that the bifunctor HOM defines an internal hom in the bicategorical sense
(cf. Appendix B.2) for the Cartesian monoidal 2-category PDer. As a preparation for that result let
us construct pseudo-natural transformations which will be used in order to define the adjunction.

Lemma 2.6. For D, D' € PDer there are canonical morphisms n: D — HOM(D',D x D) and
e: HOM(D, D) x D — D'. Moreover, n resp. € is pseudo-natural in D resp. D' .

Proof. Let us begin with the construction of 7: D — HOM(D', D x D). For a category K we thus
have to construct a functor ng: D(K) — Hom(D', (D x D') ). For an arbitrary category J, let us
define the component g (—);: D(K) — Fun(D'(J),D(K x J) x D'(K x J)) to be adjoint to the
functor

(pry,pra): D(K) xD'(J) — D(K x J) x D'(K x J),
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i.e., weset N (X)s(Y) = (pri(X),pr5(Y)) for X € D(K) and Y € D'(J). For a functor u: J; — Jo
we can use the diagram

K& K oxg 22,

{ rd » l

K+———Kx Jo—— Jy
pry pra

to convince ourselves that the maps {nx (—) s} assemble to define a strict morphism of prederivators
nr(=): D' — (DxD')g. A similar reasoning shows that also the {nx}x together define a
morphism of prederivators 7: D — HOM(D',D x D'). Let us show now that 7 is pseudo-natural
in . For this purpose, let F': D; — Dy be a morphism of prederivators, let K be a category and
let us consider the following non-commutative diagram:

Dy (K) —5 Hom(IY, (Dy x D) &)

FK\L l(FXid)K*

Da(K) —— Hom(D', (D2 x D))

For X € D;(K) and Y € ID'(J) we can use the natural isomorphisms belonging to the morphism F
to deduce the following one:

((F xid)x, onk)(X)s(Y) = (Fxid)k o (prj(X),pr3(Y))

(

(Fkx. pri(X), pr3(Y))
( )

(

I

pri Fx (X), pra(Y
i © Fr)(X)s(Y)
One checks that these isomorphisms can be used to obtain a pseudo-natural transformation 7 as
intended.

Let us now construct a morphism e: HOM(D,D') x D — D'. Thus, for a category K we have to
define a functor ex: Hom(D, D) xD(K) — D'(K). This is defined to be the following composition

Hom(DD, D) x D(K) = D' (K)

pr X idl TA;(

Fun(D(K), D% (K)) x D(K) T)]D)’K(K) =D'(K x K)

ie., for F € Hom(D,D%) and X € D(K) we set ex(F,X) = A3 Fg(X). To see that these ex
assemble to define a morphism of prederivators let us consider a functor u: J — K and let us
check that there is a canonical natural isomorphism -, as in:

Hom(D, D) x D(K) —— D'(K)

DL*XD(u)J = lﬂ)(u)

Hom(D, D)) x D(J) —— D'(J)

€J
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But evaluated at F' € Hom(D, D) and X € D(K) we can use the natural isomorphisms belonging
to F' to obtain

D(u)oex(F,X) = u"ARFr(X)

A% (u x id)*(id xu)* Fr (X)
A% (ux 1d)* Fy(u*X)
AL, F) 5w X)

ejo (D, x D(u))(F, X).

Il

Thus, slightly sloppy we have (7¢)rx = (vL) x. Again one checks that these isomorphisms assemble
together to define a morphism of prederivators e: HOM(ID,D') x D — D'. In order to show that
e is pseudo-natural let us consider a morphism of prederivators G: D' — D" and let us construct
a natural isomorphism as in:

HOM(D, D) x D —<— I

G xidl = lG

HOM(D, D") x D —— D"

Using the natural isomorphisms belonging to G and a similar calculation as above we obtain for
F € Hom(D, DY) and X € D(K) the following isomorphism:

((EO(CA< de))K(F,X) = A*KGKXKFK(X)
Gk Ak Fk(X)
= (GOG)K(F,X>

1%

These isomorphisms give us the desired natural isomorphisms turning e into a pseudo-natural
transformation which concludes the proof. O

With this preparation we can now give the following desired result.

Proposition 2.7. The prederivator of morphisms defines an internal hom in the Cartesian monoidal
2-category PDer, i.e., for three prederivators D, V', and D" we have pseudo-natural equivalences of
categories:

HompDe,(]D) X ]D)/, ]D)N) >~ HompDer(]D), HOM(D/, DH))

Proof. We use the pseudo-natural transformations of the last lemma to define functors [ and r by
I =n* o HOM(D', —) and r = €, o (— x D') as depicted in:

Hom(D x I, D") — M2 Hom(HOM(D', D x D'), HOM(I, D"))

Hom(D x D', HOM(D', D) x D") Hom (D, HOM(D', D"))

—xD’

Let us check that these are inverse equivalences of categories and let us begin by showing that we
have a natural isomorphism rol 22 id . For this purpose, let us consider a morphism F: D x D' — D".
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We claim that we have the following diagram which commutes up to a natural isomorphism:

D x D' 25 HOM(D, D x D) x D' 2299 Hom@D!, ") x DY

| |

D x D' D"
F

1R

By the lemma we only have to check that the triangle commutes. But using the explicit formulas
of the last proof we can calculate for X € D(K) and Y € D'(K) the following:

(eo(nx D)X,Y) =e(n(X),Y) = Agni (X)) (V) = A (pr] X, pr3 V) = (X,Y)

Since the longer boundary path from D x D' to D" calculates r o I(F) we conclude 7 o[ = id.
Let us show that we also have lor 2 id . Thus, let us consider a morphism G: D — HOM(D', D")
and let us show that the following diagram commutes up to natural isomorphisms:

HOM(D',G'x1) HOM(D',¢)
_—

HOM(I', D x ') HOM(ID', HOM(I', D"") x ID')

D — HOM(D', ")

HOM(D', D")

IR
IR

id

By the last lemma it remains to show that the triangle commutes up to a natural isomorphism.
But for F' € Hom(D',D% ) and Y € I, we can again use the formulas of the last proof to make the
following calculation:

((e)x onx)(F)s(Y) = exxs(pr] Fipr3Y)

Ak s (pr1) K x s Fr < gprsY

Ay (pry x1 x 1)"(1 x pry) " Fy(Y)
Fy(Y).

1%

Here, we used the natural isomorphism belonging to F' and the commutativity of the following
diagram in which the composition of the bottom row is just the identity:

p (Pr1) (K x )

D (J) —2 S (K x J)

1 ;

D"(K x J) ——D"(K x K x J) D"(K x Jx K xJ)——D"(K x J)

(1xpry) (pry x1x1)* Ay g

Dy (K % J)

It follows that the triangle in the previous diagram also commutes up to natural isomorphism.
Again, the longer path passing through the boundary from D to HOM(D',D") is [ o r(G) and we
can thus deduce that we have a natural isomorphism [ o r = id. This concludes the proof of the
proposition. O

From classical category theory we know that a functor category Fun(J, €) is (co)complete as soon
as this is the case for the target category C. The corresponding result for derivators also holds true
as we will show now.
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Proposition 2.8. If D is a prederivator and D' a derivator then the prederivator HOM(D,D') is
a derivator. If D' is in addition pointed resp. additive then this is also the case for HOM(D,D").
Thus, the 2-categories Der, Der*, and Der*® are Cartesian closed 2-categories.

Proof. The axiom (Derl) is immediate. For axiom (Der2), let us consider a map ¢: FF — G in
HOM(D,D')(K). Then ¢ is an isomorphism if and only if ¢;: F; — G; is an isomorphism in
nat(D(J),D'(K x J)) for all categories J. The fact that isomorphisms in D are detected pointwise
shows that this is equivalent to all (¢;)r = (¢r)s being isomorphisms. Thus, ¢ is an isomorphism
if and only if all ¢ are isomorphisms. For axiom (Der3), let us consider a functor u: J — K. We
will prove in Lemma 2.9 that u induces an adjunction (u,u*): D/, — D'y of derivators. Then, since
Hom(D, —) preserves adjunctions, we obtain the intended adjunction (u,u*): HOM(D,D’)(J) —
HOM(D,D')(K). One proceeds similarly for homotopy right Kan extensions. For the base change
axiom, let u: J — K be a functor and £ € K an object. Then, we have to show that the base
change morphism in the square on the right-hand-side induced by the natural transformation on
the left-hand-side is an isomorphism:

Jpp ——J Hom(D, D&/k) +—— Hom(D, D))
‘| L ov ]
e—— K Hom(D, D.) «—— Hom(D, D)

Evaluation of this base change morphism is just given by postcomposition with the base change
morphism belonging to D' . But this one is an isomorphism because D' is a derivator by assumption.
Thus, this together with a dual reasoning for homotopy right Kan extensions implies (Der4) for
HOM(DD, D). Since homotopy Kan extensions are calculated pointwise it follows that HOM(D, D")
is pointed resp. additive if this is the case for D' . O

Lemma 2.9. Let D be a derivator and let u: J — K be a functor. Then we obtain an induced
adjunction of derivators (uy,u*): Dy — Dy .

Proof. The morphism u*: D — D; has an adjoint at least levelwise: for a category M, an
adjoint to (u*)as is given by (ur)ar = (u xidpr)i: D(J x M) — D(K x M). We thus have to check
that these can be canonically assembled into a morphism of derivators. So, let f: M — N be a
functor and let us consider the following diagram:

D(J x N) " s x

(uXid)[l J{(uxid)!

D(K x N) ——D(K x M)
(id x f)*

But, f*: D(— x N) — D(— x M) preserves homotopy Kan extensions by Proposition 2.8 of
[Grol0a] from where we obtain that the base change morphism 5 given by

B
u f* ——— fruy

wy fru*u) —— wu fu
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is a natural isomorphism. The claim is that these base change morphisms together with the levelwise
left adjoints (u x id); define a morphism w;: D; — Dk of derivators. The compatibility with
respect to the identities reduces to one of the triangular identities for adjunctions. The behavior
with respect to compositions is a bit more technical and is checked by the following diagram. In
that diagram, everything commutes by naturality besides probably the ‘circle at the bottom’ which
commutes again by a triangular identity:

u f*g* f*g*w

ffug*
u;(gf:\u.f*u*u,g = wu* ffug* \ frug*u*u = fruu*g*u /(wv) U
| n

wu* frurgtutuy €

TN

w fru*u gt utuy wu* fruru* gty

" \ / 6

uuf*u*unu g u

"I\ /e

wi (gf) ut Uy —— y frut g U —————— " (gf)

—

The long composition of morphisms through the bottom line gives B47: w(g9f)* — (9f)*w and
we obtain hence the intended relation By; = (f*B8,)(8rg*). Thus, we have indeed constructed a
morphism of derivators u;: D; — Dy which is left adjoint to u*: Dg — D . O

Remark 2.10. In the case of a stable derivator I’ there is the following comment concerning the
internal derivator hom HOM(ID,D’). By the last proposition we know that this gives us a pointed
(even additive) derivator. Moreover, since homotopy Kan extensions are calculated pointwise it
follows that this derivator has the additional property that the classes of Cartesian and coCartesian
squares coincide and hence that the suspension functor is invertible. But it is not known yet
whether the internal hom HOM(ID, D) is again strong, i.e., if the partial underlying diagram functors
associated to the ordinal [1] = (0 — 1)

HOM(D, ') (J x [1]) — HOM(D, D) (J)!!

are full and essentially surjective. Thus, we cannot deduce that the 2-category Der®™ of stable
derivators is closed monoidal with respect to the Cartesian structure. This is a certain drawback
of the notion of a stable derivator. In fact, the notion of a stable derivator can be thought of as a
‘minimal notion’ which guarantees that one can construct the canonical triangulated structures on
all of its values and the induced functors. However, the ‘correct notion’ of a stable derivator has
probably still to be found. At least to the knowledge of the author, all known stable derivators are
derivators associated to stable co-categories. This is not of a surprise since examples of triangulated
categories which are neither algebraic nor topological were only constructed recently (cf. [MSS07]).
So, —although one certainly does not want this— one could include this as an axiom in the notion of
a stable derivator. Whatever the final notion of a stable derivator will be, it should, in particular,
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have the additional property that it gives us a Cartesian closed 2-category. Once we have this good
notion of stable derivators it would then correct two more of the typical drawbacks of the theory
of triangulated categories, namely the absence of both products and functor categories inside the
world of triangulated categories. The related notion of stable co—categories as developed by Joyal
and Lurie has all these nice properties. An exposition of that theory can be found e.g. in [Lurll],
while an introduction is given in [GrolOb].

By Proposition 2.7 and Proposition 2.8 the 2-categories PDer and Der are Cartesian closed
monoidal 2-categories. We are thus in the context of Appendix B and can, in particular, apply
Theorem B.11. This gives us the following result which we formulate for the 2-category of derivators.
Recall also Definition B.9 of terminal objects in 2-categories from that appendix.

Theorem 2.11. For a derivator D the derivator END(D) of endomorphisms can be canonically en-
dowed with a monoidal structure. Moreover, D can canonically be turned into a left END(D)—module
and this module structure defines a terminal object in the 2-category Mod(D) of module structures
onD.

In fact, the action map belonging to the module structure is just given by the pseudo-natural
transformation ev: END(D)xD — D of Lemma 2.6. The monoidal structure on END(D) is derived
from this map using the biadjunction. For the details of this structure see the constructive proof
of Theorem B.11.

We can use this theorem to put Corollary 2.4 into perspective. Namely, let E be a monoidal
derivator and let (D,a: ExD — D) be an E-module. By the theorem, there is an essentially
unique morphism (E,a) — (D,ev) in Mod(ID). Thus we obtain a pair consisting of a monoidal
morphism E — END(DD) and a natural isomorphism as in:

ExD

NN

END(D) x D —— DD

Now, a monoidal morphism of derivators induces monoidal functors at all values so that we obtain,
in particular, a monoidal functor E(e¢) — END(ID)(e) = Hom(DD, D). If we consider from this functor
only the induced map between the endomorphisms of the respective monoidal units then we obtain
a map of monoids
homE(e) (Se,Se) — nat(id,id) = Z(D).

In the context of an additive action this gives us back the ring map of Corollary 2.4. Thus,
the canonical linear structure over the ring of self-maps of the monoidal unit of the underlying
monoidal category is only the shadow of the fact that we have a monoidal morphism E — END(ID)
of monoidal derivators.

2.4. Examples coming from model categories.

Definition 2.12. Let M be a monoidal model category. A model category N is a left M—module
as a model category if N is a left M—module via a Quillen bifunctor ®: M x N — N which has
the following additional property: For any cofibrant replacement @ S — S of the monoidal unit of
M the induced natural transformation @S ®— — S®— is a Quillen homotopy.

We want to emphasize that there is automatically more structure available in the setting of
combinatorial model categories, i.e., it will follow that N is a left M—module as a model category if
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and only if it is an M—model category in the sense of [DS07a]. The first part of this observation is a
purely categorical one. So, let € and D be presentable categories, such that € is monoidal and D is
a left C—module via an action ®: € x D — D which preserves colimits separately in each variable.
Then, using the special form of the Freyd adjoint functor theorem for presentable categories, we
obtain an adjunction of two variables

(®,Hom;,Hom,.): € x D — D
for certain functors
Hom;(—,—=): €’ x D — D and Hom,(—,—): D°? x D — C.

In order to better distinguish these functors notationally let us write from now on X% = Hom; (K, X)
for X € D, K € €, and Hom(X,Y) = Hom,.(X,Y) for X, Y € D. With these notations the adjunc-
tion of two variables takes the familiar form

homo (X, Y ) 2 homp (K ® X,Y) = home (K, Hom(X,Y)).

Once one has this adjunction of two variables it can be used to endow D with an enrichment
over C. This works in full generality, i.e., without any presentability assumption on the categories
involved. The enriched mapping object for two objects X,Y € D is of course Hom(X,Y) € €. The
enriched identity ix: S — Hom(X, X) is the map which is adjoint to the left unitality constraint
A: S®X — X. Finally, we only need to specify a composition law. This is constructed in two
steps. First, for objects X, Y € D we obtain an evaluation map evxy: Hom(X,Y)® X — Y
given by the counit of the adjunction (— ® X,Hom(X,—)): € — €. Thus, we set evxy = (€x)y
if ex is the adjunction counit. With these evaluation maps we can construct a composition map
associated to three objects X, Y, and Z € D. The composition o is defined to be the map which is
adjoint to the following composition:

(Hom(Y, Z) ® Hom(X,Y)) ® X —— Hom(Y, Z) ® (Hom(X,Y) ® X)

Z Hom(Y,Z)®Y

ev

It is straightforward but lengthy to see that this defines an enrichment in €. Thus, in the context
of presentable categories, one only has to specify a colimit-preserving action ®: € x D — D in
order to obtain that D is also canonically cotensored and enriched over C.

Let us now switch back to the homotopical setting. So, let us assume M to be a combinatorial
monoidal model category and N a combinatorial model category which is a left M-module as a
model category. The adjunction of two variables

(@, (=) ), Hom): M x N =N

has then the additional property that the involved functors are Quillen bifunctors. By the results
of Section 1 (in particular, Corollary 1.21) we thus obtain the following.

Theorem 2.13. Let M be a combinatorial monoidal model category and let N be a combinatorial
model category which is a left M-module as a model category. Then we have an adjunction of two
variables at the level of derivators

L
(@, R(—=)7), RHom) : Dyt x Dy — Dy

ezhibiting Dy as a closed Dy¢-module. In particular, Dy is tensored and cotensored over Dy .
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It follows, in particular, that for each category K the value Dy (K) is canonically tensored,
cotensored, and enriched over Dy (K). We come back to this enrichment issue in Section 3. As a
special case we can apply this to the case of a combinatorial monoidal model category M which
is in a canonical way a left M-module as a model category. This reproves then the corresponding
results of the last section. But, in addition, we see that there are the cotensors and that at each
level we have a canonical enrichment of Dy (K) over itself.

In the additive context, there is moreover the following result about canonical linear structures.

Corollary 2.14. Let M be a combinatorial monoidal model category and let N be a combinatorial
model category with additive associated derivators. If N is a left M—module as a model cate-
gory then the associated derivator Dy is canonically endowed with a linear structure over the ring
homHo(M) (Sv S)

If both M and N are, in addition, stable and if the induced derivator Dy, is compatibly stable and
closed monoidal, we obtain a linear structure over the graded-commutative ring hompe () (S, S).
Thus depending on the context we have a canonical map of (graded) rings

homuo(n) (S,S) — Z(Dy) resp. hompon) (S, S)e — Ze(Du).

Let us now give three important classes of situations to which these results can be applied.
Note that the category Seta of simplicial sets, the category Ch(k) of chain complexes over some
commutative ground ring k, and the category sz of symmetric spectra based on simplicial sets
are all examples of presentable categories. Moreover, the model structures mentioned in the last
section have the property that the respective monoidal units (i.e., the zero-simplex A%, the ground
ring k[0], and the sphere spectrum S respectively) are cofibrant. Thus, the unit condition for
modules over these model categories is for free. The class of model categories for which the usual
definition of a simplicial, spectral, or differential-graded model category can be simplified is a bit
larger than the class of combinatorial ones: it suffices that the underlying category is presentable.
In particular, this is the case for the class of presentable model categories in the sense of Dugger
[Dug06] (which turns out to be the closure of the class of combinatorial model categories under
Quillen equivalences).

Proposition 2.15. Let N be a model category with an underlying presentable category.

i) The model category N is a simplicial model category if and only if it is a left Seta—module via
a Quillen bifunctor @: Seta XN — N.

ii) The model category N is a spectral model category if and only if it is a left Sp™ —module via a
Quillen bifunctor ®: Sp™ xN — N.

iii) The model category N is a dg model category if and only if it is a left Ch(k)—module for some
commutative ground ring k via a Quillen bifunctor ®: Ch(k) x N — N.

Theorem 2.13 applied to a combinatorial simplicial, spectral, resp. differential-graded model
category N thus gives us that the associated derivator Dy is canonically tensored and cotensored
over the derivator of simplicial sets, spectra, resp. chain complexes. Moreover, the category Dy (K)
is canonically enriched over the category Ho(SetaX), Ho((Sp™)¥), resp. Ho(Ch(k)X). To illustrate
the applicability of this result let us recall from [Dug06] that every stable combinatorial model
category is Quillen equivalent to a spectral model category. An alternative set of sufficient conditions
for this conclusion can be found in [SS03b, Theorem 3.8.2]. Let us now give more specific examples
for the differential-graded and the spectral setting.

Let A be a differential-graded algebra over a ground ring k. As we recalled already in the context
of a commutative differential-graded algebra the category Mod —A of right modules over A can be
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endowed with the projective model structure. A map in this category is a weak equivalence resp.
a fibration if and only if the induced map of underlying chain complexes is a quasi-isomorphisms
resp. an epimorphism. This model structure is stable and combinatorial so that we can consider
the associated stable derivator D gor = Dpod —4 - Moreover, the usual tensor product ®;: Ch(k) x
Mod —A — Mod — A turns Mod — A into a differential-graded model category.

Example 2.16. For a differential-graded algebra A we have an adjunction of two variables
Qk: Dy @D gop —> D gop

exhibiting D 40p, in particular, as an additive left Dg-module. Thus, the derivator D gop is canonically
endowed with a k—linear structure induced by a ring map

k= homD(k) (k, k) — Z(DAOD).

A bit more general, let us consider three differential-graded algebras A, B, and C. For more
details about module categories in this one object case and also in the more object case we refer to
[Hei07, Appendix A]. The tensor product over B gives us a functor

®p: (A—Mod—-B) x (B—Mod—-C) — A — Mod —C.

Here, A — Mod —B denotes the category of left A-, right B-modules, i.e., of left A ® B°P—modules.
The functors ® are coherently associative and unital in the obvious sense. Moreover, each of them
is part of an adjunction of two variables. In fact, the adjunctions look like

(® g, Homg,Homy): (A —Mod —B) x (B —Mod —-C) = A — Mod —C.
If we now endow the bimodule categories with the projective model structures then one checks that
®p is a left Brown functor as soon as the underlying chain complex of B is cofibrant in Ch(k).
Thus, in that case we obtain an adjunction of two variables
]D)A®Bop X DB®cop — ]D)A®Cop

which by the closedness of Der induces a morphism of derivators Dyggor — HOM(Dpgcor, Dagcor).
In case we take C' to be the monoidal unit k[0] we get a map

DA@BOP — HOM(DB,DA)

from the derivator of bimodules to the derivator of morphisms. Specializing further to the situation
of A = B we obtain an action of the monoidal derivator Dgg40r on D4 . By Theorem 2.11, this
action induces a monoidal morphism of derivators

]D)A®Aop — HOM(DA,DA)

Example 2.17. Let A be a differential-graded algebra over k which is cofibrant as an object of
Ch(k). Then we have an adjunction of two variables

®]IAZ ID)A@AOP X DA — DA
exhibiting D4 as an additive left D g g0p-module. In particular, the derivator D4 can canonically
be endowed with a linear structure over the Ext-algebra of A via a ring map
homz)(A®Aop)(A, A) — Z° (]D)A)

Under our cofibrancy condition (cf. [Kel94, Example 6.6]) one can identify this Ext-algebra with
HH*(A, A), the Hochschild cohomology of A. Thus, in that case we obtain that the derivator D4
is canonically linear over the Hochschild cohomology of A.
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This example can still be generalized if one sticks to the ‘many objects versions’ ([Mit72]) of
differential-graded algebras, i.e., to small differential-graded categories. What we are about to do
can be done axiomatically with Ch(k) replaced by a sufficiently nice closed monoidal model category
but we prefer to give some details in the case of Ch(k). In the corresponding examples where the
role of Ch(k) is taken by the category Sp” of symmetric spectra (based on simplicial sets) we will
be much shorter.

Recall that every biclosed monoidal category is canonically enriched over itself (this is a special
case of the result that an adjunction of two variables such that the action is part of a module
structure induces a canonical enrichment on the module). In particular, the category Ch(k) is
canonically enriched over itself. Thus, given a small dg-category J it makes sense to consider the
dg-functors from J to Ch(k). Spelling out this definition, such a dg-functor X associates to each
object j € J a chain complex X (j) € Ch(k) together with action maps

Hom s (j1,2) @k X (1) — X (j2).

These maps are supposed to be coherently associative and unital. Taking as morphisms of such
dg-functors the dg-natural transformations we obtain the category J — Mod of J-modules. The
category A — Mod can be considered as a special case of this situation: Given a differential-graded
algebra A we can associate a dg-category J4 with one object and A as endomorphism object. It is
easy to see that in that case J4 — Mod is canonically isomorphic to A — Mod. As a special case of
[SS03a, Theorem 6.1] we deduce that J —Mod can be endowed with the projective model structure.
Moreover, that same theorem guarantees that the model structure is cofibrantly generated and it is
also true that the category J —Mod is presentable. Thus, we have the combinatorial model category
J — Mod and can consequently consider the associated derivator

D, = D(J — Mod).

The passage to bimodules involves the following additional bit of enriched category theory which
can be done as soon as the enrichment level is symmetric. Given two dg-categories J and K we can
form the dg-category J ® K as follows. The objects are given by pairs (j, k) consisting of an object
j € J and an object k € K. Given two such pairs, the chain complex of morphisms is defined to be

Hom ek ((J1, K1), (J2, k2)) = Hom s (j1, j2) ® Hompg (K1, k2).

The symmetry constraint allows one to define a composition law. Similarly, one can use the sym-
metry constraint in order to define the opposite of a dg-category. The opposite J°P of J has the
same objects as J but the morphism complexes are defined by

Hom jor (j1, j2) = Hom s (ja, j1)-
Given two small dg-categories J and K, we can now combine these two constructions and define
the category of J — K-bimodules as
J—Mod—-K = (J® K°?) — Mod.

The next step is to give a generalization of the tensor product over a dga. So, let us consider three
small dg-categories J, K, and L and two bimodules X € J —Mod —K, Y € K — Mod —L. Then we
define X ® x Y € J — Mod —L by the following enriched coend construction (cf. [Dub70, Section
1.3]). For j € J and | € L we define X @k Y evaluated at (j,!) to be the coequalizer of

@kl,erK (],k‘g) ®K(l€1,k‘2 ®Y kl, :;@keK )®Y(k l)
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Here, the two morphisms are induced by the action maps given by the K-module structures. This
tensor product ®g is part of an adjunction of two variables

®k:J—Mod—K x K —Mod—L — J — Mod —L.
It can be shown ([Hei07, Appendix A]) that ®k is a left Brown functor as soon as K is locally

cofibrant, i.e., if all mapping objects of K are cofibrant. If we assume this we can specialize as in
the one object case and obtain a morphism of derivators

Djgror — HOM(Dg, D).

In the case J = K this morphism is monoidal and we thus obtain the next example. Recall that
the monoidal unit in the category K — Mod — K of bimodules is given by the hom-functor K itself.

Example 2.18. Let K be a small dg-category which is locally cofibrant then we have an adjunction
of two variables

®Ej(: Drgrer X D — Dy
exhibiting Dg as a left Dgggor-module. Thus, D is canonically endowed with a linear structure
over hom{, g opy (K, K). Again, under our cofibrancy condition this can be identified with the
Hochschild-Mitchell cohomology HH® (K, K) of the small dg-category K.

Similar examples are obtained if we replace chain complexes by symmetric spectra. For this
purpose let us endow SpE with the absolute projective stable model structure which interacts nicely
with the smash product. Then, for a ring spectrum R the category Mod —R of right R-modules is
a stable, combinatorial model category when endowed with the projective model structure giving
rise to the stable derivator Dger. Moreover, the smash product

A: Spx Mod —R — Mod —R
turns Mod — R into a spectral model category.
Example 2.19. For a symmetric ring spectrum R, we have an adjunction of two variables
Dsp X Drop — Dgop

turning Dger into an additive left Dsp-module. In particular, Dgor is canonically endowed with a
graded linear structure over the stable homotopy groups of spheres

75 — Zo(DRov).

The same reasoning as in the differential-graded context leads to results about bimodules. Given
two symmetric ring spectra R and S such that the underlying spectrum of S is cofibrant we obtain
a morphism of derivators

DR/\SOp — HOM(Ds, ID)R)
Let us emphasize that we are working with the flat stable model structure so that this cofibrancy
condition is not an empty condition. In the case of R = S we can again apply Theorem 2.11 in
order to obtain a monoidal morphism of derivators Dgrsror —> END(Dg). This can be specialized
to the following result.

Example 2.20. Let R be a symmetric ring spectrum such that the underlying spectrum is cofibrant.
Then we have an adjunction of two variables

/\Hf:i: Dragor x Dp — D

which turns Dg into an additive left Dz gor-module. In particular, Dy is canonically endowed
with a linear structure over hom§,z, gopy (R, R). By [DS07b, 4.4] this graded ring can be identified
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with the graded homotopy groups of the Topological Hochschild cohomology spectrum TH H (R, R)
of R.

For completeness, let us quickly mention the many object variant thereof. Given small spectral
categories J and K such that K is locally cofibrant, the smash product over K induces a morphism
of derivators

D jpgor — HOM(DK,]D)J)

Specializing to J = K we finally get
Example 2.21. Let J be a locally cofibrant spectral category. We then have an adjunction of two
variables

/\Eljl Dyprgor xDy — Dy
endowing Dy with the structure of an additive left D ;5 joo-module. In particular, this induces a
graded linear structure on Dy :

hom'D(J,\Jop)(J, J) — Z.(DJ)
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3. ENRICHED DERIVATORS

3.1. The 2-Grothendieck opfibration of enriched categories. To motivate the construction
of this subsection let us quickly recall the following. In Section 1 we defined a monoidal prederivator
as a monoidal object in PDer . In Section 2 we defined a left-tensored prederivator as a module object
in the same 2-category. In both cases we saw that the respective notion can be equivalently defined
as a 2-functor

D: Cat®® — MonCAT resp. D: Cat®® — ModCAT.

In this subsection we want to construct a target 2-category ECAT of enriched categories which will
then be used in the definition of an enriched prederivator as a 2-functor ID: Cat®® — ECAT .

Recall that given a monoidal category M we have the notion of categories enriched over M. An
M—enriched category € consists of the following. First, we are given a class of objects Cy and for
two such objects X, Y € Gy we have a mapping object Home(X,Y') € M. Moreover, for each object
X there is a ‘unit map’ specified by a morphism S — Home (X, X) and for each triple X, Y, and
Z of objects we have a composition morphism Home (Y, Z) ® Home(X,Y) — Home(X, Z). These
data are subject to the expected unitality and associativity conditions. For details see for example
[Kel05a, Bor94b]. There is also a notion of enriched functors and enriched natural transformations
over a fixed monoidal category M so that we have in fact the 2-category M — CAT of M-enriched
categories. In the special case where the monoidal category is given by the Cartesian monoidal
category Set of sets enriched category theory reduces to classical category theory.

Enriched category theory has the nice feature that given a monoidal functor F': M — N we
obtain an induced base change 2-functor

F,.: M — CAT — N — CAT.

For convenience let us quickly recall the construction at least on objects. Given an M-enriched
category C then the N-enriched category F.C is defined to have the same class of objects. The
mapping objects are given by Homp, e(X,Y) = F(Home(X,Y)). Since F is a monoidal functor we
obtain unit maps in F,C by taking

SN — F(SM> — F(Hom@(X,X)).

The first map is given by the monoidal structure on F' while the second one is the image under F'
of the unit map of X in the M-enriched category C. Similarly, using the other part of the monoidal
structure on F' one defines a composition law in F,C and it is straightforward to check that this
defines an N-enriched category F.C.

Example 3.1. Let M be a monoidal category and S the unit object. The functor of elements
M — Set: M —— homy(S, M) can be canonically endowed with the structure of a monoidal
functor. Thus, we obtain an induced 2-functor

U=Uy:M-—CAT — CAT
which sends an M—enriched category to its underlying category.
Let us also give the following well-known more specific examples.

Example 3.2. i) Let k be a commutative ring and let us consider the categories Mod(k), grMod(k),
and Ch(k) of k-modules, Z—graded k-modules, and unbounded chain complexes over k respectively.
The homology functor H,: Ch(k) — grMod(k) and the evaluation at zero functor grMod(k) —
Mod(k) are canonically monoidal functors. Thus, for every dg-category C [Kel06, Toé07] we have
two associated homology categories, namely the graded one H,C and the ungraded one H,C.
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ii) The functor my: Seta — Set sending a simplicial set to its set of path components preserves
products. We thus have a base change functor which sends a simplicial category € to its (‘naive’)
homotopy category moC. For a more concrete example, let € be a simplicial model category and let
us denote by C.s the full simplicial subcategory of € spanned by the bifibrant objects. Since for
maps between bifibrant objects the left homotopy, the right homotopy, and the simplicial homotopy
relations coincide we have that 7o C.y is the classical homotopy category of € as described in [DS95].

Note that there is also a similar base change construction for monoidal transformations of
monoidal functors. So, let F, G: M — N be monoidal functors such that we have induced base
change 2-functors F, G.: M — CAT — N — CAT . If we have in addition a monoidal transforma-
tion B: FF — G we can construct a 2-natural transformation (,: F, — G, as follows. For an
M-enriched category € we obtain an N-enriched functor g,: F,€ — G,C which is the identity on
objects by setting

(ﬂ*)x7y = 6Hom@(X,Y)5 FHome(X,Y) — GHome(X, Y)

The coherence conditions imposed on a monoidal natural transformation guarantee that (3, is in
fact an N-enriched functor. For example, the compatibility with the composition is ensured by the
following commutative diagram in which the left square commutes since 8 is monoidal:

FHome(Y,Z) ® FHome(X,Y) —— F(Home(Y, Z) ® Home(X,Y)) —— F Home(X, Z)

] ; }

GHome (Y, Z) ® GHome(X,Y) —— G(Home(Y, Z) ® Home(X,Y)) —— G Home (X, Z)
These constructions taken together give the following result.
Proposition 3.3. The assignments M —— M — CAT, F —— F,, and 8 — 0, define a 2-functor
(=) — CAT: MonCAT — 2-CAT.

Thus, the 2-categorical Grothendieck construction of Appendix A can be applied to this 2-
functor and yields a single 2-category ECAT of enriched categories together with a projection functor
p: ECAT — MonCAT . Let us call p the 2-Grothendieck opfibration of enriched categories.

Let us describe ECAT in some more detail since this will be helpful in the remainder of this
section. The objects of ECAT are given by pairs (M, €) where M is a monoidal category and C is an
M-enriched category. Given two such objects (M, €) and (N, D), a morphism (M, C) — (N, D) isa
pair (u, f) where u: M — N is a monoidal functor and f: u,€ — D is an N-enriched functor. The
first component of the composition of two such composable morphisms (u, f): (M,€) — (N, D)
and (v,g): (N, D) — (P, &) is vu: M — P. The second component is given by the P-enriched
functor

v f

Vel C Ve D v e,

It is obvious that the identity of an object (M, €) with respect to this composition is given by the
morphism (idyg, ide). Now, let us turn to 2-morphisms. So let us assume (u, f) and (v, g) to be a
pair of parallel morphisms (M, €) — (N, D). A 2-morphism (u, f) — (v, g) is a pair (8, «) where
f:u — v is a monoidal natural transformation and a: f — g o (84)e is an N-enriched natural
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T

’U*GTD

transformation as indicated in:

Note that we have just seen that (., is an N-enriched functor so that this definition makes sense.
Moreover, given an object (M, €), a morphism (u, f), or a 2-morphism (3, ) in ECAT we can project
onto the first component M, wu, or 5 in order to obtain a monoidal category, a monoidal functor
or a monoidal natural transformation respectively. This describes the 2-Grothendieck opfibration
p: ECAT — MonCAT .

The remaining aim of this subsection is to show that we can elaborate on Example 3.1 in a way
that the formation of underlying categories defines a 2-functor U: ECAT — CAT . To begin with
let (M, C) be an object of ECAT then we associate to it the underlying category U(M, C) = U (C).
Now, let (u, f): (M, €) — (N, D) be a morphism in ECAT . Then, we obtain a functor

Uu, f): UnC — UnD

as the composition of the following two (unenriched) functors

Uni@ —— Unc(u,€) -2L5 D

Here, the first arrow is the functor which is the identity on objects and is given on morphism sets
by the composition

homa (S, Home (X, Y)) —“— homx(u S, Hom,_e(X,Y)) —— homx (S, Hom,_ e (X, Y)).

Using the monoidal structure on u one checks that this indeed defines a functor. The isomorphism in
this composition is of course given by the monoidal structure on u. It remains only to define the value
of U on 2-morphisms in ECAT . So, let (u, f) and (v, g) be parallel morphisms (M, €) — (N, D)
and let (8,a): (u, f) — (v, g) be such a 2-morphism. Recall that we hence have, in particular, an
N-natural transformation «: f — g o .. Let us consider the following diagram in which the rows
are given by the value of U at (u, f) resp. (v, g) and where the 2-morphism is given by Uy :

UnC—— UN(U,*G) ULf} UnxD

ol
U

UMG E— UN(U*G) ig) UND

Using the fact that § is a monoidal transformation it follows that the left square commutes. So,
let us define the value of U: ECAT — CAT on the 2-morphism (8, @) to be the composite natural
transformation of this diagram.

Proposition 3.4. The above constructions define a 2-functor U: ECAT — CAT .

Proof. We will not give the details of the proof since it is quite lengthy but essentially straight-
forward. Let us only show that U preserves the composition of morphisms. For that purpose

let (M, Q) M (N, D) M> (P, &) be a pair of composable morphisms in ECAT . By definition

of the composition of morphisms in ECAT we have (v,g) o (u,f) = (vu,g o v.f). Both func-
tors U(v,g) o U(u, f) and U((v,g) o (u, f)) send an object X € UM,C) to gf(X) € U(P,¢).
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Thus, it remains to show that both functors have the same behavior on morphisms. The functor
U((v,g) o (u, f)) sends a morphism ¢: S — Home(X,Y) in UpC to the composition

S = v(S) = vu(S) 2R Home(X,Y) RENH Homo (fX, fY) L Home (gf X, gfY).

On the other hand, U(u, f) maps such a morphism ¢ to

S 2 u(S) “% wHome(X,Y) —L5 Homp (FX, fY)
which is then sent to U((v, g) o (u, f))¢ by U(v, g). O

Thus, the upshot of this subsection is that we have constructed the 2-category ECAT of enriched
categories together with two 2-functors:

ECAT —Y 5 CAT

|
MonCAT

This will allow us to give compact definitions of enriched (pre)derivators in the next subsection.

3.2. Enriched derivators. After the preparations of the last subsection we can immediately give
the following definition.

Definition 3.5. An enriched prederivator D is a 2-functor D: Cat®® — ECAT. Given such a D
it is said to be enriched over the monoidal prederivator E = p o D while the prederivator U o D is
called the underlying prederivator.

Note that by the very definition an enriched prederivator is not a prederivator but —parallel to
classical enriched category theory— it canonically has an underlying prederivator.

Let us unravel this definition a bit. A prederivator D enriched over a monoidal prederivator E
gives us for each category K € Cat a category D(K) enriched over E(K). Moreover, for a functor
u: J — K, the monoidal prederivator E induces a monoidal functor E(u): E(K) — E(J) which
has an associated base change 2-functor. Then, the enriched prederivator assigns to the functor u
a morphism

(E(w), D(w)): (E(K), D(K)) — (E(J),D(J))

in ECAT . Thus, we have an E(J)-enriched functor D(u): E(u). D(K) — D(J). There are similar
assignments for natural transformations and these satisfy certain coherence relations and all this is
nicely hidden by the construction of ECAT and the associated 2-functors.

From now on, given a prederivator D enriched over a monoidal prederivator E we will commit a
slight abuse of notation and write «* for both E(u) and D(u) and similarly for natural transforma-
tions. It will always be clear from the context which one of the two is meant.

There is also the notion of an enriched derivator which is an enriched prederivator such that the
underlying prederivator is a derivator. Similarly, an enrichment of a derivator ID over a monoidal
prederivator E is given by an E-enriched derivator D' and an isomorphism U oD’ = .

Let us give an immediate example. Given a commutative ring k& the monoidal category k — Mod

of k-modules gives us the constant monoidal prederivator Cat®® — e F=Med cAT
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Example 3.6. Let D be an additive derivator (e.g. a stable derivator). Then there is a canonical
enrichment of D over the monoidal prederivator with constant value Z — Mod . Similarly, let D be
an additive derivator and let o: k — Z(ID) be a k-linear structure on it. Then there is a canonical
enrichment of D over the monoidal prederivator with constant value £ — Mod .

Example 3.7. Let M be a bicomplete monoidal closed category and let us also denote by M the
associated constant monoidal derivator. Moreover, let C be a category enriched over M. Recall that
for a small category J, the ordinary functor category Fun(J, C) can be enriched over M. Given two
functors F,G: J — C there is an object Nat(F, G) € M of natural transformations defined by the
following end formula:
Nat(F,G) = / Hom(Fj, Gj)
J
In fact, since we assumed M to have coproducts we can consider the free M-enriched category

SJ on the ordinary category J. Then this construction is just a special case of an M-enriched
category of M-enriched functors. These M-enriched functor categories assemble to define an M-
enriched prederivator which provides us with an enrichment of the prederivator represented by the
underlying category of C. For the corresponding statement in enriched category theory cf. [KelOba,
Section 2.5].

Definition 3.8. Let E be a monoidal prederivator and let I and D’ be E-enriched prederivators.
A morphism of E-enriched prederivators D — I is a pseudo-natural transformation F: D — D’
of 2-functors Cat®® — ECAT such that po F = idg .

Unraveling the definition such a morphism consists of an E(K )-enriched functor D(K) — D'(K)
for each category K and an E(J)-natural isomorphism as indicated in

(") D(K) — (u*). D'(K)

| v |
D(J) ——— D'(J)

for each functor u: J — K. Here, the vertical morphisms are the structure morphisms of the
enriched prederivators while the horizontal ones belong to the morphism of enriched prederivators.
These data have to satisfy certain coherence properties which are precisely the same as in the case
of a morphism of unenriched prederivators. As in the unenriched case the direction of the above
natural isomorphism is not important since we can always pass to its inverse. With a similar notion
of E-enriched natural transformations we obtain thus the 2-category of E-enriched prederivators
and the full 2-subcategory spanned by the E-enriched derivators which are denoted by

E — PDer resp. E — Der.

We now give an analog in the theory of derivators of the following result from category theory.
Let us consider an adjunction of two variables

(®,Hom;,Hom,.): Cx D — D

exhibiting D as a closed C-module. Then, there is a canonical enrichment of D over € where the
mapping objects are given by Hom,.. We will now establish the corresponding result for derivators
which will then be used to give important examples of enriched derivators. As a preparation for the
proof let us give the following lemma in which we only state the results for Hom,. . Similar results
are also valid for Hom; .
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Lemma 3.9. Let D, E, and F be prederivators and let us consider an adjunction of two variables
(®,Hom;,Hom,.): D x E — F. The adjunction units and counits at the different levels are compat-
ible in the following sense. For a functor uw: J — K and objects X € D(K), Y € E(K), and
Z € F(K) the following diagrams commute:

u*Hom,. (Y, X ® Y)

nl J/,YHomT

Hom, (u"Y,u"X ® u"Y) —— Hom,.(u"Y,u" (X ® Y))
v

Hom,-

w* Hom,.(Y, Z) ® u*Y ——— Hom,(u*Y, u*Z) @ u*Y

o |

w*(Hom, (Y, Z) @ Y) wZ

Proof. Let us begin with the statement about the adjunction units. Recall from Subsection 1.3
that in the context of an adjunction of two variables the adjunctions at the different levels are
compatible with each other. This is expressed by the commutativity of the upper rectangle in the
next diagram for the special case where we chose Z = X ® Y:

hom[F(K) (X ® Y7 X® Y) _— homD(K) (X7 Hom,,(Y, X® Y))

* *

homp(j)(u (X ®@Y),u* (X ®Y)) homp sy (u* X, u* Hom,.(Y, X ® Y))
7@ ,YHom.,-

homg () (u* X ® u*Y,u* (X ® Y)) —— homp sy (u* X, Hom, (u*Y,u* (X ®Y)))

'Y® 'Y®

homp( ) (u* X ® u*Y,u*X ® u*Y) —— homp ) (u*X, Hom, (u*Y,v* X ® u*Y))

Starting with the identity in the upper left corner and comparing its two images in the bottom right
corner we obtain the compatibility statement about the units. The corresponding result for the ad-
junction counits is obtained in a very similar manner. For this purpose, let us take X = Hom,.(Y, Z)
and let us consider the following commutative diagram:
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homg(xy(Hom,.(Y, Z) ® Y, Z) ¢——————— hompg)(Hom,.(Y, Z), Hom,.(Y, Z))

* *

homg( ) (u*(Hom,. (Y, Z) ® Y),u* Z) homp( sy (u* Hom,.(Y, Z),u* Hom,.(Y, 7))
A® . Hom,

homg( ) (u* Hom,.(Y, Z) ® u*Y,u* Z) +——— homp ;) (u* Hom,(Y; Z), Hom,.(u*Y,u* 7))

Hom,- Hom,-

Y Y

homg( ) (Hom,.(u*Y,u*Z) ® u*Y,u* Z) +—— homp ;) (Hom, (u*Y,u* Z), Hom, (u*Y,u* Z))

Since both identities —the one in the upper right and the one in the lower right corner— have the same
image in homp ) (u* Hom,.(Y, Z), Hom,.(u*Y,u*Z)) they are both mapped onto the same element of
homg(yy (u* Hom,.(Y, Z) @ u*Y,u* Z). Using the commutativity of this diagram one sees immediately
that this is precisely the compatibility statement about the adjunction counits. (|

Using the last lemma we can now establish the following theorem on the existence of enrichments
in the context of adjunctions of two variables. Since this theorem is our main source for enriched
derivators we will give a fairly complete proof.

Theorem 3.10. Let E be a monoidal derivator and let us consider an adjunction of two variables
(®,Hom;,Hom,.): ExD — D

exhibiting D as a closed E-module. The derivator D can then be canonically enriched over E and is
naturally cotensored over .

Proof. Since we have an adjunction of two variables of derivators, by evaluation at a category K
we obtain a corresponding adjunction of two variables which we will write as

(®, (=), Homp(xy) : E(K) x D(K) — D(K).

Let us agree that we use the short-hand-notation H for the functor Hom, and also 4" instead of
Hom
yrem.

Using the corresponding result from category theory, we obtain thus that the category D(K') can
be canonically enriched over E(K’) where the enrichment is given by the functor H = Homp k.
The composition law opxy: Homp (Y, Z) @ Homp k) (X,Y) — Homp ) (X, Z) is given by the
map which is adjoint to the following composition:

(Hompx)(Y, Z) @ Homp() (X, Y)) @ X ———— Z

.| T

HomD(K)(Y, Z) ® ( HomD(K)(X, Y) ® X) m HomD(K)(Y, Z) ® Y
Here, ev is an adjunction counit, i.e., a map which is adjoint to the identity on Hompx)(X,Y)
and similarly for Y, Z. The unit morphism for an object X is the map adjoint to the left unitality
constraint A: S®X — X. We will not distinguish notationally between the ordinary category
D(K) and the E(K)-enriched version.
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Now, for a functor u: J — K we have to construct a morphism (E(K),D(K)) — (E(J),D(J))
in ECAT . The first component is of course given by the monoidal functor E(u): E(K) — E(J). Let
us recall from Subsection 1.2 that the monoidal structure on E(u) is given by the 2-cells belonging
to the morphisms ® and S. It remains hence to construct an E(J)-enriched functor

E(u), D(K) — D(J).

Since the base change 2-functor E(u): E(K)—CAT — E(J)—CAT sends an E(K)-enriched category
to an E(J)-enriched category with the same objects, we can define our would-be enriched functor
to have the same behavior on objects as the unenriched functor u*: D(K) — D(J) given by the
derivator . Now, for two objects X, Y € E(u).D(K), we have to specify a map on morphism
objects

Q- HomE(u)* D(K) (X, Y) =u* HomD(K) (_X—7 Y) — HomD(J) (U*X, ’LL*Y)
We take «a,, to be the morphisms which belong to

H=Hom,: D®*xD — E,

i.e., we set o, = 4. Let us now check that these definitions assemble to give the intended E(.J)-
enriched functor.

We begin by the unitality condition so let us fix an object X of E(u),ID(K) which is hence
simultaneously an object of D(K). For this purpose let us consider the following diagram:

S—— s Hom(u*X,S®u*X)

wS— s Hom(u* X, u* S @u* X)
n ~® A
u* Hom(X,S®X) —— Hom(u* X, u*(S®X))

’Y
A A

u* Hom (X, X) ————— Hom(u* X, u*X)
vy

In this diagram, the identity of X € E(u),D(K) is given by the left column while the identity of
u*X € D(J) is given by A on. The right part of the diagram commutes since u* is a monoidal
functor and that part is precisely one of the coherence conditions for a monoidal functor. Moreover,
the two outer squares commute by naturality while the last one does by Lemma 3.9. Thus, the
diagram commutes and we can hence conclude that our would-be enriched functor is unital.

It remains to show that the maps on morphism objects are compatible with composition. So, let
us consider three objects X, Y, and Z of E(u). D(K). Spelling out the definition of the composition
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laws we thus have to check the commutativity of the following diagram:

w H(Y, Z) @ u* H(X,Y)

"/®

u*(H(Y, Z)
w* H(X, (H(Y, 2)

a

ey

H

®H(X,Y))

-

®HX,Y)) ®X)

w*H(X,H(Y, Z) @ (H(X,Y) ® X))

€

W H(X,H(Y,Z)®Y)

€

w H(X, Z)

H(u*Y,u*Z) @ H(u* X, u*Y)

n

H(u* X, (Hu'Y,uv*Z) @ Hu*X,u*Y)) @ u*X)

H(u* X, H(u*Y,u*Z) @

H(u* X, H(u*

(Hu*X,v'Y) ® u* X))
L utZ) @ utY)

€

H(u*X,u*Z)

H

~

H(u*X,u*Z)

Let us consider the composition of morphisms from the upper left corner to the bottom right corner
which passes through u* H(X, Z) and remark that it can be rewritten as:

W H(Y, Z) @ u* H(X,Y) ———— H(u* X, (v H(Y, Z) @ u* H(X, Y)) ® u* X)

w(HY,Z) 9 H(X,Y)) — L S Hw* X, u*(H(Y, Z) @ H(X,Y)) ® u* X)

w* H(X, (H(Y, 2)

-

a

H

wHX,HY, Z) ® (H(X,Y) ® X)) —— H(u" X, u*(H(Y, Z)

vHX,HY, Z)®Y)

u*H(X, 2)

€

Y

)

€

'YH

®H(X,Y)) ® X) —— H(w* X,u* (H(Y, Z)  H(X,Y)) ® X))

a

® (H(X,Y)® X)))

€

H(u" X, u*(H(Y, Z) ® Y))

€

H(u* X, u*Z)

An application of the last lemma guarantees the commutativity of the second square while the
remaining ones are commutative by naturality. Now the right column of this diagram itself can be
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rewritten as follows:

Hw* X, (W H(Y, Z) @ v* H(X,Y)) ® u*X) — H(u* X, u* H(Y, Z) @ (u* H(X,Y) ® u* X))
H(w* X, u*(H(Y, Z) ® H(X,Y)) ® u*X)

Hu* X, u* (H(Y,Z2) @ H(X,Y)) ® X))

a

H(uw* X, u* (H(Y, Z) ® (H(X,Y) ® X))) e Huw*X,u* H(Y, Z) @ u*(H(X,Y) ® X))

€ €

N

H(u* X, w*(H(Y, Z2) ® Y)) . H(u* X, u* H(Y, Z) @ u*Y)
gl
€ M
H(u*X,u*Z) - H(u* X, Hu*Y,u*Z) @ u*Y)

In this diagram, the upper square commutes since for a monoidal derivator the restriction functors
u* are canonically monoidal and that square just expresses one of the coherence axioms for a
monoidal functor. The second square commutes by naturality while the bottom square does by
Lemma 3.9. Now, this new composition eoy" oe0y® oa can again be rewritten as eoecoy® oy oqa
as depicted in the next diagram:

H H
H(w X, (w* H(Y, Z) @ u* H(X, Y)) @ u*X) 2 H(w* X, (H(u*Y, u* Z) @ H(w* X, w*Y)) @ u* X)

a a

H H
H(w X, u* H(Y, Z2) @ (u* H(X,Y) @ u* X)) 2 H(w* X, H(u*Y, u* Z) @ (H(u* X, w*Y) ® u* X))
A =

H

H(u* X, H(u'Y,u* Z) @ (u* H(X,Y) ® u* X)) —— H(u* X, H(u'Y,u* Z) ® (H(u* X, u"Y) @ u* X))

~® €

H(u* X, H(u'Y,u* Z) @ u* (H(X,Y) © X)) ————— H(u" X, H(u"Y, u* Z) @ u*Y)

€

H(u*X,u*2)
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In this diagram the bottom square commutes by a further application of Lemma 3.9 while the upper
two squares do by naturality. Now, by the commutativity of the square

7@y

v HY,Z) @ u*H(X,Y) HwY,v*Z) @ Hu*X,u*Y)

| . I

H(w X, (u* H(Y, Z) @ u* H(X, Y)) @ u* X) 25 H(w X, (H(u*Y, u* Z) @ H(u* X, u*Y)) ® u*X)
we can conclude that we have constructed an E(J)-enriched functor. In fact, putting the above
diagrams together we get the following chain of equalities

’}/HOEOEOCLOT]O’}/(29 = GOGOCI,O’}/®O’}/®O7]
= EO’YHOEO’V®00,O’I’]
— ® H
= GOEO’}/ O’}/ oaon
= cocoao (@ ")oy
= coeoaono(yf @y

expressing the compatibility of our functor with enriched composition laws. This concludes the
proof that the above constructions assemble to an E(J)-enriched functor E(u), D(K) — D(J).
The assignment which sends a functor u to the enriched functors we just constructed is itself
functorial by Lemma 1.11.

The final part of the proof consists of the construction of enriched natural transformations as-
sociated to 2-cells in Cat. More precisely, given a natural transformation a: u — v between
functors u,v: J — K we want to construct a 2-cell in ECAT between the induced morphisms
(E(K),D(K)) — (E(J),D(J)). Unraveling definitions we have to construct an E(.J)-enriched nat-
ural transformation between the E(J)-enriched functors

E(a)x

E(u), D(K) “5D(J)  and  E(u), D(K) ~2¥ E(v), D(K) 25 D(J).

Evaluated at an object X we take the component aX: S — Hom(u*X,v*X) of our would-be
enriched natural transformation to be the map adjoint to S®u*X — u*X — v*X. In order to
show that this defines an enriched natural transformation we have to check that for any pair X, Y
of objects the following square commutes:

W HX,Y) ——— S wH(X,Y)®S ——— 0" H(X,Y) ®S

Seu*H(X,Y) Hv*X,v*Y) @ H(u* X, v*X)

“YWl l

H(u*Y,v*Y) @ H(u* X, u*Y) > H(u* X, v*Y)

o

Let us show that the two maps v*H(X,Y) — H(u*X,v*Y) are sent by the adjunction to the
same maps «* H(X,Y) ® u*X — v*Y. We begin by calculating this adjoint morphism for the map
obtained by passing through the bottom left corner. By naturality of the associativity constraint
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this can be written as:
VHX,Y)@u'X ——— 5 S®(u* HX,Y) @ u*X)

OéY

Hu*Y,v*Y) ® (u* H(X,Y) ® u* X)
7

Hu*Y,v*Y) ® (Hu*X,u*Y) @ u*X)

ev

v*Y H(u*Y,v*Y) @ u*Y

ev

From the construction of 4} in Subsection 1.3 we know that the composition ev oy is just the map

®
vHX,)Y)@u*X SN u(H(X,Y) ® X) == u"Y.
Thus we can rewrite the above diagram as
W HX,Y) @ u* X —— S®(u* H(X,Y) ® u*X)
’Y® ®

Y

v (HX,Y)® X) —— Seu*(H(X,Y) ® X)

ev ev

u*Y = S®u*Y

o a¥

VY ¢ H@'Y,v"Y) @ u'Y

and conclude that the adjoint map is just given by a* o evoy®.

Let us now calculate the morphism v*H(X,Y) ® u*X — v*Y which is adjoint to the map
obtained by passing through the upper right corner. Using again the naturality of the associativity
constraint we can identify the morphism as

* X
W HX,Y)®S) @ u*X —=2% 4 (v*H(X,Y) @ Hu* X, v* X)) @ u* X

o

vHX,)Y)@u*X v*H(X,Y)® (Hu* X, v*X) @ u*X)

v*H(X,Y) @ v*X

'vﬂ

v*Y Hv*X,v*Y) @ v* X

ev
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This description can be simplified by using again the relation evoy!! = evoy® and the definition of
o as the adjoint map of S®u*X = u*X — v*X. So, the map under consideration is given by:

W HX,Y) ® (Sou*X) -2 w* H(X, Y) ® (H(u* X, v* X) @ u* X)

= ev

w* H(X,Y) @ u* X = W H(X,Y) ®@v*X

Y v (H(X,Y) ® X)

ev

Hence, we have calculated the second adjoint morphism as evoy® o (a* @ a*).
With these descriptions of the two adjoint morphisms it is easy to see that they coincide since
both fit into the following commutative diagram:

®
W HX,Y) @ u'X — s u*(H(X,Y) ® X) —25 0V

a*®a*J{ Ja* J{a*

v*H(X,Y) @ v*X T v(HX,Y)® X) —/—v'Y
Here the left square commutes since a*: u* — v* is a monoidal transformation while the right
square does by naturality. Thus, we have shown that the family {a¥: S — Hom(u*X,v*X)}x
defines an E(J)-enriched natural transformation as intended. We omit the details verifying that
this assignment is compatible with identities and horizontal and vertical compositions, which then
concludes the proof. O

Corollary 3.11. Let D be a biclosed monoidal derivator. Then D is canonically tensored, coten-
sored, and enriched over itself.

The first class of examples of enriched (pre)derivators is obtained by an application of Theorem
3.10 to represented prederivators. Further examples coming from model categories will be given in
the next subsection.

Example 3.12. Let C be a complete monoidal category and let D be a left G-module such that the
underlying category is complete. If the action map ®: € xD — D is a left adjoint of two variables
then Proposition 1.12 implies that we obtain an adjunction of two variables ®: y(C) x y(D) — y(D)
exhibiting y(D) as a closed left y(C)-module. Thus, the prederivator y(D) is canonically enriched
over y(C).

3.3. Enriched model categories induce enriched derivators. We now only have to put to-
gether the above results in order to obtain the second important class of enriched derivators as
guaranteed by the following theorem.

Theorem 3.13. Let M and N be combinatorial model categories and let M be in addition a monoidal
model category. If N is a left M-module as a model category, then the derivator Dy is canonically
tensored, cotensored, and enriched over Dy .
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Proof. By the discussion preceding Theorem 2.13, we know that the action ®: M x N — M is
part of an adjunction of two variables

(®, (=) ), Hom): M x N — N.

That theorem implies that this adjunction of two variables induces an adjunction of two variables
at the level of the associated derivators:

L
(@, R(=)7),RHom): Dy x Dyy — Dy

Moreover, this adjunction exhibits Dy as a left Dy-module. Thus it suffices to apply Theorem 3.10
to deduce that Dy¢ can be canonically enriched over Dy . Recall from the proof of that result that
the enrichment is actually given by RHom. |

Let us take up again our three classes of examples.

Corollary 3.14. Let M be a combinatorial model category.

i) If M is a simplicial model category, then the associated derivator Dy is canonically tensored,
cotensored, and enriched over the derivator Dset, of simplicial sets.

it) If M is a spectral model category, then the associated derivator Dyt is canonically tensored,
cotensored, and enriched over the derivator Dsy of spectra.

iii) If M is a dg model category over the ground ring k, then the associated derivator Dy is canon-
ically tensored, cotensored, and enriched over the derivator Dy of chain complezes over k.

We close by mentioning the more specific examples of the earlier sections. Again, these examples
are completely parallel and could be given for any nice monoidal, combinatorial model category.
We only stick to the cases of chain complexes and spectra.

Example 3.15. Let k be a commutative ground ring. The derivator Dy of chain complexes over k
is canonically tensored, cotensored, and enriched over itself. More generally, let C' be a commutative
differential graded algebra such that C' is cofibrant as a chain complex, then the derivator Do of
differential-graded C-modules is canonically tensored, cotensored, and enriched over itself. For
a non-monoidal example, let us consider a non-commutative differential-graded algebra A. Then
we can deduce that the associated derivator D4 of differential-graded A-modules is canonically
tensored, cotensored, and enriched over D . Moreover, if A is cofibrant as a chain complex then
D4 is also canonically tensored, cotensored, and enriched over D 4g gop -

Example 3.16. The derivator Ds, of spectra is canonically tensored, cotensored, and enriched
over itself. More generally, let us consider a commutative symmetric ring spectrum E which has a
cofibrant underlying symmetric spectrum. The derivator Dg of E-module spectra is also canonically
tensored, cotensored, and enriched over itself. If we are considering a symmetric ring spectrum
R which is not necessarily commutative then we still obtain that the associated derivator Dg
of R-module spectra is canonically tensored, cotensored, and enriched over Ds,. Finally, if R is
cofibrant as a symmetric spectrum then Dp is also canonically tensored, cotensored, and enriched
over DpaRor .
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APPENDIX A. THE 2-CATEGORICAL GROTHENDIECK CONSTRUCTION

In this appendix we will give a short description of the Grothendieck construction in the setting
of 2-categories. As an input for that construction, one starts with a 2-functor F': I — 2-CATwhere
2-CAT denotes the 2-category of 2-categories. Remark that we ignore the modifications [Bor94a]
which would give us a 3-category of 2-categories. The basic idea behind the Grothendieck con-
struction is that one wants to glue the different 2-categories F'(i) together to obtain a single new
2-category [F. This is done in a way that an object ‘remembers in which category F(i) it lived
before’: [F will be canonically endowed with a ‘projection 2-functor’ p: [F — I. Before we give
the actual construction in our 2-categorical situation, let us begin with a short recap of two ‘lower
dimensional’ cases. For this purpose we let I be a category and replace 2-categories first by sets
and then by categories.

Example A.1. (two dimensions less: the category of elements)

Let us consider a set-valued functor F': I — Set. Then one can construct the category el(F) of
elements of F. An object in el(F) is a pair (i, X) consisting of an object ¢ € I and an element
X € F(i). Given two such objects, a morphism (i, X) — (4,Y) in el(F) is a morphism f: i — j
in I such that the induced map F(f): F(i) — F(j) maps X to Y. In the special case where
the indexing category is the simplicial index category, i.e., if I = A°P, we are starting with a
simplicial set F': A°? — Set. In that case the category el(F) is just the category AF of simplices
of F (cf. [GJ99] for the importance of this construction). Note that there is a canonical functor
p: el(F) — I sending an object (i, X) to ¢ and keeping the morphisms. This functor has the
property that we have a canonical bijection p~!(i) = F (i) where we identified the discrete category
p~1(i) with its set of objects.

Climbing up the dimension ladder by one, let us now consider categories instead of sets.

Example A.2. (one dimension less: the classical Grothendieck construction)

Let us consider a category-valued functor F': I — CAT. The Grothendieck construction [F of
F is the following category. An object of [F is a pair (i, X) consisting of an object ¢ € I and
an object X € F(i). The fact that our functor F takes values in categories allows for a more
general notion of morphisms than in the last example. So, let (i, X) and (j,Y") be two objects of
JF. A morphism (i, X) — (j,Y) is a pair (f,u) consisting of a morphism f: 4 — j in I and
a morphism u: F(f)X — Y in F(j). Given two composable morphisms (f,u): (i, X) — (4,Y)
and (g,v): (4,Y) — (k, Z), their composition is defined to be (g o f,v o F(g)(u)). It is immediate
to check that this is a category with the obvious identity morphisms. Again, we have a canonical
projection functor p: [F — I. By definition, p sends an object (¢, X) to ¢ and a morphism (f,u)

~

to f. Moreover, let us note that we have a canonical isomorphism of categories p~1(i) = F(3).

These projection functors p are not arbitrary functors but have particularly nice properties. In
fact, they are examples of Grothendieck opfibrations [Vis05] and we will comment shortly on this
after the next construction.

Having recalled these two classical cases the 2-categorical version will now go as expected.
However, we also increase the dimension of the domain of F' by one, so let us consider a 2-
category-valued 2-functor F: I — 2-CAT. The 2-categorical Grothendieck construction [F is
the following 2-category. The underlying category of [F will be as in the last example, so
that we will only make explicit the 2-morphisms and the vertical and horizontal composition
laws. Thus, let (f,u),(g,v): (i,X) — (4,Y) be two parallel morphisms in [F. A 2-morphism
(o, 9): (fyu) — (g,v) is a pair consisting of a 2-morphism «: f — g in I and a 2-cell ¢ in F(j)
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as indicated in:
X%y
¢ |

a X g*X
Given three parallel morphisms (f,u), (g,v) and (h,w) in [F and two vertically composable 2-
morphisms («, ¢): (f,u) — (g,v) and (8,%): (g,v) — (h,w), their vertical composition is defined
by
Finally, let us consider two horizontally composable 2-morphisms (a, ¢): (f1,u1) — (f2,u2) and
(B,9): (91,v1) — (g2, v2) as in:

(f1,u1) (g91,v1)
j, X Y k,Z
6GX) 4V GY) b (h2)
(f2,u2) (92,v2)

Then their horizontal composition is defined by the following formula

(5##) * (0[, Qb) = (ﬁ * 04»¢ * gl*d))
The corresponding diagram in F'(k) looks like:

v1

gl*fl*X = gl*Y A

a*l ﬂ Jﬁ* ﬂ

2

91, f2. X g2.Y
5{ /
us
g?*fQ*X

It is now a straightforward calculation to verify that these two composition laws satisfy the in-
terchange law, i.e., that [F is indeed a 2-category. Let us note that the projection on the first
variable gives us a 2-functor p: [F — I such that we have canonical isomorphisms p~! (i) 2 F (i)
of 2-categories.

Already in the 1-dimensional case, the functor p: [F — I is not an arbitrary functor but is a
Grothendieck opfibration. A similar Grothendieck construction can be applied to a contravariant
category-valued functor in which case the projection functor would be a Grothendieck fibration.
Recall that a Grothendieck opfibration is by definition a functor p: € — I which allows for
a sufficient supply of p-coCartesian arrows (cf. [Bor94b, Vis05]). These p-coCartesian arrows are
morphisms satisfying a universal property which is expressed by the bijectivity of a certain canonical
map of sets. In the 2-categorical picture, there are now different ways of introducing a notion of
coCartesian arrows: the role of the canonical map of sets is taken by a canonical functor and one
could demand this functor to be an isomorphism or an equivalence. Since we will not need these p-
(co)Cartesian arrows we will not get into this. Nevertheless, depending on the variance with respect
to l-morphisms of the 2-category-valued 2-functor F' we started with, we will call the associated
projection functor p the 2-Grothendieck (op)fibration associated to F.
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Let us close this appendix by remarking that Grothendieck (op)fibrations and also the Grothen-
dieck construction were generalized to the setting of co-categories by Joyal and Lurie ([Lur09]). A
short introduction to these notions is given in [Grol0Ob].
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APPENDIX B. MONOIDAL AND CLOSED MONOIDAL 2-CATEGORIES

B.1. The 2-categories of monoidal objects and modules in a monoidal 2-category. In
this subsection, let € = (€, ®,S, @, A\, p) be a monoidal 2-category which is given by a 2-category
G, a 2-functor ®: € x € — C called the monoidal pairing, a monoidal unit S € €, and invertible
2-natural transformations a;, A and p called the associativity constraint and the unitality constraints
respectively. The coherence conditions are the same as in the 1-categorical case. Again, we will not
distinguish notationally between these 2-natural transformations and their respective inverses. We
will quickly recall the notions of monoidal objects and modules in €. This is done since we need
some details about these notions in the construction of certain 2-categories of modules which are
important in the next subsection.

So, let us begin with the monoidal objects. A monoidal object X = (X, ux,ux,ax,A\x,px) in
C is a sixtuple consisting of an object X € C, morphisms pyx: X ® X — X and ux: S — X and
invertible 2-cells Ax, ax and px as indicated in:

SeX L5 X ©X XoX) o X —2— 5 X ® (X ®X) XXX X®S
N N e Y
A X XX ——— X X®X X 8

These data are subject to certain coherence conditions which are the same as in [ML98, pp.162-163]
suitably adapted to the context of a general monoidal 2-category. Let us express these coherence
conditions as conditions on 2-cells in Home(X®", X)) where we denote by X®" the n-fold tensor
power of X w.r.t. ® where we moved all brackets as far to the left as possible. For this purpose,
let us denote the map px by (—) - (=), the identity idx by (=), ux by itself and similarly for
combinations of these maps. In this notation the 2-cells AxA™!, ax resp. pxp~! are hence denoted
by:

(=) —ux-(=), (=) =) —=(=)-(=)-(=)  resp. (=) — (=) ux

The coherence conditions on the above 2-cells are given by the commutativity of the pentagon

the equality of the two 2-cells ux - ux —= ux and the commutativity of:

(ux - (=) (=) —=(=)- (=)

| 7

ux - (=) - (=)

Let now M and N be two monoidal objects in €. A monoidal morphism f: M — N is a triple
(f,mys,uy) consisting of a morphism f: M — N in € and two invertible 2-cells m; and uy as
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indicated in:

12278 UM

MM — M S—— M
f®fJ/ 7 Jf kf
N®N—— N NN

Using a similar notation as in the previous case the coherence conditions on such a triple are given
by the commutativity of the following two diagrams:
)

(=) F=) - f(=) = f(=) - (=) - F(=) un - f(=) — f(=)
'f(UM)

— f(=)un
F((=)- (=) f(=) F=)-F((=)- (=) f(uM)l f(=) = f=)
) ED-E) = A () ()) fluwr - (=) — (=) «— f((=) -

The composition of monoidal morphisms is defined by composition of the underlying morphisms
and by splicing of 2-cells. Thus, for a pair (g, f) of composable monoidal morphisms we have

) unm)

(g.mg,ug) o (fymp,up) = (gf,mgp,ugr) = (gf,gmp-mg(f @ f), gug - ug).

Here, we use the central dot - to denote the vertical composition of 2-cells in C.
Finally, a monoidal 2-morphism ¢: f — g between two parallel monoidal morphisms (f, my,uys)
and (g, mg, ug) is a 2-morphism ¢: f — ¢ in € making the following two diagrams commute:

my u
pn o (f®f) — fopuu uy — fouy
PR J{fﬁ \ J‘ﬁ
Ug
ﬂN0(9®9)Tg>gouM goum

The vertical and the horizontal composition of monoidal 2-morphisms is the same as the corre-
sponding one in C. It is straightforward to check that we obtain a 2-category this way so let us
make the following definition.

Definition B.1. Let C be a monoidal 2-category. The 2-category Mon(C) of monoidal objects
in € consists of the monoidal objects together with the monoidal morphisms and the monoidal
2-morphisms.

Example B.2. i) For the Cartesian 2-category € = CAT we have Mon(CAT) = MonCAT, the 2-
category of monoidal categories.

ii) For the Cartesian 2-category C = PDer resp. € = Der we have Mon(PDer) = MonPDer resp.
Mon(Der) = MonDer, the 2-category of monoidal prederivators resp. monoidal derivators.

Let us now turn to modules. A (left) module X over a monoidal object M € Mon(C) is a
quadruple (X, ax,mx,uyx) consisting of an object X € C, an action map ax: M ® X — X and
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two invertible 2-cells ux and mx as indicated in:

un

SRX — M®X MM X —*— s M® (M X)

A N R o
A X M®X X M®X
ax ax

These are again subject to certain coherence conditions which we will depict using a similar notation
as in the case of monoidal objects. Note, that in this context the outer right central dot corresponds
to the action while the other ones correspond to multiplications on the monoid. The coherence
conditions for a module consist again of a pentagon diagram as in the case of monoids and also the
following two triangles:

un - (=) - (=) ——= (=) - (=) (=) (uar - (=) —= (=) - (=)
7 |
(upr - (=) - (=) ((=)-uar) - (=)

Given two M-modules X and Y, a laz morphism of modules f: X — Y is a pair (f, my) consisting
of an underlying morphism f: X — Y in € and a (not necessarily invertible) 2-cell my as in:

MoX 25X

fl 7 lf

M®YT>Y

This 2-cell is subject to the following two coherence conditions:

(=) =) F=)—= () A(=) - F(=) — (=) - F((=) - (=) up - f(=) — (=)

F(=)- (=) (=) =)= (2))  fluar - (=)
It is important that we allow m to be a non-invertible 2-cell here since this will be needed in the
construction of the 2-category Mod (€)™ of modules via the 2-categorical Grothendieck construction.
If the 2-cell m is invertible then let us call f a strong morphism of modules (or simply a morphism
of modules). The composition of lax module morphisms is again defined by composition of the

underlying morphisms and by splicing of 2-cells. Thus, for two composable lax morphisms g and f
we set:

(gvmg)o(famf) = (gfamgf) = (gf,gmfmg(1®f))
Finally, given two parallel lax morphisms f, g: X — Y a 2-morphism of modules ¢: f — g is
just such a 2-cell ¢ in €. This 2-cell has to satisfy the coherence condition:

ay o180 f) —2ay o(1@g)

mfi Jm

anXTgOGX
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Thus, the 2-cell ¢ has to satisfy the following equation:
mg-ay(l®¢) = ¢ax -my
It is again immediate that these definitions can be assembled to give us a 2-category.

Definition B.3. Let C be a monoidal 2-category and let M be a monoidal object in €. The 2-
category M —Mod™ of (left) M-modules is given by the M-modules, the lax M-module morphisms
and the 2-morphisms of M-modules.

We now want to show that the association which sends a monoidal object M € Mon(C) to the
2-category M — Mod'® is 2-functorial. This allows us then to apply the 2-categorical Grothendieck
construction of Appendix A in order to obtain the 2-category Mod (€)™ of modules in €.

Let us begin by defining the behavior of the 2-functor on morphisms of monoids. So, let us
consider a morphism f: M — N in Mon(€) and let us construct the associated 2-functor f*: N —
Mod™ —s M — Mod™ which basically is a restriction of scalar 2-functor. For this purpose, let
X = (X,ax,mx,ux) be an N-module. The underlying object of f*X is again just X while a-x
and us-x are defined by the following diagrams:

Mox 2L Nex SOX —My M@ X

\) J‘”{ Q) lf
X X UNTS N @ X

AN 7 lax
\ 2
The upper unlabeled 2-cell is given by uy ® 1 while the lower one is ux. Thus, in formulas we are
setting:
ap+x =ax(f®1) and uprx =ax(ur®1)-ux

Finally, in order to construct my-x let us consider the following diagram in which the left 2-cell is
induced by m; while the other one is just mx :

MM)@ X —*+M®(M®X) _apx

RN

ref MeN®X)  —MeX

MeX Z((NIN)@X——No(N®X) —NeX

\) BN
d N®X

The 2-cell obtained by splicing from this diagram is taken to be my-x, i.e., we set

mypx =ax(mp@ 1) -mx((f®f)®1).
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This concludes the definition of f* on objects. Let us now define its behavior on morphisms. So,
for a morphism h = (h,my): X — Y in N — Mod"™ let us set:

f*h=(h,mypen) = (h,mp(f ©1))
Finally, given a 2-morphism ¢: hy — hy of morphisms hq, hy: X — Y of modules, let f* just

map ¢ to itself. Then, in order to check that f*¢: f*hiy — f*hy has the necessary coherence
property let us consider the following chain of equalities.

Mppy - apy (1@ f70) = mp,(fO1)-ay(f@1)(1®¢)
= (mn,-ay(1®¢))(f®1)

(pax -mp,)(f®1)

dax(f@1) -mp, (f®1)

= ["dap-x -mpep,

Here, the third equation uses the fact that ¢ is a 2-cell in NV — Mod'® while the composite equality
precisely says that f*¢ = ¢ is also a 2-cell f*h; —> f*hy in M — Mod™ . This concludes the
definition of f* and it is easy to verify that it in fact defines a 2-functor. Now, given two composable
morphisms M TN L Pin Mon(€) we want to check that we have an equality f*¢* = (gf)* of
2-functors P — Mod™ — M — Mod™ . But this is obvious for their behavior on morphisms and
2-morphisms and hence also for their behavior on objects.

Finally, let us consider a 2-cell ¢ in Mon(C) as in:

f
My N
R ¢
g
We want to associate a 2-natural transformation ¥*: g* — f* to 1. So, let us consider an N-
module X and the associated M-modules f*X, g*X. We claim that the pair (idx,ax(¢¥ ® idx))

defines a morphism ¢*X — f*X in M — Mod'™ . Let us only check the unitality condition, i.e.,
let us consider the following diagram:

SeXx —4 sex

PO SN

Ug* x Upxx

A :M@XL)M(@X: ))\

NgH Ry i

XT>X

Here, the unlabeled 2-cell is given by ax (¢ ® idx). But the unitality coherence condition satisfied
by ¢ as a 2-morphism in Mon(€) implies that we have the equality:
Ug* X = aX(¢®idx)(uM®1)~uf*X
Thus, ¢% = (idx,ax (¢ ® idx)) defines a morphism g*X — f*X in M — Mod™ . It is now easy
to verify that these ¢% assemble to define a 2-natural transformation ¢*: g* — f*.
This concludes the construction of our 2-functor. Before we can summarize the construction by

the following proposition let us quickly recall that given an arbitrary 2-category D, the 2-category
obtained from D by inverting both the direction of the 1-cells and of the 2-cells is denoted by DP:°.
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Proposition B.4. Let C be a monoidal 2-category and let us consider a 2-celly: f — g: M — N
in Mon(Q). The following assignments define a 2-functor (—) — Mod™: Mon(€)°P-¢® — 2-CAT :

M — M — Mod"™, fr— " and Y —

Having established this proposition we can now apply the 2-categorical Grothendieck construc-
tion of Appendix A to the 2-category-valued 2-functor (—) — Mod'"® . This gives us the 2-category
Mod (@)™ of modules in €. Let us be a bit more specific about this 2-category. An object is
a pair (M, X) consisting of a monoidal object M and an M-module X. Similarly, a morphism
(fyu): (M, X) — (N,Y) is a pair consisting of monoidal morphism f: M — N and a lax mor-
phism of M-modules v: X — f*Y. Finally, given two parallel such morphisms (f,u) and (g,v), a
2-cell (B,90): (f,u) — (g,v) is a monoidal 2-cell 5: f — ¢ together with a 2-cell ¢ of M-modules
as in:

X 5 Y

K Jo
v g*Y

This 2-category is endowed with a projection functor p: Mod(€)'® — Mon(€) which we call the
2-Grothendieck fibration of modules in C.

Of more importance in the next subsection is the 2-subcategory Mod(€) C Mod(€)®. By defini-
tion this consists of all objects (M, X), the morphisms (f,u) such that u is a strong morphism of
modules and all 2-cells between such morphisms. The inclusion endows Mod(C) with a projection
functor p: Mod(€) — Mon(C) which we still call the 2-Grothendieck fibration of modules in C.

Example B.5. i) For the Cartesian 2-category € = CAT we have Mod(CAT) = MonCAT, the
2-category of left-tensored categories.

ii) For the Cartesian 2-category € = PDer resp. € = Der we have Mod(PDer) = ModPDer resp.
Mod(Der) = ModDer, the 2-category of left-tensored prederivators resp. derivators.

In addition to this 2-functor p, we also have a canonical 2-functor U: Mod(€) — €. This 2-
functor sends an object (M, X) to the underlying object of X and a morphism (f,u): (M,X) —
(N,Y) to the underlying morphism of w: X — f*Y. Similarly, U sends a 2-cell (3, ¢) just to the
underlying 2-cell ¢: u — S*v in C. It is immediate that this defines a 2-functor U. As an upshot,
we thus obtain the following diagram of 2-categories:

Mod(C) —Z— €
Mon(C)

Now, given an object X € € let Mod(X) = U~!(X) denote the fiber of U over X, i.e., it is the
2-category defined by the following pullback diagram:

Mod(X) —— Mod(€)

| )

e ——C
X



78 MORITZ GROTH

Here, e denotes the terminal 2-category and by abuse of notation X denotes at the same time the
object X and the unique 2-functor e — C classifying the object X. Let us call the 2-category
Mod(X) the 2-category of module structures on X. Since the underlying object of an arbitrary
object in this 2-category is X let us agree that we denote such an object by (M,ax) where ax
is the action belonging to the M-module structure on X. In Subsection B.2 we will show that for
closed monoidal 2-categories € this 2-category of module structures always has a terminal object
in a suitable bicategorical sense.

B.2. Closed monoidal 2-categories. The main aim of this subsection is to give a 2-categorical
analog of the following result about closed monoidal categories. Let € be a closed monoidal category
with symmetric monoidal pairing ®, monoidal unit S and internal homomorphism functor HOM.
Plugging in twice the same object X € € into HOM we obtain internal endomorphism objects
END(X) € €. Since we assumed the monoidal structure to be closed we have natural isomorphisms

home(X ® Y, Z) = home(X, HOM(Y, Z)).

The adjunction counit gives us in particular a map € = ev: END(X) ® X — X which we call
an evaluation map. A combination of this map with the associativity constraint of the monoidal
structure gives us the following map:

(END(X) ® END(X)) ® X —*+ END(X) ® (END(X) ® X) — END(X) ® X — X

Let us denote the associated adjoint map by ox: END(X)®END(X) — END(X). Moreover, let us
write tx: S — END(X) for the map which is adjoint to the unitality constraint \: S®X — X.
Finally, similar to the last subsection one can construct the category Mod(X) of module structures
on X in the context of a monoidal category.

Proposition B.6. Let C be a closed monoidal category and let X € C be an object. The triple
(END(X),0x,tx) is a monoid in C and the evaluation map ev: END(X) ® X — X turns X into
a module over END(X). The pair (END(X),ev) is the terminal object in the category Mod(X) of
module structures on X.

We want to give a similar result in the setting of 2-categories which will be applied in Subsection
2.2 to the Cartesian closed 2-category Der of derivators. Besides working with 2-categories, there is
an additional technical difficulty resulting from the following fact. Before we can formulate this let
us recall that there are two different notions of adjointness for 2-functors. The stricter one of these
notions which we shall call a 2-adjunction is just a special case of an enriched adjunction. In such
a situation the adjointness is expressed by the fact that we have natural isomorphisms between the
respective categories of morphisms. A more general and —morally speaking— more correct notion
is the notion of a biadjunction. In this case we instead have natural equivalences of categories of
morphisms. To mention only one difference between biadjunctions and 2-adjunctions, note that
a biadjunction does in general not induce an adjunction on underlying 1-categories. Now, the
additional technical difficulty results from the fact that the closedness of the Cartesian monoidal
2-category Der given by Proposition 2.7 is expressed by a special instance of a biadjunction. With
this example in mind, let us make the following definition.

Definition B.7. Let € be a symmetric monoidal 2-category. The monoidal structure is closed if
the functor X ® —: € — C has a right biadjoint HOM(X, —) for each object X € C, i.e., if there
are natural equivalences of categories

Home (X ® Y, Z) ~ Home (X, HOM(Y, Z)).



MONOIDAL AND ENRICHED DERIVATORS 79

For the rest of this subsection let € be a closed monoidal 2-category and let us choose inverse
equivalences of categories:

l
Home(X ® Y, Z) —— Home(X, HOM(Y, 2))
T

As for any biadjunction one can describe the equivalences [ and r by the unit  and the counit e.
In fact, we have isomorphisms r 2 ¢, o (—®Y) and [ = n* o HOM(—,Y).

By precisely the same formulas as in the 1-categorical case we can now use these equivalences
and the constraints of the monoidal structure in order to obtain morphisms ox, tx and ev. In the
proof of the next proposition we will use EX as an abbreviation for END(X).

Proposition B.8. Let C be a closed monoidal 2-category and let X € C be an object. The triple
(END(X),0x,tx) can be extended into a monoidal object in C and the map ev: END(X)®@X — X
is part of an END(X)-module structure on X.

Proof. We will only construct the 2-cells which will turn EX into a monoidal object and X into a
module over EX . We will leave it to the reader to check the necessary coherence conditions.

So, let us begin by the unitality of the action, i.e., we want to construct an invertible 2-cell ux
as indicated in:

Sox X EXox

= lev

A X
But this is given by evo (1 ® X) = evo (I(A) ® X) = r(I(\)) = A. The construction of the —say— left
unitality of the multiplication ox on EX is slightly more complicated. We have to show that there
is an invertible 2-cell ugx as in:

SoEX “¥2 EX 9 EX

~ lox
A EX

If we can show that the images of these two compositions under r are isomorphic we can use
the fully-faithfulness of r to conclude that this isomorphism comes from a unique isomorphism of
morphisms S ® EX — EX. To calculate the image of ox o (¢: ® EX) under r let us consider the left
diagram:

S®EX)® X —— (EX®EX)® X (S@EX)@X\
A
Ql (a7 Ql \‘y
SREX®X) —— EX®(EX®X) S®EX®X) —— EX®X
evl ev evl Jev
S®X —— 3 EX®X S@X ——— X
= ev

A X
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The invertible 2-cell in the left diagram is ux. Using the commutative diagram on the right we have
thus obtained an isomorphism as intended:

rlox o (Lt @ EX)) X evoevoaor X A o (S®ev)oa=evo(A® X) = r())

Let us now turn to the associativity of ox and the multiplicativity of ev. Again we will begin
with the action ev since that 2-cell will be used in the construction of the 2-cell expressing the
associativity of the multiplication on EX. So, let us show that there is an invertible 2-cell mx:

(EX®EX)® X ——*— 5 EX®(EX®X)

oxl — J

EX®X ——— X ¢+——— EX®X

But this is again just the observation that we have invertible 2-cells
evo (ox ® X) 2 r(ox) =r(l(evoevoa)) = evoevoa.

Thus, let us now show that the multiplication ox is associative, i.e., let us construct an invertible
2-cell agx as in:

(EX®EX) ® EX —— % EX ®(EX ® EX)
0X®1l < ll@ox
EX ®EX EX EX ®EX
ox ox

Similarly to the proof of the unitality, let us show that the two morphisms (EX ® EX) @ EX — EX
have isomorphic images under r. For this purpose, let us consider the following diagram:

o~

(EX®(EX®EX)) ® X +—— ((EX®EX) ® EX) ® X

a
ox ox
=N e o=

(EX®EX)® X EX®((EX®EX)® X) (EX®EX) ® (EX®X) (EX®EX)® X

QJ/:/ >~ / ev \ﬁla
EX®(EX ®X) EX®(EX®(EX®X)) - (EX®EX)® X EX®Q(EX®X)
/ ox

EX®X X EX®X

ev ev

o

)
X
®X

ev

ev =

Up to an implicit use of the invertible 2-cell mx the two possible paths through the boundary leading
from ((EX®EX) ® EX) ® X to X are the images under r of the maps which we want to compare.
In this diagram there are three more instances of the invertible 2-cell myx. The remaining part
commutes on the nose by naturality in four cases and by the coherence property of the associativity
constraint « in the last case. The resulting invertible 2-cell gives us the intended 2-cell expressing
the associativity of ox. This concludes the extension of ox to a monoidal structure on EX and of
the evaluation ev to a module structure on X and hence the proof of this proposition. |
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In the notation of the last subsection, this proposition shows that in the context of a closed
monoidal 2-category the 2-category Mod(X) of module structures on an object X contains the
object (END(X), ev). The remaining aim of this subsection is to show that this object is a terminal
object in the following sense.

Definition B.9. Let D be a 2-category. An object X € D is terminal if for all objects Y the
category Homp (Y, X) of morphisms from Y to X is equivalent to the category e.

Proposition B.10. Let C be a closed monoidal 2-category and let X be an object of C. The canonical
action (END(X),ev) is a terminal object of the 2-category Mod(X) of module structures on X.

Proof. Let us begin by showing the following. For an arbitrary object (M, ax) of Mod(X) there is
a morphism (M, ax) — (END(X), ev) in Mod(X). Similar to the proof of Proposition B.8 we only
give the construction of the 1-cells and the 2-cells of the morphism and do not check the necessary
coherence conditions. So, our aim is to construct a pair (f,u): (M,ax) — (END(X),ev) where
f=(f,ms,up): M — END(X) is a morphism in Mon(C) and v = (u,m,): (X,ax) — f*(X,ev)
is a morphism in M —Mod . Since the morphism (f, «) has to lie in Mod(X) we have v = (idx, my,).
We construct the monoidal part first. By closedness, ax: M ® X — X corresponds to a
unique map f =l(ax): M — END(X). Here, [ again denotes a natural equivalence of categories
l: Hom(M ® X, X) — Hom(M,END(X)) given by the biadjunction. The construction of wuy is
similar. As part of the M-module structure on X we have the following invertible 2-cell ux:

SoX M Mo X

NE

Recall from the proof of the last proposition that the unit ugnp(xy: S — END(X) is given by I()).
Thus, by adjointness, the 2-cell ux gives us an invertible 2-cell us as in:

v lf
Uend(X)

END(X)

In the construction of m ; we will of course use the multiplicativity constraint of the module structure
on X. So, let us consider the invertible 2-cell mx :

MeoM)@X —F—M® (M®X)
wa@ll — l1®ax
X®X e X o X®X

The 1-cell l(ax o (upr ® 1)) = l(ax) o par = foup: M @ M — END(X) gives us already the
target of my. We now want to identify I(ax o (1 ® ax) o @) with the source ox o (f ® f) of my.
For this let us recall from the proof of the last proposition that the multiplication ox is given by
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l(evoevo a). A calculation of r(ox o (f ® f)) thus leads to the following diagram:

(Mo M)ox —T2D% END(X) ® END(X)) ® X —2 END(X) ® X — X

M ® (M © X) ————— END(X) & (END(X) & X) —— END(X) & X /

Here, the 2-cell is the invertible 2-cell m/y expressing the multiplicativity of ev as constructed in
the last proof. But the composition evo(l ®ev)o (f ® (f ® 1)) can be rewritten as:

MeMoX) M ENDX)eX) 25 MoX L SEND(X)© X~ X

~

1®ax ax

The two invertible 2-cells are both instances of evo (f ® 1) = r(f) = r(l(ax) = ax. Thus, splicing
these three invertible 2-cells together we obtain an isomorphism r(ox o (f® f)) X axo(l®ax)oa.
This allows us to construct the invertible 2-cell m¢ as the following composite

oxo(f®@f)=l(r(exo(f®f))) =llax o (l®ax)oa)=l(ax o (uy ®1)) = fopuu.
The last invertible 2-cell in this composition is given by I(mx). The construction of the monoidal
morphism f: M — END(X) is complete.
Let us now construct the morphism v = (id,m,): (X,ax) — f*(X,ev) in M — Mod . But this
means that we only have to construct an invertible 2-cell m,, as in:

MoX —2 X

| s

END(X) @ X —— X

We take this to be evo (f ® 1) = r(f) = r(l(ax)) = ax. One can now check that this pair (f,u)
defines a morphism (M, ax) — (END(X), ev) in Mod(X).

Now, given two parallel morphisms (f,u), (g,v): (M,ax) — (END(X),ev) in Mod(X) it re-
mains to show that there is a unique 2-cell (f,u) — (g,v). Thus, we have to construct a pair (3, @)
consisting of a monoidal 2-cell §: f — g and an invertible 2-cell ¢ in M — Mod as in:

(Xa aX) *“> f*(Xa eV)

N T
" g (Xev)

But from the module morphisms v and v we obtain invertible 2-cells m,,: evo(f ® 1) — ax and
my: evo(g ® 1) — ax. These can be combined to the invertible 2-cell

myomy: r(f) =evo(f®1) — evo(g® 1) =r(g).

Thus, we obtain a unique invertible 2-cell 3: f — g with 7(8) = m,! o m,,. One checks now that

this 3 is a monoidal 2-cell and that the pair (5, ¢ = idiq, ) gives us the intended unique 2-cell. This
concludes the proof that (END(X),ev) is terminal in Mod(X). O
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As a summary of this subsection we have thus established the following theorem.

Theorem B.11. Let C be a closed monoidal 2-category and let X be an object in C. The internal
endomorphism object END(X) can be canonically made into a monoidal object and the adjunction
counit ev: END(X) ® X — X s part of a canonical module structure on X. Moreover, the pair
(END(X),ev) is a terminal object in the 2-category Mod(X) of module structures on X.
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