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ABSTRACT. A diagram consisting of differential graded (dg for short) categories and
dg functors is formutated as a colax functor X from a small category I to the 2-
category k-dgCat of dg categories, dg functors and dg natural transformations for a
fixed commutative ring k. The dg categories X (i) with ¢ objects of I can be glued
together to have a single dg category Gr(X), called the Grothendieck construction of
X. In this paper, we consider colax functors X and X’ from I to k-dgCat such that
X (i) and X'(¢) are derived equivalent for all objects i of I, and give a way to glue
these derived equivalences together and a sufficient condition for this gluing to be
a derived equivalence between their Grothendieck constructions Gr(X) and Gr(X').
This generalizes the main result of [§] to the dg case. Finally, we give some examples
to illustrate our main theorem.
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1. INTRODUCTION

Throughout this paper we fix a commutative ring k, and all linear categories and
all linear functors are considered to be over k. Let &/ be a linear category. Then we
have canonical embeddings &/ — Mod &/ — Z(Mod &), where Mod &7 denotes the
category of (right) /-modules, and Z(Mod «7) stands for the derived module category
of o7 that turns out to be a triangulated category. Two linear categories & and </’
are said to be derived equivalent if 2(Mod &) and Z(Mod &/’) are equivalent as tri-
angulated categories. If &7 and o/’ are Morita equivalent, i.e., if Mod .«Z and Mod &7’
are equivalent as linear categories, then &/ and &7’ are derived equivalent, but the con-
verse is not true in most cases. Thus, the derived equivalence classification is usually
rougher than the Morita equivalence classification. Broué’s abelian defect conjecture
in [14] made this notion more important. In this connection, Rickard classified Brauer
tree algebras up to derived equivalence in [34], and one of the authors gave the derived
equivalence classification for representation-finite selfinjective algebras in [3]. An es-
sential tool for the classifications above was given by Rickard’s Morita type theorem
for derived categories of rings in [33], which was generalized later by Keller in [24] to
differential graded (dg for short) categories with an alternative proof. Both theorems
give very useful criteria to check for rings or dg categories to be derived equivalent in
terms of tilting complexes or tilting subcategories, which will be also used in this paper
as a fundamental tool.

Recall that a dg category is a graded category whose morphism spaces are endowed
with differentials satisfying suitable compatibility with the grading, and note that a dg
category with a single object is nothing but a dg algebra. Dg categories are used to
enhance triangulated categories by Bondal-Kapranov in [13], which was motivated by
the study of exceptional collections of coherent sheaves on projective varieties. Also,
they are efficiently used in [26] by Keller to compute derived invariants such as K-theory,
Hochschild (co-)homology and cyclic homology associated with a ring or a variety.

Now, we come back to derived equivalences of linear categories. If .o/ and &/’ are
derived equivalent linear categories, then they share invariants under derived equiva-
lences, such as the center, the Grothendieck group, and those listed above. If we have
the classification of a class .7 of linear categories under derived equivalences, then
the computation of an invariant under derived equivalences in question for a complete
set of representatives gives the invariant for all linear categories in the class .. To
obtain such a classification we need a tool that produces a lot of derived equivalent
pairs .7 and 7’. In [8], for this purpose we have given a way to glue together derived
equivalences between linear categories o7 and .7’ with i € [ for an index small set I
to have a derived equivalence between a gluing o7 of & and a gluing o/’ of o7/, where
the gluing of <7 was given as the Grothendieck construction Gr(X) of a colax functor
X from a small category I whose object set is Iy to the 2-category k-Cat of linear
categories with X (i) := 7 for all i € I;. This also shows us how to produce from
{4 | i € Iy} and derived equivalences between 7 and .7/ with ¢ € I, a glued linear
category 7’ that is derived equivalent to </. The main result in [8] can be formulated

as follows after defining a 2-category éiolax([ ,k-Cat) of colax functors X : I — k-Cat
and a tilting colax functor for X:
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Theorem. Let X, X' € Colax(I,k-Cat). Assume that X isk-flat and that there exists

a tilting colax functor 7 for X such that 7 and X' are equivalent in éiolax([, k-Cat).
Then Gr(X) and Gr(X') are derived equivalent.

In the above, X is said to be k-flat if the k-modules X (i)(z,y) are flat for all i € I
and for all objects z,y of X (7).

As a special case when [ is a group G (regarded as a groupoid with a single object),
Gr(X) = &7 /G is the orbit category (also called the skew group category and denoted
by &/ x G) of linear category </ with a G-action, and hence it tells us when a derived
equivalence between linear categories &/ and &7’ with G-actions have derived equivalent
orbit categories &7 /G and &' /G.

In this paper we will investigate the same problem for dg categories by considering
the 2-category k-dgCat of dg k-categories. The main result can be stated as follows:

Theorem (Theorem 10.5 in the text). Let X, X’ € Colax([,k-dgCat). Assume that
X is k-flat and that there ezists a tilting colaz functor 7 for X such that there exists

a zigzag chain of quasi-equivalences between 7 and X' in Colax(I,k-dgCat). Then
Gr(X) and Gr(X') are derived equivalent.

Also as a special case when I = G is a group, Gr(X) = &/ /G is again the orbit
dg category of a dg category o/ with a G-action, and hence it gives us a sufficient
condition for a derived equivalence between dg categories &7 and &/’ with G-actions to
have derived equivalent dg orbit categories <7 /G and «/'/G. We will apply this to the
complete Ginzburg dg algebras of quivers with potentials having a G-action. Recall
that a quiver with potentials was introduced by Derksen, Weyman and Zelevinsky in
[16] to study the theory of cluster algebras. From a quiver with potentials (Q, W), the

Jacobian algebra J(Q, W) and the completed Ginzburg dg algebra I'(Q, W) are defined,
which are related as H(I'(Q, W)) = J(Q,W). Therefore, I[(Q, W) is regarded as an
extension of Jacobian algebra to a dg algebra.

The orbit category (the skew group algebra) J(Q, W)/G was computed up to Morita
equivalence as the form J(Qg,Ws) for some quiver with potentials (Qg, Wg) by
Paquette—Schiffler in [29] in the case that G is a finite subgroup of the automorphism
group of J(Qg, W¢) acting freely on vertices. On the other hand, the orbit dg cate-
gory (the skew group dg algebra) f(Q, W) /G was computed up to Morita equivalence
as the form f(Qg, W) for some quiver with potentials (Qg, W¢) by Le Meur in [30]
in the case that G is a finite group (see also Amiot—Plamondon [1] for the case that
G = Z/27., Giovannini and Pasquali [19] for the cyclic case, and Giovannini, Pasquali
and Plamondon [20] for the finite abelian case). We remark that for both J(Q, W)
and f(Q, W), the quiver Q¢ can be computed by using a result by Demonet in [15]
on the computation of the skew group algebra of the path algebra of a quiver with an
action of a finite group, and in the arbitrary group case, ()¢ can be computed from a
non-admissible presentation given in [9] by making it as an admissible presentation.

By Keller-Yang [27], if (Q', W) is obtained as a mutation of (Q, W), then the dg
algebras f(Q, W) and f(Q’ , W') are derived equivalent. Using our main theorem above,
we can show that this derived equivalence sometimes induces a derived equivalence
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between I'(Qg, We) and I( t, W(), where even if (Qg, We) and (Q, W) do not
need to be obtained by a mutation from each other. For this phenomenon, an example
will be given at the end of the paper.

The paper is organized as follows. In Section 2, we shall fix notations and prepare
some basic facts for our proofs. In Section 3, we collect basic facts about enriched
categories that will be needed later. In section 4, we will introduce the notion of I-
coverings that is a generalization of that of G-coverings for a group G introduced in [5],
which was obtained by generalizing the notion of Galois coverings introduced by Gabriel
in [17]. This will be used in the proof of our main theorem. In Section 5, we define a

2-functor Gr: m{(], k-dgCat) — k-dgCat whose correspondence on objects is a dg
version of (the opposite version of) the original Grothendieck construction. In Section
6, we will show that the Grothendieck construction is a strict left adjoint to the diagonal
2-functor, and that I-coverings are essentially given by the unit of the adjunction. In
Section 7, we will give the definition of dg module colax functors. In Section 8, we will
review the quasi-equivalences and derived equivalences for dg categories. In Section 9,
we define necessary terminologies such as 2-quasi-isomorphisms for 2-morphisms, quasi-
equivalences for 1-morphisms, and the derived 1-morphism L(F,v): 2(dgMod X) —
2 (dgMod X') of a 1-morphism (F,¢): X — X’ between colax functors, and show the
fact that the derived 1-morphism of a quasi-equivalence between colax functors X, X’
turns out to be an equivalence between derived dg module colax functors of X, X’.
Also, we give definitions of tilting subfunctors and of derived equivalences. We will
prove our main theorem in Section 10. Two examples are given in Section 11 which
illustrate our main theorem.
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2. PRELIMINARIES

In this section we recall the definition of the 2-category of colax functors from a
small category I to a 2-category from [7] (see also Tamaki [35]).
We summarize necessary facts on 2-categories that will be used later.

Definition 2.1. A 2-category C is a sequence of the following data:

e A class Cj of objects,

e A family of categories (C(z,9))syecy:

e A family of functors o := (0., : C(y, 2) 0 C(z,y) = C(2,2))sy.2eCo>
e A family of functors (u, : 1, = C(z,2))zec,-

These data are required to satisfy the following axioms:
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e (Associativity) The following diagram is commutative for all z,y, z € Cy

C(z,w) 0 C(y, 2) o C(z,y) = C(y,w) o C(x,y)

C(z,w) o C(x, 2) ° C(z,w).
e (Unitality) The following diagram is commutative for all z,y € Cy
1x C(x,y) C(z,y) x 1
py X C(z,y) Clz.y)x par
C(y,y) x C(z,y) y) x C(z, x).

Remark 2.2. Elements of Cj are called objects of C, objects (resp. morphisms, com-
positions) of C(z,y) are called are called 1-morphisms (resp. 2-morphisms, vertical
compositions) of C with z,y € Cy,. We sometimes abbreviate x € C for z € Cy
if there seems to be no risk of confusion, and do the same even when C is a usual
category.

Definition 2.3. Let I be a small category and C a 2-category. A colaz functor (or an
oplazx functor) from I to C is a triple (X, X;, X, ,) of data:
e a quiver morphism X: I — C, where I and C are regarded as quivers by
forgetting additional data such as 2-morphisms or compositions;
e a family (Xj)icz, of 2-morphisms X;: X(1;) = 1x(; in C indexed by i € Ip;
and
e a family (X44)(p,0) of 2-morphisms X3 ,: X(ba) = X (b)X(a) in C indexed by
(b,a) € com([) := {(b,a) € I x I | ba is defined}
satisfying the axioms:

(a) For each a: i — j in I the following are commutative:

X(aly) =% X (a)X(1,) X (La) =25 X (1,)X (a)
\ ﬂX(a)Xi and \ ﬂxjx(a) ; and
X(a)lxq) Ly(;X(a)

(b) For each i % j % k< 1 in I the following is commutative:

X (cha) —=— X ()X (ba)

Xsb,a\ﬂ \ﬂ/X(c)eb,a

X(cb) X (a) m X(c)X(b)X(a).
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Definition 2.4. Let C be a 2-category and X = (X, Xj, X3,), X' = (X', X[, X; ) be
colax functors from I to C. A 1-morphism (called a left transformation) from X to X'
is a pair (F, 1)) of data

e a family F':= (F(i));es, of l-morphisms F(i): X (i) — X'(¢) in C ; and

e a family ¢ := (¢(a))aer, of 2-morphisms (a): X'(a)F (i) = F(j)X(a)

F(i)

X (i) —= X"(4)
X(a)l v jX’(a)

in C indexed by a: ¢ — j in [;
satisfying the axioms

(a) For each i € I the following is commutative:

X(1)F (i) 22 (i) X (1)
X;F(i)ﬂ ﬂF(i)Xi ; and

(b) For each i = j % k in I the following is commutative:

X{)’aF(i)

X'(ba)F (i) =——= X'(b)X'(a)F (i) X'(b)F(5)X(a)

w(ba)ﬂ “w(b)X (a)

F(k)X (ba) F(k)X (b)X (a).

X' (0)¢(a)
_

F(k) Xpq

A T-morphism (F,¢): X — X' is said to be I-equivariant if ¢(a) is a 2-isomorphism
in Cforall a€l.

Definition 2.5. Let C be a 2-category, X = (X, X;, X,), X' = (X', X}, X; ,) be colax
functors from I to C, and (F, ), (F’,¢’) 1-morphisms from X to X'. A 2-morphism
from (F,) to (F',¢') is a family ¢ = ({())sez, of 2-morphisms ((i): F(i) = F'(i) in
C indexed by ¢ € I such that the following is commutative for all a: ¢ — j in I:

X' (a) (i) =200

¢(G)ﬂ
. ((5)X(a) .
F(j)X(a) === F'(j)X(a).
Definition 2.6. Let C be a 2-category, X = (X, X;, Xj,), X' = (X', X], X; ) and
X" = (X", X!, Xy,) colax functors from I to C, and let (F,¢): X — X', (F',¢'): X' —
X" be 1-morphisms. Then the composite (F',¢")(F, ) of (F,) and (F',¢') is a 1-
morphism from X to X” defined by

(F" " (F, %) == (F'F, ¢ o)),
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where F'F := ((F'(i)F(i))icr, and for each a: ¢ — j in I, (¢ o ¢)(a) := F'(j)¢(a) o
Y'(a)F (1) is the pasting of the diagram

F(i) /(i)

X() X'(3) ——— X"(3)
@ l v L V'(a) LX” .
X(7) X'(7) X"(7)-

£(5) F'(35)

The following is straightforward to verify.

Proposition 2.7. Let C be a 2-category. Then colax functors I — C, 1-morphisms be-
tween them, and 2-morphisms between 1-morphisms (defined above) define a 2-category,

which we denote by EiolaX(I, C).

Notation 2.8. Let C be a 2-category. Then we denote by C° (resp. C®) the 2-
category obtained from C by reversing the 1-morphisms (resp. the 2-morphisms), and

we set G0 ;= ()P — (CoP),

3. ENRICHED CATEGORIES

In this section we collect basic facts about enriched categories which will be needed
later. Throughout this section, we fix a symmetric monoidal category V and work
in V. Before starting our discussion we recall the definition of symmetric monoidal
categories.

Definition 3.1. (1) A monoidal category is a sequence of the data

a category V,

an object 1 of V,

a functor ®: VxV =V,

a family of natural isomorphisms aspc: A® (B®C) = (A® B) ® C indexed
by the triples A, B, C' of objects of V, called the associator,

e a family of natural isomorphisms f4: 1 ® A — A indexed by the objects A of

v,
e a family of natural isomorphisms r74: A®1 — A indexed by the objects A of V

that satisfies the following axioms:

(a) For any A, B,C, D € V, the following is commutative:

A® (B® (C® D))

/ 1®a

(A® B)® (C ® D) AR (B C)® D) ;

(A®(BeC))®D

a®1
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(b) For any A, B € Vj, the following is commutative:

A (B®1) -2 A® B

l ///” - and

(A® B) ®

()61—7“1 1®1—1.

According to [28], it is known that both of the following diagrams automatically turn
out to be commutative for all objects A, B in a monoidal category V:

1®¢

1® (A® B) —>A®B ) — A®B
| / and l /
(19 A)® B (A®1)® B

(2) A switching operation on V is a family t = (tap: A® B = B ® A)a,B)evyxv,
such that the following is commutative:

A9 B 22 Bo A

f ®gl lg@f

C,D

for all morphisms f: A— C and g: B— D in V.
(3) A monoidal category V with a switching operation ¢ is called a symmetric
monoidal category if the following hold:
(a) tapotga=1forall A B € Vy; and
(b) For any A, B,C € V, the following is commutative:

A®(B®C)
tV wc
(BoC)® A (A9 B)® C
aB,C,AT ltA,B@)l .
B® (C® A) (BoA)oC
hgm /"]_B’,IA,C
B®(A®C)

Example 3.2. The following give examples of symmetric monoidal categories:

(1) V := Cat, the (1-)category of the small caetegories and functors. Here, 1 is
given by a category with only one object and one morphism, ® is given by
the direct product of small categories and a, /¢, r,t are given as the canonical
isomorphisms.
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(2) V := Modk, the category of k-modules. In this case, 1 is given by k, ® is
given by the tensor product over k, and a, ¢, r,t are also given as the canonical
isomorphisms.

(3) V := Ch(Modk), the category of the (unbounded) chain complexes (here we
use cocomplexes) over k and the chain morphisms, i.e., the degree-preserving
morphisms commuting with differentials. In this case, 1 is given by the complex
k concentrated in degree 0, for A, B € Vy, A ® B is given as the tensor chain
complex over k, and also a, ¢, r,t are given as the canonical isomorphisms. Note
that for each A € Vjy, the “underlying set” Ch(Modk)(k, A) is the set of 0-
cocycles Z°(A) of A.

Definition 3.3. A category o7 enriched over V, or simply a V-category consists of the
following data:

e a class of objects 27;
e for two objects a,b in &7, an object <7 (a,b) in V,
e for three objects a, b, ¢ in @7, a morphism
o:4(b,c)® 4 (a,b) — A (a,c)
in V; and
e for an object a in 7, a morphism in V
l,:1— 4(a,a)
satisfying the following conditions:

(1) For any objects a, b, ¢, d, the following diagram is commutative:

(o (c,d) @ o (b,c)) @ o (a,b) = o (c,d) @ (o (b, c) ® o (a,b))
o/ (b,d) ® o/ (a,b) o (c,d) ® o (a,c) ; and

\/

(2) For any objects a, b, the followmg dlagram is commutative:

7 (b,b) ® o/ (a,b)) o (a,b) ® o (a,a)

/\

1®Mab ab®1

Definition 3.4. Given V-categories &7, %, a V-functor or an enriched functor F' :
o — A consists of the following data:

e for each a € o, an object F'(a) of %,
e for any a,b € o, a morphism in V,

Foy: o (a,b) — B(F(a), F(b))

that satisfies the following axioms:
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(1) For any a,b, c € o, the following diagram is commutative:

(b, c) ® o (a,b) ° o (a,c)
Fb,cXFa,bl o lFa,c ;and
AB(F(b), F(c) @ B(F(a), F(b)) P(F(a), F(c))

(2) For each a € %, the following diagram is commutative:

1 o o (a,a)
o (F(a), F(a))

Definition 3.5. Let F,G: &/ — % be V-functors between V-categories. A V-natural
transformation o from F to G, denoted by a: F = G, is a family o = (a(a))acw, of
morphisms a(a): 1 — A(F(a),G(a)) in V making the following diagram commutative
for all a,b € o:

1® (a,b)

loz(a’)@F

B(F(b),G(b) © B(F(a), F (D))

(3.1)
The composition of V-natural transformations is defined in an obvious way.

Remark 3.6. Consider the case that V = Ch(Modk), and let F,G: &/ — % be dg
functors between dg categories. Then V-natural transformations is called dg natural
transformations. By definition, a dg natural transformation a: F = G is a family
a = (a(a))aew, of morphisms a(a): k — AB(F(a),G(a)) in Ch(Modk) making the
diagram (3.1) commutative. We set «, := «a(a)(1k), where 1y is the identitiy of k, and
make the identification o = (@)se,- As in Exmaple 3.2 (3), a, € Z°(%B(F(a),G(a)))
for all a € o7, and the commutativity of (3.1) is equivalent to saying that the following
is commutative in 4 for all morphisms f: a — b in o7:

£(f)

F(a) F(b)

Here we have to remark that both «a, and «; are 0-cocycles in #(F(a), F(b)) and in

PB(G(a),G(b)), respectively. Thus, we can set F(f) = (F(f)")nez, G(f) = (G(f)")nez,
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g = ()? and ap = (), and the commutativity of the diagram above is equivalent
to the equality

aF(f)" = G(f)"
for all n € Z. In particular, this is used in the case where & = dgModk, the dg
category of dg k-modules, later. In this case the 0-cocycles are the chain morphisms.

Definition 3.7. The 2-category of small V-categories, V-functors, and V-natural trans-
formations is denoted by V-Cat.

Example 3.8. The following are examples of V-categories.

(1) In the case where V = Cat, the category of small categories, V-categories are
nothing but (strict) 2-categories. V-functors are called 2-functors.

(2) In the case where V. = Modk, the category of k-modules, V-categories are
nothing but k-linear categories.

(3) In the case where V = Ch(Modk), the category of chain complexes over k,
V-categories are called dg (differential graded) categories over k. In this case,
V-Cat is denoted by k-dgCat. In most cases we only deal with small dg
categories, therefore we sometimes omit the word “small” if there seems to be
no confusion.

Remark 3.9. Since the last example above is our central subject, we here remind the
explicit form of compositions in a dg category. Let € be a dg category, x,y,2 € €,

and [ = (fiez € €(2,y) = Dz €' (2,9), 9 = (¢)jez € C(y,2) = Bz €7 (y, 2).

Then we have the formula
gof:= (Zg”—i of’) . (3.2)
nez

i€Z
On the other hand, in the opposite category €°P of ¥ having the composition *, we
have f € €°P(y,x),g € €°°(z,y), and

frg= (Z(—l)“‘"” g o f"> . (3.3)
i€Z nez

Note that the representable functor (-, z) = €°P(z,-) is a functor € — dgModKk,

and hence €(f,z): €(y,z) — €(x,z) is defined as €P(z, f): €P(z,y) — €°P(z,x)

by

C(f,2)(9) = CP(z, f)g) == f+g= (Z(—l)(’”)" g" o fi) :

i€
4. I-COVERINGS

In this section we introduce the notion of I-coverings that is a generalization of that
of G-coverings for a group G introduced in [5], which was obtained by generalizing the
notion of Galois coverings introduced by Gabriel in [17]. This will be used in the proof
of our main theorem.

In the following, we will consider [-coverings in k-dgCat, i.e., in the case that
V = Ch(Mod k). The precise form in this case is described as follows.
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Definition 4.1. We define a 2-functor A: k-dgCat — éiolaX(I, k-dgCat) as follows,
which is called the diagonal 2-functor:
e Let € € k-dgCat. Then A(%) is defined to be a functor sending each morphism
a:1—jinltoly: € - F.
e Let E: ¥ — %' be a 1-morphism in k-dgCat. Then A(E): A(%) — A(¢”) is a
l-morphism (F, ) in Colax(/,k-dgCat) defined by F (i) := FE and ¢(a) := 1g
for all 2 € Iy and all a € I;:

¢ L@

o Let E,F': € — %' be l-morphisms (that is, dg functors) in k-dgCat, and
a: E = E' a 2-morphism in k-dgCat. Then A(«): A(F) = A(E') is a 2-

morphism in éiolax(], k-dgCat) defined by A(«) := (a)iep, -

Remark 4.2. Let C be a 2-category, X = (X, X;, Xp,) € Colax(I, C)y, and C € C,.
Further let
e [’ be a family of 1-morphisms F'(i): X (i) — C in C indexed by i € Iy; and
e ¢ be a family of 2-morphisms ¢ (a): F (i) = F(j)X(a) indexed by a: i — j in
I:

F(i)

X (3) C

X

=

()
Then (F, 1) is in Colax(I, C)(X, A(C)) if and only if the following hold.

(a) For each i € I the following is commutative:

=R ()X (1)

\ HF@)XZ. ; and

F(i)1xq)
(b) For each i = j 2 k in I the following is commutative:

F(i)

wamﬂ ¥

(b
F(k)X (ba) == F(k) X (b) X (a).

X(a)

Definition 4.3. Let ¢ € k-dgCat and (F,¢): X — A(%) be in EiolaX(I,k—dgCat).
Then
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(1) (F,1)) is called an I-precovering (of €) if for any i,j € Iy, x € X(i),y € X(j),
the morphism

(Rl @ X)X (a)a,y) = C(F(i)x, F(j)y)
a€l(i,j)
of k-complexes defined by the following is an isomorphism:
. Dacriig F0) ) .
P x()(X()z,y) == P F(F(H)X(a)z, F(j)y)

a€l(i,j) a€l(i,5)
eaael(i,j) (f(’l[)(a)T,F(])y)

» D C(F @) Fl)y)

a€l(i,j)
summation . .
—— C(F(i)x, F(j)y),
the precise form of which is given as follows:

(B, 0)(fnezdaerig) = Y w(@)e* F(5)(fa)

a€l(i,j)

= Z Z = TTF )(fa)" " o (a); (4.4)

a€l(i,j) T€L neZ

= X PO v ]

a€l(i,j) nez

where the second term is computed by using (3.3), and the last term uses the
fact that ¢(a), is concentrated in degree 0 (Remark 3.6).

(2) (F,1) is called an I-covering if it is an I-precovering and is dense, i.e., for each
¢ € 6o there exists an i € Iy and = € X (i)o such that F'(i)(z) is isomorphic to
cin €.

5. GROTHENDIECK CONSTRUCTIONS

In this section we define a 2-functor Gr: éiolax([ ,V-Cat) — V-Cat whose corre-
spondence on objects is a V-enriched version of (the opposite version of) the original
Grothendieck construction (cf. [35]). In particular, we deal with the case of k-dgCat

later.

Definition 5.1. We define a 2-functor Gr: éiolax(], V-Cat) — V-Cat, which is called

the Grothendieck construction.

On objects. Let X = (X (i), X;, Xp,) € Colax(I, V-Cat)y. Then Gr(X) € V-Cat,

is defined as follows.

o Gr(X)o := Ui 17} x X(i)o = {iv = (i,7) | i € Lo,z € X(i)o}
e For each ;z, ;y € Gr(X)o, we set

Cr(X)(z,59) = @ X()(X(a)a,y).

a€l(i,j)
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o For any iz, ;y,k2 € Gr(X)o and each f = (fo)aeri) € Gr(X)(iw,59), 9 =
(gv)veriipy € Gr(X)(y, k2), we set

gof=1| Y. @oX(b)foo Xy ,
a€l(i,j)
beI(j,k)
c=ba c€I(i,k)

which is the composite of the following:

Gr(jy, k2) X Gr(;z, jy) —=============--------- > Gr(;z, ,2)
@be[(j,k)X(k)(X(b)yvz) X @ael(i,j)X(j)(X(a)xvy) @cef(i,k)X( )(X(c)z, 2)
H Tsummation (55)
Dy AX (k) (X D)y, 2) x X(H) (X (a)z,y)} D, X(k)(X(ba)z, 2)
ea,,,a(lxxwl Teab o X)) (X2, 2)

Dy X (R)(X(D)y, 2) x X(G)(X (D)X (a)z, X(0)y)} — DBpo X (B)(X (D)X (a)z, 2),

where elements are mapped as follows:
((98)5 (fa)a) F==-- > (Zc:ba gpo X(b)fao Xb,ax)C

! |

(gb7 fa)b,a (gb © X(b)fa o Xb,al')b,a

|

(gba X(b)fa)b,a > (gb o X(b>fa>b7a

Note here that the composition with X .2 is “contravariant”, which is used
n (5.7).
e For ecach ;z € Gr(X)p the identity 1, is given by
]11-:(; - (6a,1iXi x)ae[(i,i) € @ X(Z)(X(CL)QT, ZL’),
a€l(i)

where § is the Kronecker deltal.
On 1-morphisms. Let X = (X, X;, X;,) and X' = (X', X], X; ,) be objects of
éiolax(] V-Cat), and let (F,¢): X — X’ be a 1-morphism in éiolax I,V-Cat). Then

a l-morphism

Gr(F,¢): Gr(X) — Gr(X')
in V-Cat is defined as follows.
e For each ;x € Gr(X)o, Gr(F,¢)(;x) := ;(F(i)x).

IThis is used to mean that the a-th component is n; x if a = 1;, or 0 otherwise.
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o Let ;z, ;y € Gr(X)y. Then we define

Gr(F,v): Gr(X)(w, ;5) = Gr(X)((F (1)), ;(F(1)y))
as the composite

@ael(i,j) F(5)
e

P x0)(X(a)z,y) B XG)FGX(a)z, F(j)y)

acl(i,j) ael(i j)

Ducri g X )W @ X'(5 VF(i)x, F(7)y).

a€l(i,j)

Namely, for each f = (fa)acrq,j) € Gr(X)(;z, jy), we set

Gr(F,9)(f) = (F(j)fa 0 (a)2)acrj)-

On 2-morphisms. Let X = (X, X;, X;,) and X' = (X', Xj, X; ,) be objects of

éiolax([ V-Cat), (F,¢): X — X’ a l-morphism mEiolaX I,V-Cat), and let ¢: (F,¢) =
(F',4') be a 2-morphism in éfolax I,V-Cat). Then a 2-morphism

Gr((): Gr(F,¢) = Gr(F,¢)
in V-Cat is defined by

)¢ 0 X{(F(i)z) ifa=1;
GrlC= {0 if o £ 1,
in Gr(X’) for each ;z € Gr(X)y.

In the following, we will consider the the case where V = Ch(Modk), thus V-Cat =
k-dgCat. In this case, the precise form of the Grothendieck construction

Gr: éiolax([,k—dgCat) — k-dgCat

is described as follows.
On objects. Let X = (X(i), X;, Xpo) € Colax(I,k-dgCat),. Then Gr(X) €
k-dgCat, is defined as follows.

o Gr(X)o :=U;ep {1} X X(i)o = {iz = (i,2) | i € Lo, v € X(i)o}.

e For each ;z, ;y € Gr(X)o, we set

Gr(X) G, 5y) == P X()(X = D Pxur Y),

a€l(i,j) a€l(i,j) n€Z

where note that X (j)(X(a)z,y) is a dg k-module.
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e For any ;z, ;u,r2 € Gr(X)o and each f = (fP)aci(ijpez € Gr(X)(ix,,;9), g =
(98)ver(ikyqez € Gr(X) (v, k2), it turns out that

gof= Z Xpa % (g 0 (X (D) fa))
a€l(i,j)
beI(j,k)
c=ba c€I(i,k),ne’

= 3 Y )erg o (X () £ 0 (Xpaz)

a€l(ij) p,rek
beI(j,k)
c=ba ceI(i,k),neZ

because of the contravariant part in (5.5).
e For each ;x € Gr(X)o the identity 1, is given by

Lo = (00,0, Xi ¥)acri) € @ X (3)( @ @X ).

a€l(ig) a€l(i,j) pEZ
On 1-morphisms. Let X = (X, X;, X;,) and X' = (X', X], X; ,) be objects of
éiolax([, k-dgCat), and let (F,¢): X — X’ be a l-morphism in Colax(/,k-dgCat).
Then a 1-morphism
Gr(F,v¢): Gr(X) — Gr(X")
in k-dgCat is defined as follows.
e For each ;x € Gr(X)o, Gr(F,¢)(;x) := ;(F(i)x).
o Let ;z, jy € Gr(X)o. Then we define
Gr(F,¢): Gr(X)(Gw, ;5) = Gr(X)((F(i)x), ;(F(1)y))
in (5.6). Namely, for each f = ((f3)nez)acr(ij) € Gr(X)(iz, jy) = Bocriy X ()
(X (a)z,y), we have

((fa)nez)act(ig) = (F'(3)(fa))nez)act(i)
= Y(a)s * ((F(1))(f2))nez)acri)
= ((F(7)(fa)" Ow(a)m)nez)ael(i,j) (cf. (3.3))

Thus we have

Gr(F,9)(f) = (F(7)(fa)" © ¥(a)x )nez)acr(ij)- (5-8)
On 2-morphisms. Let X = (X, X;, X;,) and X' = (X', X}, X; ,) be objects of

éiolax(] k-dgCat), (F,v): X — X’ a l-morphism in éiolax I, k-dgCat), and let
C: (F,¢) = (F',4¢') be a 2-morphism in Eiolax I,k-dgCat). Then a 2-morphism

Gr(¢): Gr(F,¢) = Gr(F',¢)
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in k-dgCat is defined by

Gr(C)sr = {g (i)e 0 X{(F (D)) = (3,2 C(0)2" 0 X[(F()2) )nez i Z ; ﬁ

in Gr(X’) for each ;x € Gr(X)j.

Example 5.2. Let A be a dg k-algebra with the differential d4 regarded as a dg
k-category with a single object. Then A € k-dgCat,. Consider the functor X :=
A(A): I — k-dgCat. Then it is straightforward to verify the following.

(1) If I is a free category defined by the quiver 1 — 2, then Gr(X) is isomorphic
: A 0
to the triangular dg algebra { A A] :

(2) If I is a free category PQ) defined by a quiver @), then Gr(X) is isomorphic to
the dg path-category AQ of @) over A defined as follows:

[ ) (AQ)Q = Qo.
e For any 7,5 € (o,

@ Ap = Z aupt | () uerqi.y) € @ A

HEPQ(4,5) HEPQ(i,j) HEPQ(3,5)
e For any 4,7,k € @y, the composition AQ(j, k) x AQ(i,7) — AQ(i, k) is
given by
Z b,v X Z Qpfl = Z boa,vp = Z (Zbyau))\
vePQ(j,k) REPQ(4,5) REPQ(4,5), AEPQ(ik) \A=vp
vePQ(j,k)

e For any 7,5 € Qo and any n € Z, we set (AQ)"(i,7) = @%PQ(” A"
e For any i,j € Qo and any n € Z, the differential d : (AQ)" (4, )
(AQ)™(i,j) is given by

d Z auft Z dala,)p

HEPQ(i,5) EPQ(i,5)

which automatically satisfies the graded Leibniz rule.
Indeed, we can define an isomorphism ¢: AQ — Gr(X) as follows: We regard A
as a category with a single objects *. Then for each i € @y, we have X (i) = {*}
and X (i); = A. Then Gr(X)o = |icg, X(1)o = Uieg, lix} = {ix [ i € Qo}-
Therefore, we define a bijection ¢g: (AQ)y — Gr(X)e by ¢ — ;. For any
i,7 € Qo, since we have (AQ)(i, j) = @“E]P,Q i) Ans and

Gr(X)(%, %) = €D X)X =P xtn= f A

pel(i,5) Rel(i,g) pePQ(4,7)

we define a bijection ¢1: (AQ)(7,5) — Gr(X)(;*, ;%) by > I s (ay)uerq-
Then ¢ := (¢o, ¢1): AQ — Gr(X) turns out to be an isomorphism.
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(3) If I is a poset S, then Gr(X) is isomorphic to the incidence dg category AS of
S over A defined as follows:
o (AS)y:= S as a set.

A ifi <y,

0 otherwise.

e For any i,j5,k € S, the composition AS(j,k) x AS(i,j) — AS(i, k) is
given by the multiplication of A for the case that i < j < k, and as zero
otherwise.

e For any 4,5 € S, (A9)(4,]) ==

Ar it <j,
0  otherwise.
e For any i,j € (Qy and any n € Z, the differential d : (AS)"(i,j) —
(AS)"(i, ) is given by da: A" — A" if i < j, and as zero otherwise,
which automatically satisfies the graded Leibniz rule.
Indeed, we can define an isomorphism ¢: AS — Gr(X) as follows: We regard A
as a category with a single objects . Then for each i € S, we have X (i) = {*}
and X(i); = A. Then Gr(X)o = [ ;c;, X())o = User, tix} = {ix | i € S}
Therefore, we define a bijection ¢g: (AS)y — Gr(X)y by @ — ;*. For any
i,j € S, since we have (AS)(i,j) = A i< ‘7_’ , and
0 otherwise

e For any i,j € Qo and any n € Z, we set (AS)"(i,7) :=

Gr(X) (%, %) = D XX (W= P X(h= P A=Aiti<y,
RES(i,5) HES(i,5) HES(i,5)
we define a bijection ¢y: (AS)(7,7) — Gr(X)(ix, ;%) by > coautt = (au)pues-
Then ¢ := (¢g, ¢1): AQ — Gr(X) turns out to be an isomorphism.

(4) If I is a monoid G, then Gr(X) is isomorphic to the monoid dg algebra® AG of
G over A defined as follows:

* AG =D, Ag.
e The multiplication AG x AG — AG is defined by

(Z agg> : (Z bhh> = > (aghy)gh =Y (Z agbh>

geG heG g,heG feG \gh=f
e For each n € Z, (AG)" := @ A"9.
e The differential d : (AG)" — (AG)"™! is given by d(deG agg) =
> _gec dalag)g, which automatically satisfies the graded Leibniz rule.

In (3) above, AS is defined to be the factor category of the dg path-category AQ
modulo the ideal generated by the full commutativity relations in (), where @ is the
Hasse diagram of S regarded as a quiver by drawing an arrow z — y if v <y in Q. If
S is a finite poset, then AS is identified with the usual incidence dg algebra.

2Since AG has the identity 141¢, this is regarded as a category with a single object.
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See [9] for further examples of the Grothendieck constructions of functors, further
examples of the Grothendieck constructions of a functor X : I — k-dgCat will be done
in the forthcoming paper.

Definition 5.3. Let X € éiolax([, V-Cat). We define a left transformation (Px, ¢x) :=
(P,¢): X — A(Gr(X)) (called the canonical morphism) as follows.

e For each i € I, the functor P(i): X (i) — Gr(X) is defined by
{P(z)x =
P(Z>f = (5a,lif o (Xz I))ael(i,i): it —r Y in GI(X)

for all f: 2 — y in X (7).
e For each a: i — j in I, the natural transformation ¢(a): P(i) = P(j)X(a)

X(“)l ¢(a) H
X(9) -z Gr(X)

is defined by ¢(a)z = (0p,aLx(a)e)beci(i,j) for all z € X (i)o.
Now let X € éiolax([,k—dgCat). The left transformation (Px, ¢x) = (P,¢): X —
A(Gr(X)) is as follows.
e For each ¢ € I, the dg functor P(i): X (i) — Gr(X) is defined by P(i)x := ;z
for all x € X(i)o, and by setting P(i)f: ;x — ;y as

P<Z>f L= (511,11' (Xl ZE) * f)ae](i,i)

= ((5,1711_ Z(_l)(n—r)rfn—r o (XZ x)r) ) (59)
rer n€EZ’ ael(i,i)

for all f: 2 — y in X(¢). Note here that the map €(X;z,vy): €(x,y) —
C(X(1)x,y), f— foX;xis given by the contravariant functor €(-,y) at X;z.
e For each a: i — j in I, the dg natural transformation ¢(a): P(i) = P(j)X(a

—~
<
~—
Q
=
—~
~

is defined by ¢(a)x := (9p,alx(a)z)ber(y) for all x € X (i)o.

Lemma 5.4. The (P, ¢) defined above is a 1-morphism in éiolax([, k-dgCat).

Proof. This is straightforward by using Remark 4.2. O
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Proposition 5.5. Let X € éiolax(l, k-dgCat)q. Then the canonical morphism (P,¢): X —
A(Gr(X)) is an I-covering. More precisely, the morphism

(P.o): D X()(X(a)z,y) = Gr(X)(P(i)a, P(j)y)
a€l(i,j)
is the identity for alli,j € Iy and all z € X (i)o, y € X(j)o-

Proof. By the definitions of Gr(X), and of P it is obvious that (P, ¢) is dense. Let
i,j € Iy and z € X(i), y € X(j). We only have to show that

(Po)): D X)) (X(a)z,y) = Ge(X)(P(i)z, P(j)y)
acl(i,j)
is the identity. Let f = (fa)aer(ij) € @uerqjy X (U)(X(a)z,y). Then by noting the
form of f,: X(a)r — y in X(j), we have the following equalities for each n € Z by
(4.4), (5.9) and (5.7):

(P,o) V("= D PG)(fa)" 0 dla)a

a€l(i,jg)

Sot, S (1) e j<x<a>x>5> 0 §(a)a

a€l(i,j) < SEL beI(4,5)

61,1 1)(n=s)s pn—s j(X(a)x)s> 0 (0c,allx (a)a)ect(i,))
SEZ bel(4,5)

= | Do ()T (=) s grmrs o X (X (a)2)® 0 X (6) (Oesa L (a)e) © (Xbex)”

a€l(i,j)bel(4,5) T,S€EL
cel(i,5)
d=bc del(i,g)

= Y | Gaa D (=)= g o X (X (a)2) 0 X (1) (Ix o)) © (le,ax)r>
del(i,j)

a€l(i,j) r,s€Z

= > | Gaa D ()OI T 0 X (X (a)2)® (le,a»’ﬂ)r)
del(i,j5)

a€l(i,j) r,SsEL

— E dd.a E (—1)rstritstt g X;j(X(a)z)® o (Xq,,qm)" (m:=r+s)
a€l(i,) r,s,teZ
neret de1(i.g)

= > |bwa D (1) X (X (@)a) ™ o (Xy, )

a€l(i,j) r,m,tEL
nemt deI(i,j)

_ Z S Z (—1)™fl o Z(_l)(m—r)er (X(a)x)(m_T‘) o (X1, .07)"
a€cl(i,j) m,tEZ r€Z
n=m+t del(i,g)
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= Y (Baal (X, X5 (X (@) * £a)) i

a€l(i,j)
= D (Baa(x@e * f)") geray = 1™
a€l(i,j)

In the above the equality = holds. Indeed, let (-)°P: X (j) — X (5)° be the canonical
contaravariant functor defined by u := wu for all u € X (j)oUX (j)1, and (hog)®® = g*h
for all morphisms ¢g: u — v, h: v — w in X(j). If we have an equality ho g = 1, in
X(7), then we have gxh = (hog)°® = 1;” = 1,. By applying this fact to the case that

9= X170, h = X;(X(a)z),u = X(a)r, we have Xy, 2 * X;(X(a)r) = Ix(q)o- O
Lemma 5.6. Let X € éiolax([, k-dgCat)y and H: Gr(X) — € be in k-dgCat and
consider the composite 1-morphism (F,¢): X B9, A(Gr(X)) GIN A(€). Then

(F,1)) is an I-covering if and only if H is an equivalence.

Proof. Obviously (F,) is dense if and only if so is H. Further for each i,j € I,
r € X(i) and y € X(y), (F, w)fcl; is an isomorphism if and only if so is H , , because
we have a commutative diagram

4 (F)l) : 4
Docriy XO)(X(a)z,y) —="C(F(i)z, F(j)y)
(1)
(P,¢)z,y H’Lz’]y
GI"(X) (lx7 jy)
by Proposition 5.5. U

6. ADJOINTS

In this section we will show that the Grothendieck construction is a strict left adjoint
to the diagonal 2-functor, and that I-coverings are essentially given by the unit of the
adjunction.

Definition 6.1. Let € € V-Cat. We define a functor Qy: Gr(A(%)) — € by
e Qu(iz) =z for all ;x € Gr(A(%))o; and
o Qu((fa)acr(ig) = Ducr(iy fo for all (fo)aery) € Gr(A(%))(ix, jy) and for all
i, 5y € Gr(A(%))o.
It is easy to verify that Q)¢ is a V-functor.

Theorem 6.2. The 2-functor Gr: éiolax(],V—Cat) — V-Cat s a strict left 2-adjoint
to the 2-functor A: V-Cat — éfolaX(I,V-Cat). The unit is given by the family of

canonical morphisms (Px,¢x): X — A(Gr(X)) indexed by X € éiolaX(I,V—Cat),
and the counit is given by the family of Qu: Gr(A(%)) — € defined as above indexed
by ¢ € V-Cat.

In particular, (Px,¢x) has a strict universality in the comma category (X | A),

i.e., for each (F,¢): X — A(%) in Colax(I,V-Cat) with € € V-Cat, there exists a
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unique H: Gr(X) — € in V-Cat such that the following is a commutative diagram in
¢ ‘olax(I, V-Cat):
(F)

X A(%).
7
(PX,¢X)l ///A(H)
A(Gr(X))

Proof. For simplicity set 1 := ((Py, (ﬁX))XGm(LV_Cat)O and € := (Qv)zev-caty-
Claim 1. Ae - nA = 1a.

Indeed, let € € V-Cat. It is enough to show that A(Qy) - (Pas), Pae)) = lae)-
Now

LHS = ((Q#Paw)())icty, (Qedare)(a))acr,) , and

RHS = ((1%)icr, (ﬂlfé))aeh) .
First entry: Let i € I. Then Q¢ Pa)(i) = 1y because for each z,y € 4, and each
f € €(z,y) we have (QgPA(w( i) (x ) = Qu(ir) = z; and (QuPac)(9)(f) = (dar.f -

((1a¢))i ))aer = 2aeria darf = f.
Second entry: Let a:i — 7 in I. Then chqu(gﬂ)(a) 1, because for each x € 6

we have Qtf (¢A(‘€)( ) ) Qéj ((5ba]1A bEI zy) Zbe] (i,5) 5ba r — ]12 — ]ll(g:r-
This shows that LHS = RHS.

Claim 2. ¢ Gr-Grn = lg,.

Indeed, let X € ziolaX(I,V—Cat). It is enough to show that Qgy(x) - Gr(Px, dx) =
Tarx).-

On objects: Let ;o € Gr(X)o. Then Qar(x) (Gr(Px, ¢x)(2)) = Qarx)(i( Px(9)z)) =
iL.

On morphisms: Let f = (fa)ac1(ij): #¢ — jy be in Gr(X). Then we have

Qarx) Gr(Px, ox)(f) = QGr W(Px(7)(fa) © dx(@)%)acrig))
= Y Pe(i)(fa) o dx(a)z = (Px,dx) 0 () = f.

a€l(i,j)

Thus the claim holds. The two claims above prove the assertion. 0

The 2-functor Gr: éiolax(] k-dgCat) — k-dgCat is a strict left 2-adjoint to the
2-functor A: k-dgCat — éiolax I,k-dgCat). The unit is given by the family of

canonical morphisms (Px, ¢x): X — A(Gr(X)) indexed by X € éiolax I, k-dgCat),
and the counit is given by the family of Q4 : Gr(A(%)) — % defined as above indexed
by € € k-dgCat.

In particular, (Px, ¢x) has a strict universality in the comma category (X | A), i.e
for each (F,¢): X — A(%) in Colax(/,k-dgCat) with ¢ € k-dgCat, there exists a
unique H: Gr(X) — % in k-dgCat such that the following is a commutative diagram
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in Colax(/,k-dgCat):

x — B A%,
_ 7
(PX,¢X)l ///A(H)
A(Gr(X))

Corollary 6.3. Let (F,¢): X — A(%) be in ( 'olax(I, V-Cat). Then the following are
equivalent.

(1) (F,%) is an I-covering;
(2) There exists an equivalence H: Gr(X) — € such that the diagram

X (Fy)

(PX,¢X>j %

A(Gr(X))

A(?)

18 strictly commutative.

Proof. This immediately follows by Theorem 6.2 and Lemma 5.6. More precisely,

(B 0)((fnezdaerig) = Y (a)e* F(G)(fa)

a€l(i.j)

= > Hola) x HPG)(f2)
aeT(id) (6.10)

= H( Y ola), = PG)()

a€l(ij)

= H(P,¢))(f).

7. THE DG MODULE COLAX FUNCTOR

Let X: I — k-dgCat be a colax functor. In this section we formulate the defini-
tion of the “dg module category Mod X” of X as a colax functor I — k-dgCat by
modifying the definition given in the previous paper [7]. Recall that the dg module
category dgMod € of a dg category ¢ € k-dgCat is defined to be the functor category
dgMod ¥ := k-dgCat(%°?,dgModk)). Since k-dgCat is a 2-category, this is extended
to a representable 2-functor

dgMod’ := k-dgCat((-)*, dgModk)): k-dgCat — k-Ab*°P

(see Notation 2.8).

As is easily seen the composite dgMod’ oX turns out to be a colax functor I —
k-Ab“°P  i.e., a contravariant lax functor I — k-Ab. When X is a group action,
namely when [ is a group G and X : G — k-dgCat is a functor, the usual dg module
category dgMod X with a G-action of X was defined to be the composite functor
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dgMod X := dgMod' 0 X o4, where i: G — G is the group anti-isomorphism defined by
x+— x~ ! for all z € G. In this way we can change dgMod’ o X to a covariant one. But in
general we cannot assume the existence of such an isomorphism . Instead in this paper
we will use a covariant “pseudofunctor” dgMod: k-dgCat — k-Ab defined below and
will define dgMod X as the composite dgMod o X, which can be seen as a “lax” extended
version of the dg module category construction of a dg category with a G-action stated
above. We start with a notion of colax functors from a 2-category to a 2-category.
Compare our definitions of colax functors, left transformations (1-morphisms) and 2-
morphisms in the setting of 2-categories given below with definitions of morphisms,
transformations and modifications in the setting of bicategories (see Leinster [31] for
instance).

Definition 7.1. Let B and C be 2-categories.
(1) A colaz functor from B to C is a triple (X, 7, 6) of data:

e a triple X = (X, X1, Xs) of maps X;: B; — C; (B; denotes the collection
of -morphisms of B for each i = 0,1,2) preserving domains and codomains
of all 1-morphisms and 2-morphisms (i.e. X;(B1(4,5)) C C1(Xoi, Xoj) for all
i,7 € Bp and X5(Ba(a,b)) C Cy(Xia,X1b) for all a,b € By (we omit the
subscripts of X below));

e afamily 7 := (1;)ieB, of 2-morphisms 7,: X (1;) = lx(;) in C indexed by ¢ € By;
and

e a family 0 := (0y0)(pe) Of 2-morphisms 6, ,: X (ba) = X (b)X(a) in C indexed
by (b,a) € com(B) := {(b,a) € B; x By | ba is defined}

satisfying the axioms:
(i) (X1, X2): B(i,7) — C(Xoi, Xoj) is a functor for all i, j € By;

(ii) For each a: ¢ — j in B; the following are commutative:

Ga 1; elj,a

X(al;) == X(a X (1ja) = X(1;)X(a)

)X (1)
\ itx(a)m and \ ﬂan(a) ;
X (4)

X(a IlX(j)X(a)

(iii) For each i % j % k < 1 in B, the following is commutative:

c)
ecb,a\ﬂ ﬂ/X(c)eb,a , and

X (cha) —=— X ()X (ba)
X(cb) X (a) m X(e)X(b)X(a)
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(iv) For each a,a’: i — j and b,b': j — k in By and each a: a — da/, 5: b — V' in
B; the following is commutative:

X (ba) —=22 X ()X (a)

X(/B*oc)“ ﬂx(ﬁ)*x(a)

eb/ al
X({Wd)=—= X)X (d).

(2) A lax functor from B to C is a colax functor from B to C* (see Notation 2.8).
(3) A pseudofunctor from B to C is a colax functor with all »; and 6, , 2-isomorphisms.

(4) We define a 2-category éiolax B, C) having all the colax functors B — C as the
objects as follows.
1-morphisms. Let X = (X,n,0), X' = (X’,7/,0") be colax functors from B to C.
A 1-morphism (called a left transformation) from X to X’ is a pair (F,) of data
e a family F':= (F(i));ep, of 1-morphisms F(i): X (i) - X'(i) in C ; and
e a family ¢ := (¢(a))ues, of 2-morphisms ¢ (a): X'(a)F (i) = F(5)X(a)

X(5) = X'()

X(a)l y lxl(a)

X() g X'0)

in C indexed by a: 7 — j in B; that satisfies the following three conditions:
(0) for each a: @ = b in B(4, j) the following is commutative:

X’ (a)F

a)F( ) — 2 XY (b) F(4)
ﬂzp (7.11)
J)X )X (b

( )X ()
thus ¢ gives a family of natural transformations of functors:
. X' . .
B(i, j) C(X'(i), X"(5))
Xl / jC(F(i)’X/(j)) (Zaj S BO)’
C(X(i), X'(5))

C(X(@),F(3))

(a) For each i € By the following is commutative:

X'(1,) F (i) 225 p(i)x (1)
n;Fu)“ ﬂF(im ; and
Txr(i) F'(i) F (i) Lx )
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(b) For each i = j 2 k in By the following is commutative:

, N Bl Fe , N X0, .
X'(ba)F (i) X'(0)X'(a)F (i) ——= X'(b)F(j) X (a)
w(ba)ﬂ ﬂw(b)x(a)
F (k)X (ba) e F(k)X(b)X (a).

2-morphisms. Let X = (X,n,0), X’ = (X',,0') be colax functors from B to C,
and (F,1), (F',¢) 1l-morphisms from X to X'. A 2-morphism from (F, ) to (F',4/)
is a family ¢ = (¢(4)):eB, of 2-morphisms ((i): F(i) = F'(i) in C indexed by i € By
such that the following is commutative for all a: i — 7 in By:

X'(a)F(i) — 29 x7(a) F/ (i)

w(a)ﬂ ﬂw/(@
F()X () =222 p/(j)X (a).

Composition of 1-morphisms. Let X = (X,7,0), X' = (X',7,0') and X" =
(X", n",0") be colax functors from B to C, and let (F,¢): X — X', (F',¢): X' —
X" be 1-morphisms. Then the composite (F,¢')(F,v) of (F,v) and (F',¢') is a
1-morphism from X to X" defined by

(Flaw/)(Faw> = (F/F/‘vbl O¢)7

where F'F = ((F'(i)F(i))ieB, and for each a: i — j in B, (¢ o ¢)(a) := F'(j)¥(a) o
Y'(a)F (i) is the pasting of the diagram

X (i) — - xr() —— s x(s)
X(a)l %(a)t V(@) lX”(a)
X() = X0) =5 X"(),

Remark 7.2. (1) Note that a (strict) 2-functor from B to C is a pseudofunctor with
all n; and 0, , identities.

(2) By regarding the category I as a 2-category with all 2-morphisms identities, the
definition (1) of colax functors above coincides with Definition 2.3.

(3) When B = I, the definition (4) of m(B,C) above coincides with that of

¢ ‘olax(I, C) given before.

Definition 7.3. We denote by k-dgAb the 2-subcategory of k-Cat consisting of the
dg abelian k-categories (= abelian k-categories with dg-structures), the dg k-functors
between them, and the natural transformations between those functors.

(1) Since k-dgCat is a 2-category,

dgMod’ := k-dgCat((-)°?, dgMod k) : k-dgCat — k-dgAb*°P
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is a 2-functor, which we can regard as a contravariant lax functor
dgMod’ := k-dgCat((-)*, dgMod k) : k-dgCat — k-dgAb.
(2) We define a pseudofunctor dgMod: k-dgCat — k-dgAb as follows.

e For each ¢ € k-dgCat, we set dgMod % := dgMod' % .

e For each F: € — %’ in k-dgCat, we set dgMod F := -®¢F: dgMod ¥ —
dgMod €”, where F is the dg €-%"-bimodule defined by F(y, z) := €¢"(y, F(x))
for all z € 6, y € €, which we sometimes write as F := €"(?, F(-)).

e For each a: F = G in k-dgCat, (with F,G: € — ¢’ in k-dgCat,) we define
dgMod a: dgMod F' = dgMod G by setting

(dgMod o)z :=€"(?,ax): €'(?, Fx) = €' (?,Gr)

for all z € %j.
e For each ¢ € k-dgCat we define 74 : dgMod 1y = lgemoaw by setting

NeM: M Q¢ (5(7,—) — M
to be the canonical isomorphisms for all M € dgMod % .
e For each pair of dg functors ¢ 5 ¢ 5 %" in k-dgCat we define

Oc,r: dgMod GF' = dgMod G o dgMod F'
as the inverse of the canonical isomorphism
-R¢E"(7,GF(-) = -R4€ (7, F(-) @4 €"(7,G(-)).

It is straightforward to check that this defines a pseudofunctor.
(3) Denote by k-dgModCat the 2-subcategory of k-dgAb consisting of the follow-
ing:
e objects: dgMod ¢ with € € k-dgCat,,
e l-morphisms: dg functors between objects having exact right adjoints, and
e 2-morphisms: all dg natural transformations between those dg functors.

Then note that the pseudofunctor dgMod: k-dgCat — k-dgAb defined above can be
seen as a pseudofunctor k-dgCat — k-dgModCat.

(4) For each .# € k-dgAb,, we denote by J#,(.#) the full subcategory of the
homotopy category J# (.#) of .4 consisting of the homotopically projective objects M,
i.e., objects M such that & (.#)(M,A) = 0 for all acyclic objects A. We also define
ou: Hy(M) — H (M) and Q.4 F (M) — D(M) to be the inclusion functor and
the quotient functor, respectively. Then the composite j s = Q.z 0 0.4 Hp( M) —
D (M) has a left adjoint p_y: (M) — () such that the unit of the adjoint
is the identity: p.zj.s = 1y, (x), and the counit € 4: j.sP.x = lgcr) is a natural
isomorphism having the form €, = (Q./(N.zm))Mea(n)o: Where Ny O 4P M —
M is a quasi-isomorphism in J () for all M € (4 )y. In particular, both p_,
and j , are equivalences and quasi-inverses to each other. Note that 7 4 ) above also
induces a natural quasi-isomorphism 7,,: 0.4 o p.s © Q. = Ly (s by setting 1, =
Nt 0w oPy°QuM =p.uM — M)yecw(n)y When 4 = dgMod € for some
¢ € k-dgCat, we set oy := 0.4,Qv = Q.1 )¢ = J.u, Pt = Ps e "= Nu»€¢ = €
for short.
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(5) We can define a pseudofunctor Z: k-dgModCat — k-Tri as follows.

(a) For each dgMod ¥ in k-dgModCat, with € € k-dgCat we set Z(dgMod €)
to be the derived category of dgMod %'

(b) For each dg functor F': dgMod % — dgMod ¢” in k-dgModCat,, F' naturally
induces a functor ' F: # (dgMod €¢) — # (dgMod ¢”), which restricts to a
functor J,F: J#,(dgMod ¢) — #,(dgMod €”) because F has an exact right
adjoint. Then we set ZF to be the left derived functor LF': Z(dgMod €) —
2(dgMod €”) of F, which is defined as the composite LF' := jy 0 J,F o py.

(c) For each dg natural transformation a: F' = F’ in k-dgModCat, with dg
functors F, F': dgMod ¢ — dgMod ¢” in k-dgModCat,, a naturally induces
a natural transformation #,o: J#,F = J,F’. Then we define Za := jg o
Hpa 0 Py

(d) We define -@dgMod%: -@(]ldgMod‘K)(: j%p%) = ﬂ@(dgMod%’) by gdgMod% = Ep.

(e) Note that for any composable morphisms dgMod ¢ L dgMod &’ 7, dgMod &”
in k-dgModCat; we have L(F"oF') = LF'oLF because pgrjo = Ly, (dgMod¢)-
We then define Zps p: L(F' o F') = LF' o LF as the identity Iy prop).

It is straightforward to check that this defines a pseudofunctor.

Definition 7.4. We denote by k-Tri the 2-category of the triangulated k-categories,
the triangle k-functors between them, and the natural transformations between those
functors.

(1) A 2-functor .%#,: k-add-dg — k-Tri is canonically defined by setting J#,(.#)
to be the homotopy category of homotopically projective dg .#-modules for all .#Z €
k-add-dg. Then the composite pseudofunctor 7, o dgMod: k-dgCat — k-Tri is
“equivalent” to Z o dgMod: k-dgCat — k-Tri.

(2) A 2-functor 7" : k-add-dg — k-Tri is canonically defined by setting £ () to
be the smallest full triangulated subcategory of J#,(.#') closed under isomorphisms, and
containing the representable functors .# (-, M) with M € ., for all # € k-add-dg.

(3) Then the composite pseudofunctor per := Ji;b o dgMod: k-dgCat — k-Tri
turns out to be a subpseudofunctor of %, o dgMod: k-dgCat — k-Tri. We call
per(€) = 2,°(dgMod %) the perfect derived category of €, and often regarded as a
subcategory of Z(dgMod %) by the equivalence jy: %,(dgMod €) — Z(dgMod %).
Then recall that the objects of per(%) are the compact objects of Z(dgMod %).

We cite the following theorem from [8], which is a useful tool to define new colax
functors from an old one by composing with pseudofunctors.

Theorem 7.5. Let B, C and D be 2-categories and V: C — D a pseudofunctor. Then
the obuvious correspondence

Eolax(B, V): Colax(B, C) — Colax(B, D)

turns out to be a pseudofunctor.
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Corollary 7.6. Let X: I — k-dgCat be a colax functor. Then the following are colax
functors again.

dgMod X :=dgModoX: I — k-dgAb,
2(dgMod X) := P odgMod o X : I — k-Tri, and
per X :=peroX: [ — k-Tri

Remark 7.7. Let X = (X, X}, X;,) € Colax(/,k-dgCat).
(1) A more precise description of the dg module colax functor

dgMod X := dgMod oX = (dgMod X, dgMod X;, dgMod X ,): I — k-dgModCat

of X is given as follows.

e for each i € Iy, (dgMod X)(i) = dgMod(X (7)); and
e foreacha: i — jin I the functor (dgMod X)(a): (dgMod X)(i) — (dgMod X)(5)

is given by (dgMod X)(a) = - ®x@) X(a), where X(a) is a dg X (i)-X(j)-
bimodule defined by
X(a)(z,y) = X (4)(y, X(a)(x))
for all z € X(i)g and y € X (j)o.
(2) A more precise description of the colax functor Z(dgMod X): I — k-Tri which
is called the deriwed dg module colax functor of X is as follows.

e for each i € Iy, Z(dgMod X)(i) = Z(dgMod(X ())); and

e For each a: i — j in I, Z(dgMod X)(a): 2(dgMod X)(i) — 2(dgMod X)(j)
is given by

- e%x(i) X (a): 2(dgMod X (i)) — 2(dgMod X (5)).
Note that by the remark in Definition 7.4 (3), per(X) is a colax subfunctor of Z(dgMod X).
Remark 7.8. Let € € k-dgCat,. Then it is obvious by definitions that
A(per(%)) = per(A(7)).
Proposition 7.9. The pseudofunctor per preserves I -precoverings, that is, if (F,1): X —
A(%) is an I-precovering in m{([, k-dgCat) with € € k-dgCat,, then so is
per(F,1): per(X) - A(per(%))
olax(7,k-Tri).

Proof. Let 1,5 € Iy and M € (per X(i))o, N € (per X(j))o. It suffices to show that
per(F, ) induces an isomorphism

L L L -
per(F, ¥)} MN H per X (j)(M ®@x @) X(a), N) = per €' (M @x;) (i), N @x(;) F(5))-

ael(i,j)

By assumption, (1) induces an isomorphism

0 T XG) (X (@)e,y) = C(F ()2, F(j)y)

a€l(i,j)
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for all x € X(i)o,y € X(j)o. We first show the following.

Claim. There exists an isomorphism

L N

R Homy (F(i), N @x(;) F(7)) =[] RHomx(X(a), N)).

a€l(i,j)
Indeed, this is given by the composite of the following isomorphisms:

R Homy (F(0), N x() F () = RHomw(w?,F@)(-)),Néxm%<?,F<j><'>>>
G N Sy CEGE) ), FG)E)
YNy [ XGHX@E), ()

a€l(i,j)

GIT N éx XOX @) ()
a€l(i,j)

QI ¥X(@)6).()
a€l(i,j)

4; H R Homy (X(4)(?, X(a)(-)),N)

a€l(i,j)

where (a) is obtained by the Yoneda lemma, (b) is an isomorphism induced from

((F, 1/))_(’1.))*1, (c) is the natural isomorphism induced by the cocontinuity of the tensor
product, (d) comes from the property of the tensor product, and (e) is given by the
Yoneda lemma. Now, it is not hard to verify the commutativity of the following
diagram:

_ L per(F) ) L —— L
[T ver X()(M @xq) X(a), N) per €' (M @x@) F(i), N ®x() F(j))

a€l(i,j)
(a)\f: (b) | ~

(©) j ~ m

per X (i)(M, H R Homy (X (a), N)),

a€l(i,j)
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where the isomorphisms (a) and (b) are given by adjoints, and (c) is the natural
morphism, which is an isomorphism because M is compact, and (d) is an isomorphism

given by the claim above. Hence per(F, w)(;}  1s an isomorphism. O

Definition 7.10 (Quasi-equivalences [26]). Let <7, % be small dg categories and
E: of — %A adg functor. Then F is called a quasi-equivalence if

(1) The restriction Exy: & (X,Y) - ZB(E(X),E(Y)) of E to &/ (X,Y) is a quasi-
isomorphism for all X,Y € ; and
(2) The induced functor H*(E) : H(«/) — H"(%) is an equivalence.
Definition 7.11. Let o/ be a small dg category, and .7 a full subcategory of Z(dgMod 7).
Then 7 is called a tilting dg subcategory for <, if
(1) % C per(«)(C H,(dgMod «7)), ie, every T € J; is a compact object in
P (dgMod 7).
(2) thick .7 = per(«), thick 7 is the smallest full triangulated subcategory of
2(dgMod &) closed under direct summands that contains 7.

We cite the following from [24, Theorem 8.1] without a proof.
Theorem 7.12. Let &/ and € be small dg categories. Consider the following condi-

tions.

(1) Thereis a dg functor H : dgMod € — dgMod o such that LH : 2(dgMod €) —
P (dgMod &) is an equivalence.

(2) € is quasi-equivalent to a tilting dg subcategory for < .

(3) There exists a dg category % and dg functors

dgMod % < dgMod 2 5 dgMod &
such that LG and LF' are equivalences.
Then
(a) (1) implies (2).
(b) (2) implies (3).

8. QUASI-EQUIVALENCES AND DERIVED EQUIVALENCES

The following statement is stated in [26] without a proof as a remark for [26, Lemma
3.10]. For completeness, we give a proof of it in this section.

Theorem 8.1. Let E : &7 — P be a quasi-equivalence between dg categories &/ and
L

#. Then -@,L: 7(dgMod o) — P(dgMod %) is an equivalence of triagulated cat-

egories, where E is an of -ZB-bimodule defined by E = A(?,E(-)). In particular, </

and A are derived equivalent.

For the proof we prepare the following three lemmas.

Lemma 8.2. Let 9 and ' be triangulated categories, and F : 9 — 2’ and G : 9" —
9 triangle functors. Assume that the following conditions are satisfied

(1) F is fully faithful,
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(2) G is a right adjoint to F', and
(3) G(X) =0 implies X =0 for all objects X of 9.

Then F' is an equivalence.
Proof. We denote the unit and the counit of the adjoint by n : 1y = G o F' and by
e: F oG = 1y, respectively. Let D € &', and take a distinguished triangle
FG(D) 2 D —Y — FG(D)[1]
in 2'. Apply the functor G to get

GFG(D) £2 (D) = G(Y) — G(D)[1].

Since F' is fully faithful,  : 1 = G o F' is an isomorphism. In particular, ngp) is an
isomorphism. Then the equality G(ep)nepy = lap) yields a commutative diagram
with triangle rows:

GFG(D) £°2% q(D) —— a(Y) —— G(D)[1]

T N

G(D) —— G(D) —— G(Y) —— G(D)[1]

1a(p)
Thus G(Y') = 0. Therefore, Y =0 and FG(D) = D. Hence F is an equivalence. [

Lemma 8.3. Let &/ and & be dg categories, and N a dg o7 -FB-bimodule. Assume that

(1) the dg module N (-, A) is compact in P(B) for all A € o,
(2) The canonical morphism ay,zy: H*(/ (Y, Z)) — Homg ) (N(-,Y), N(-, Z)[k])
is an isomorphism for all Y, Z € o/ and for all k € Z.

L
Then - 4N s fully faithful.

L
Proof. We know that (- ®, N, RHomg(N,-)) is an adjoint pair, say with the usual unit
L
1. Therefore to show that - ® ., N is fully faithful, it suffices to show the following.

L
Claim. For each M € 9(<7), ny : M — RHomg(N, M &, N) is an isomorphism in
D ().

To show this, let " be the full subcategory of Z(.27) formed by those objects M such
that 7y is an isomorphism. To show the claim we have only to show that ¢ = 2(«).
As is easily seen ¢ is a triangulated subcategory of Z(<7). Therefore it suffices to
show the following two facts:

(i) (-, A) € € for all A € &7; and
(ii) ¥ is closed under small coproducts.
(i) Let A € of. We show that &7 (-, A) € €, namely that

L
Ner(-ay (-, A) = RHomg(N, o (-, A) ®7 N) = RHomg(N, N(-, A))
is an isomorphism in Z(<f). It suffices to show that
Ner(-,a) - @ (-, A) = RHomg(N, N (-, A))
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is a quasi-isomorphism. For each A’ € &/ and k € Z we have the following commutative
diagram:

HE (1, )

H*(o (A, A)) s H"(RHomy(N(-, A'), N(-, A))

)
m m

Homg ) (N (-, A'), N(-, A)[K])

where Bar 4 is the canonical isomorphism. Since aar 4y is an isomorphism by the
assumption (2), H*(n, (4 4)) turns out to be an isomorphism, which shows (i).

(ii) Let I be a small set and let M; € € for all ¢ € I. We have the following
commutative diagram with canonical morphisms in Z():

n®,; i L
D, My 2N RHomy (N, (D0, Mi) @ N)
z%)
RHomg (N, @,;
zT(b)

L
Gaiel M; €B;> @ie[ RHomg(N, M; ® N)

ie1 M,

L
(M; @4 N) 7

L
where (a) is an isomorphism because - ® N is a left adjoint and preserves small co-
products, and (b) is an isomorphism by the assumption (1). Thus

L
.., v, - P M: = RHomy (N, P M; @ N)

i€l el

is an isomorphism, and hence we have @,., M; € €. As a consequence, ¢ is closed
under small coproducts. 0

Lemma 8.4. Let &/ and A be dg categories and E: of — B a quasi-equivalence.
Then for each right 8-module M the following holds:

RHomg(#A(-, E(-)), M) = 0 implies M = 0.

Proof. Let M be a #-module, and assume that RHomg(%(-, E(-)), M) = 0. Take any
B € #. 1t is enough to show that M(B) = 0. Since H'(F) : H(«/) — H°(%) is an
equivalence (the condition (2) in Definition 7.10), there exists an object A € 7, such
that E(A) = H°(E)(A) & B in H°(%). Then by the functor H*(%) — 2(%), X —
AB(-,X) we have B(-, E(A)) = HA(-,B) in Z(A). Hence by the dg Yoneda lemma we
have

M(B) = RHomg(4(-, B), M) = RHomg(%4(-, E(A)), M) =0,

as required. O
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Proof of Theorem 8.1. Define a dg «/-%-bimodule N by N(B, A) := #(B, E(A))
(A € o/,B € #). Then N satisfies the condition (1) in Lemma 8.3, and by the
assumption (in particular, by the condition (1) in Definition 7.10) N also satisfies the

condition (2) in Lemma 8.3. Therefore F' := - (}%WN: D(d) — P(A) is fully faithful
by Lemma 8.3. Moreover G := RHomg(N,-) is a right adjoint to F' and satisfies
the condition (3) in Lemma 8.2 by the assumption and Lemma 8.4. Hence F' is an
equivalence between Z(</) and Z(%) by Lemma 8.2. O

9. DERIVED EQUIVALENCES OF DG MODULE COLAX FUNCTORS

In this section, we define necessary terminologies such as 2-quasi-isomorphisms for 2-

morphisms, quasi-equivalences for 1-morphisms, and the derived 1-morphism L(F,v)):
2 (dgMod X) — Z(dgMod X’) of a 1-morphism (F,v): X — X’ between colax func-
tors, and show the fact that the derived 1-morphism of a quasi-equivalence between
colax functors X, X’ turns out to be an equivalence between derived dg module colax
functors of X, X’. Finally, we give definitions of tilting subfunctors and of derived
equivalences.

Definition 9.1. Let C be a 2-category and (F,¢): X — X’ a l-morphism in the
2-category éiolax([, C). Then (F, 1) is called I-equivariant if for each a € Iy, ¥(a) is a
2-isomorphism in C.

We cite the following without a proof.

Lemma 9.2 ([7]). Let C be a 2-category and (F,v¢): X — X' a 1-morphism in the
2-category m(l, C). Then (F,v) is an equivalence in m{(], C) if and only if
(1) For each i € Iy, F(i) is an equivalence in C; and
(2) Foreacha € Iy, ¥(a) is a 2-isomorphism in C (namely, (F, ) is I-equivariant).

To define the notion of 2-quasi-isomorphisms in k-dgCat, we need the following
statement.

Lemma 9.3. Let G,G": € — ¢ be 1-morphisms and a: G = G’ a 2-morphism in the
2-category k-dgCat. We define a €-€"'-bimodule G by G := €' (?7,G(-)); and consider
the morphism -
a:=%"a(): G= &,
of €-€"-bimodules, and also the morphism
@ := RHomy (@, ¢"(?, -)) = RHomg (€', a(-)), €' (7, ) = €' (a(-),-): G = G
of €'-€-bimodules. Then the following are equivalent.
L L L
(1) -®pa: -®¢ G = -®¢ G Z(dgMod €) — Z(dgMod €”’) is a 2-isomorphism
in k-Tri.
(2) €(-,02): €'(-,G(z)) = €'(-,G'(x)) is a quasi-isomorphism in dgMod € for
all x € 6.
L AL AL
3) a" @y - G Dy - = G G¢ - D(dgMod EP) — P(dgMod ') is a 2-
1somorphism in k-Tri.
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(4) €' (ag,-): €'(G(x),-) = €' (G'(x),-) is a quasi-isomorphism in dgMod €"".

Proof. (1) = (2). Let x € %,. Note that we have (-, z) <}I§><g a = ¢'(-,a,), which is
an isomorphism in Z(dgMod %”) if and only if it is a quasi-isomorphism in dgMod %”.
Hence (2) follows from (1) by applying (1) to the representable functor (-, z).

(2) = (1). Let Z be the full subcategory of Z(dgMod %) consisting of objects M

L L L
satisfying the condition that M ®¢ a: M ®¢ G — M ®¢ G’ is an isomorphism. Then
by (2) we have €' (-,x) € % for all z € %,. Here, it is easy to show that % is a
triangulated subcategory of Z(dgMod ¢’) and that % is closed under isomorphisms
and direct sums with small index sets. Therefore we have % = %(dgMod €), which
means that (1) holds.

(2) = (4). Assume that €'(-,a,): €'(-,Gx) — €¢'(-,G'z) is a quasi-isomorphism
in dgMod%”. Then it is an isomorphism in Z(dgMod%”). We set Homy/(+,-) =
(dgMod €”)(-,-). Then the functor

RHomy (-, €"(-,7)): 2(dgMod ¢”) — Z(dgMod €"")
(the variable is at -) sends it to an isomorphism
RHomy (€' (-, ), ¢ (-,7)): RHomg (€' (-, G'(x)), € (-, 7))
— RHomy/ (€' (-, G(2)),€"(-, 7)),

in 2(dgMod ¢”°"), which is isomorphic to

Homy (€'(-, ), €' (-, 7)) : Homg (€' (-, G'(x)), €' (-, 7))
— Homg/ (€' (-, G(x)),€'(-,7)),

and by the Yoneda lemma, it is also isomorphic to
€' (o, 7): €'(G'(x),?7) = €'(G(x),7)

and is an isomorphism in 2(dgMod ¢’°"). As a consequence, €”'(a,?) is a quasi-
isomorphism in dgMod €”°".

(4) = (2). This is proved in the same way as in the converse direction.

(3) < (4). The same proof for the equivalence (1) < (2) works also for this case. [

Definition 9.4. Let G,G’: € — ¢’ be 1-morphisms and «: G = G’ a 2-morphism in
the 2-category k-dgCat. Then « is called a 2-quasi-isomorphism in k-dgCat if one of
the statements (1), ..., (4) in Lemma 9.3 holds.

Remark 9.5. We can use the condition (2) above to check whether « is a 2-quasi-
equivalence. Once it is checked, we can use the property (1).

Definition 9.6. Let (F,¢): X — X’ be a l-morphism in éiolax([,k—dgCat). Then
(F,) is called a quasi-equivalence if

(1) For each i € Iy, F(i) : X (i) — X'(4) is a quasi-equivalence; and
(2) For each a € I, 9(a) is a 2-quasi-isomorphism (see Definition 9.4).
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See the diagram below to understand the situation:

F(i)

X (i) —eq= X'(2)
X(a)‘ 7/)(04)2_6115 ‘X’(a)

X(§) == X0).

7

The following is an analogue of the “left derived functor” of “(F,)”.

Definition 9.7. Let (F,¢): X — X' be a 1-morhism in zaolax(f,k—dgCat). Then we
define a 1-morphism

L(F,¢): 2(dgMod X) — 2(dgMod X")
in Colax(I, k-Tri) by L{F, ¢) := 2(dgMod(F, ) = Colax(I, ZodgMod)((F, ). The
eXphCit form of L<F’ w) = (((LF) (i))ielm ((LE) (a))aeh) is given as follows.
Let i € Iy, and consider the dg X (i)-X'(i)-bimodule F'(i) defined by F(i)(?,-) =
X'(i)(?, F(i)(-)). Then this defines a triangle functor

— L R
(LE)(i) :== -®@x») F(i): 2(dgMod X (7)) — 2(dgMod X'(i))
between triangulated categories.
Next let a: i — j be a morphism in 7. Then ¢(a): X'(a)F (i) = F(j)X(a) induces
a morphism of X’(j)-X (i)-bimodules ¢ (a): X'(a)F (i) = F(j)X(a), where

which induces the diagram

- ®X(1)F(Z> ®X’(i) X’(a) =
1 : o

- ®@x )X (a)F (i) =—=-®x;) F(j) X (a)

-®x@¥(a)

of 2-morphisms in k-dgModCat. As the unique 2-morphism making this diagram
commutative, we define a 2-morphism * in the diagram

dgMod X (1) 222 deMod X7()

- ©X(a)=dgMod X (a) l / l X' (a)=dgMod X' (a)
F(j)

dgMod X (j) =L dgMod X'(5).
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The pseudofunctor & sends the diagram (9.12) to the diagram

- ®x () F(7) éX’(i) X'(a) === a) x() F()
S X @) - xF()X(Q)
®X(z)1/)( a)

in k-Tri. As the unique 2-morphism making this diagram commutative, the 2-morphism
(L)) (a): LX'(a)LF(i) = LF(j)LX (a)

is given, which is expressed in the diagram

P(dgMod X (i) =L @(deMod X' (i)
LX (a)=2(dgMod X(a))j (L) jLX’(a) 2(dgMod X'(a))
LF

7(dgMod X (j)) ~2 2(dgMod X'(j)).

The following says that a quasi-equivalence between colax functors induces a derived
equivlence between them, which will be important for our main result.

Proposition 9.8. Let (F,1): X — X' be a quasi-equivalence in éiolax I, k-dgCat).
Then L(F,1): 2(dgMod X) — 2(dgMod X') is an equivalence in éiolax I, k-Tri).
Proof. Let i € Iy. Then since F'(i): X (i) — X'(i) is a quasi-equivalence, we have
— L
(LF)(i) :== - ®x ;) F(i): 2(dgMod X (7)) — Z(dgMod X'(1))

is an equivalence of triangulated categories by Theorem 8.1.
Let a: i — 7 be a morphism in /. Then since

U(a): X'(a)F(i) = F(j)X(a)
is a 2-quasi-isomorphism, we have
(L)(a) := L(¢(a)): LX'(a)LF (i) = LF(j)LX (a)

is a 2-isomorphism by definition. It is not hard to verify that

L(F.¢) = (LF)(@))iet (L)(a))aen ) : Z(dgMod X) — 2(dgMod X')
is a 1-morphism in éiolax(], k-Tri). Then by Lemma 9.2, L(F, %) is an equivalence in
éiolax([, k-Tri). O
A dg k-category &7 is called k-projective (resp. k-flat) if &7 (z,y) are dg projective
(resp. flat) k-modules for all z,y € 4%.

Definition 9.9. Let X : I — k-dgCat be a colax functor.
(1) X is called k-projective (resp. k-flat) if X (i) are k-projective (resp. k-flat) for
all 7 € I().
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(2) A colax subfunctor 7 of per(X) is called tilting if for each i € Iy, T (i) C
2(dgMod X (i)) is a tilting subcategory for X (7) (see Definition 7.11).
(3) A tilting colax subfunctor .7 of per(X) with an [-equivariant inclusion (o, p):

T — per(X) is called a tilting colax functor for X (see the diagram for (o, p)

below).
7 (i) per(X (i)

9(a)l P lper(X (a))

p(a)

T (j)—= per(X(j)).

o(4)

Definition 9.10. Let X, X' € éiolax(l,k-dgCat). Then X and X’ are said to be
derived equivalent if 2(dgMod X)) and Z(dgMod X)) are equivalent in the 2-category

zaolaX(I, k-Tri). Note by Lemma 9.2 that this is the case if and only if there exists a
l-morphism (F, %) : Z(dgMod X)) — Z(dgMod X)) in Colax(/,k-Tri) such that
(1) For each i € Iy, F(i) : Z(dgMod X (7)) — Z(dgMod X'(7)) is a triangle equiva-
lence in k-Tri; and
(2) For each a € I, 9(a) is a 2-isomorphism in k-Tri (i.e., (F, ) is I-equivariant).

Definition 9.11. Let X, X’ € Colax(/,k-dgCat). Then X and X’ are said to be
standardly derived equivalent if there exists a 1-morphism (F, %) : Z(dgMod X)) —

2 (dgMod X)) in éiolax(], k-Tri) such that

L

(1) For each i € Iy, F(i) = -®@x;)Y (i) : Z(dgMod X (7)) — Z(dgMod X'(7)) is a
triangle equivalence in k-Tri, where F (i) is induced by dg bimodule x ;)Y (7) x/(:);
and

(2) For each a € I, ¥ (a) is a 2-isomorphism in k-Tri (i.e., (F, ) is [-equivariant).

10. DERIVED EQUIVALENCES OF GROTHENDIECK CONSTRUCTIONS

First we cite the statement [24, Theorem 8.2| in k-flat case.

Theorem 10.1 (Keller). Let &7 and & be small dg k-categories and assume that </
is k-flat. Then the following are equivalent.

L
(1) There exists a B-/ -bimodue Y such that -®QzY : D(B) — D() is a derived
equivalence.
(2) % is quasi-equivalent to a tilting dg subcategory for <f .

L
The derived equivalence of the form - ® 4 Y above is called a standard derived equiv-
alence, and if such Y exists &/ and & are said to be standardly derived equivalent.

Definition 10.2. Let X, X’ € Colax(/,k-dgCat). Then a zigzag chain of quasi-
equivalences between X and X' is a chain of 1-morphisms of the form

X —. XO <(F17’¢1) Xl (F27¢2)> . <(Fn*17¢n*1) Xn,1 (thwn) Xn = X/
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in Colax(I,k-dgCat) with n even > 2, where (F;, ;) are quasi-equivalences for all

1 =1,...,n. Note that a quasi-equivalence X M X' is also regarded as a zigzag

chain of quasi-equivalences by setting n = 2 and (F7, 1) to be the identity 1-morphism.

The following is the dg case of the main theorem in [7] that gives a generalization of
the Morita type theorem characterizing derived equivalences of categories by Rickard
[33] and Keller [24] in our setting.

Theorem 10.3. Let X, X' € Colax(I,k-dgCat). Consider the following conditions:

(1) X and X' are derived equivalent.
(1,) per(X) and per(X') are equivalent in the 2-category éfolax(], k-Tri) ; and
(2) There exists a tilting colax functor 7 for X such that there exists a zigzag chain

of quasi-equivalences between X' and 7 in éiolax([ ,k-dgCat). For example
when a zigzag chain of quasi-equivalences is given by a sigle quasi-equivalence
X' = 7, we have the following diagram for all morphism a: i — j in I:

X'(i) ==~ (i)~ per(X (i))

2-qi ~
X'(a) L % l T (a) ~ lper(X(a))

X'0) =g 7 ()= per(X(7)).

Then (1) implies (1,),and (1,) implies (2).

Proof. (1) = (1,). Assume that there exists an equivalence (F, ) : Z(dgMod X') —
2(dgMod X) in the 2-category éiolax(], k-Tri). Then for each i € Iy,

F(i) : 2(dgMod X'(i)) — 2(dgMod X (1))

is a triangle equivalence, and for each morphism a € I(i,j) with 4, j € Iy, ¥(a) in the
diagram below is an 2-isomorphism:

P (dgMod X'(1)) —2 2 (dgMod X (1))

2(dgMod X'(a)) l % l 2(dgMod X (a))
(7)

P(dgMod X'(j)) —2- @(dgMod X (5))

For each i € Iy recall that {C" | C € X'(i)o} is a set of small generators for
Z(dgMod X'(i)). Consequently, {F(:)(C") | C € X'(i)o} forms a set of small gen-
erators for Z(dgMod X (i)). By Keller’s result we know that per ¢ coincides with the
set of all compact objects in Z(dgMod %) for all dg categories €. Then by noting that
a dense functor sends compact objects to compact objects, we have

F(i)((per X'(i))o) < (per X(i))o,
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and this induces the following strictly commutative diagram:

F(i)

per )f’(z) perf((i)
P(dgMod X'(i)) — g(dgMod X (7).

Thus the induced functor F(i): per X (i) — per X'(i) is an equivalence of triangulated
categories. Since representable functors C" := X(i)(-,C) (C € X(i)o) are sent to

L ——
representable functors X (j)(-, X(a)(C)) by the derived tensor functor - ® X(a) =
2 (dgMod X (a)), we see that

Z(dgMod X (a))((per X(i))o) < (per X (j))o,

and hence ¥ (a) in the diagaram

per X'(i )ﬁ>perX( )

2(dgMod X (a)) l y l 2 (dgMod X’ (a))

< F() .
per X'(j) — per X (j)

is defined, and is an isomorphism for each a € I(i,j) with i,7 € Iy. Therefore (F, )
induces an equivalence per X’ — per X, and thus (1) implies (1,).

(1,) = (2). For each i € Iy, we set .7 (i) to be the full subcategory of per(X'())
with 7 (i)o = {D € (per X'(i))o | D = F(i)(C"), for some C € X(i)o}. Then for each
a € I(i,j) with i,j € Iy we have 2(dgMod X (a))(7 (i)o) C Z(j)o because for each
C € X (i) we have

Z(dgMod X'(a))(F(i)(C")) = F(j )g(dgModX( )(C™)

(7)(C" Exqy X(@)) = F()((X(a)(C))").

F
F

We have the following diagram

X/(i) —% per(X/(i)) — 2 per(X (i)

Gi per(X’(a))
X' (a er(X(a
()l / l ~ lp (X(a)

X'(j) — per(X'(j)) - per(X(7))

Pasting of this yields the following diagram:

F(i)oY

X'(i) — 7 (i)

X(a T (a
o A |7

X’(i)mg(ﬁ;

where ¢(a) := (F(j) o (;) @ (¢(a) oY). Then X (i) is quasi-equivalent to the full dg
subcategory .7 (i) of per(X'(i)), which forms a generator for Z(dgMod X'(7)). Since
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(a) : per(X'(a))F(i) = F(j)per(X(a)) is a 2-isomorphism by assummption, the
statement (1,) implies (2). O

Proposition 10.4. Let X, X’ € Colax(/,k-dgCat). Assume that (F,¢): X — X’
olax(I,k-dgCat) is a quasi-equivalence. Then Gr(F,¢): Gr(X) — Gr(X') is a

quasi-equivalence.

Proof. Let X = (X, Xj, Xp,4) and X' = (X', X}, Xj ,) be objects in Colax(/,k-dgCat),

and let (F,¢): X — X’ be a l-morphism in éiolax([, k-dgCat). Recall that for each
i, jy € Gr(X)o, we have

Gr(X)(iz, jy) = @ X () (X(a)z,y).
a€l(ij)
Then a 1-morphism
Gr(F,¢): Gr(X) — Gr(X')

in k-dgCat is defined as follows.

e For each ;x € Gr(X)o, Gr(F,v)(;x) := ;(F(i)x).

e For each ;z,,y € Gr(X)y and each f = (fi)ecriy) € Gr(X)(z, y), we set

Gr(F,¢)(f) == (F(J)fa 0 ¥(a)r)aci,), where each entry is the composite of

¥(a)

X'(a)F(i)r 29 F(j)X (a)x 222

F(5)y.

Then we have the following

Gr(F,¢): Gr(X )(ix,jy) — Gr( ')(GF(F w)(ﬂ) Gr(F, ) ()
Gr(F,¢): Gr(X)(z,59) = € X()(X - @ X0 VE(i)z, F(5)y)

a€l(i,5) a€l(i,j)
Assume that (F, ) : X — X' is a quasi-equivalence, that is

(1) For each i € Iy, F(i) : X (i) — X'(4) is a quasi-equivalence; and
(2) For each a € I, ¢(a) is a 2-quasi-isomorphism.

Claim 1. Let ;x,;y € Gr(X)o. Then the restriction
Gr(F,¢) 2,90 Gr(X)(iz, jy) = Gr(X')(Gr(F,¢)(Gx), Gr(F, ¢)(;v))
of Gr(F,¢) to Gr(X)(;z, ;y) is a quasi-isomorphism.
Indeed, note first that the domain and the codomain of Gr(F, ), , have the fol-

lowing form:
Cr(F,¢)uyy: D X)X (a)a,y) = D X'(GIX'()F(i)z, F(j)y)
aclI(i,j) a€l(i,j)
We have to show that for each k € Z,

H¥ (Gr(F7¢)7;w»jy)

H*(Gr(X)) Gz, jy) » H* Gr(X')(Gr(F,¢) (i2), Gr(F, ¢) (39))
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is an isomorphism. Since we have the commutative diagram

H* (Gr(Fvw)iijy)

H*(Gr(X)(i, j9)) H*(Gr(X")(Gr(F, ) iz), Gr(F, ¢)(;9)))

1%
1%

B H(X()(X(a)z.y)) P H(X'()(X'(a)F (i), F(j)y))

a€l(i,j) acl(i,j)

Dacry H* (F ()
Bacri,y H X () (@(a)a F(5)y))

P B X' G)FGHX (@), F(i)y)
a€l(i,j)

(10.13)
y) = HEX'(5)(F(5) X (a)x, F(5)y)

By the assumption, H*(F(5)) : H*(X(5))(X (a)x
HY(F (7).

is an isomorphism, and therefore so is @, (i)
Let a: @ — 7 be a morphism in /. Then since

U(a): X'(a)F(i) = F(j)X(a)

is a 2-quasi-isomorphism, we have

(L) (a): LX'(a)LF (i) = LF(j)LX (a)

is a 2-isomorphism
By the following diagram

P(dgMod X (i) ~"L @(deMod X'(i))
Ly)(a
LX (a)=2(dgMod X(a))j ) jLX’(a)@(dgMod X'(a))
LF(j)

Z(dgMod X (j)) —> 2(dgMod X'(j)).

we have an isomorphism

L((@)((- 2)): LX'(a)LF(i)((-,x)) = LE(j)LX (a)((-,x)),

that is, an isomorphism

L((a)((-2)) = (- ¥(a) () : X' (7)(-, X (a)(F(i)(x))) = X' () (-, F(5)(X(a)(x)))
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in Z(dgMod X'(j)). Since we have a commutative diagram

Z(dgMod X' (5)) (X' () (-, F(5) X (a)(x)), X" () (-, F(4) (y) [K])

Z(dgMod X' (5))(X' (7) (- (a)z), X" (4) (- F (4) (y) [k])

Z(dgMod X'(5))(X"(4)(-, X' (a) F(i)(x), X" (5) (-, F(7) (w) [K])

1%

HE (X' (5)(F(5)X (a)(x), F(j)())

1%

H* (X' (5) (4 (a)a F(5)y))

HYX'(5)(X" (@) F (i) (), F(5)y)
with the vertical canonical isomorphism, we see that
H*(X'(7)((a)s, F()y)): HH(X'(7)(F(5)X (a) (), F(5)(y))
— HYX'(j)(X'(a)F(i)(x), F(5)y)

wcl(ig) HY(X'(5)((a)e, F(5)y)). Therefore, we
conclude that H*(Gr(F,v),s,,,) is an isomorphim by the commutative diagram (10.13).

Hence it follows that Gr(F,1)),, , is a quasi-isomorphism for all ;z and ;y.
Next we show the following:

is an isomorphism, and hence so is @

Claim 2. H°(Gr(X)) HGHGHER), HY(Gr(X")) is an equivalence.
By Claim 1 for £ = 0, we have that
. HU(GT(F:@Z")Z‘Z,J‘:U) . . 3
P HXG) (X ()z.y) ———= @ HX'G)X () F(i)z, F(5)y))
a€l(i,j) a€l(i,j)
is bijective for all ;x and ;y. Thus,
H°(Gr(F,¢)): H(Gr(X)) — H(Gr(X"))

is fully faithful. It only remains to show that it is dense. By the definition of
Grothendieck construction, we have

H(Gr(X")o = H(|_| X'(1)o) = || H'(X"(0)o = || X'(@)o-
iefo ’iEI() iEI()
For any ;2" € | |;c; X'(i)o with i € Iy and 2’ € X'(i)o, note that

HO(X (5)) 22 o x(i))

is dense by (1) above. Thus there exists x € X(i)o such that y := F(i)(z) =
H(F(i)(x)) = 2’ in H°(X'(i)). Thus there exists f : 2’ — y in H°(X'(:)). Since

HY(Gr(F,¢))(iw) = Gr(F,9) (@) = iF (i) () = i,
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it suffices to show that ;y = ;2" in H°(Gr(X’)). Noting that

HO(Gr(X"))(i',1y) = HO(Gr(X') (', i) = HO( D) (X'(0)(X'(a)a',y)) =

9(9”) HO(&’(O(X’(a)x’,y))y and
H(Gr(X")) iy, ") = H*(Gr(X") iy, 2")) = 1;10( E61(9’‘)(X’(i>(X’(a)z~/,av’)) =
@H ﬁo((X’(i)<X’<a)y,x’>),
we can take elements o
(B0, 71 0 X{(¥))veriin) eaga) H(X'(3)(X'(a)y, '), and
(da,1,f © Xi(%))acr(i) € EGI(}) H((X'(1)(X'(a)2", y)),

where entries are of the following forms

X'(ﬂ)yﬂﬁygx X’(]li)x/&x’gy,

respectively. A direct calculation shows that
(o1, f " 0 X[(Y) veriiiy © (an, f o X)) aerisy = L,
(5a,lif ° le(x ))ae[ (i,3) (5b1 I Lo X! (y ))bEI(M) =1,
Then we have ;y = ;7' in H°(Gr(X’)). Therefore H°(Gr(F,v)) is dense. O

The following is our main result in this paper.

Theorem 10.5. Let X, X’ € Colax(/,k-dgCat). Assume that X is k-flat and that
there exists a tilting colax functor  for X such that there exists a zigzag chain of quasi-

equivalences between 7 and X' in Colax(I,k-dgCat) (the condition (2) in Theorem
10.3). Then Gr(X) and Gr(X') are derived equivalent.

Proof. Note that Gr(X) is also k-flat by definition of Gr(X). Let .7 be a tilting
colax subfunctor of per(X) with an I-equivariant inclusion (o, p): 7 < per(X). Put
(P, ¢) := (Px, ¢x) for short. Let 7’ be the full subcategory of per(Gr(X)) (which is a
subcategory of J#,(dgMod Gr(X))) consisting of the objects per(P(:))(U) with ¢ € I,
and U € 7 (i), which is called the gluing of .7 (i)’s.

We now show that .7’ is a tilting subcategory of per(Gr(X)). For a triangulated
category % and a class of objects ¥ in % denote by thick ¥ the smallest thick sub-
category of % containing ¥". Then for each i € Iy and x € X (i) we have

per(P(1))(X (i) (-, 2)) = X(i)(-,2)) @x( P(0)
= X(0)(- 7)) @x@) Gr(X)(-, P()(7))
= Gr(X)(, ()( )): r(X) (- ).
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Thus
Gr(X)(-,iw) = per(P(i)) (X (i) (-, z))
€ per(P(i))(thick 7 (7))
C thick{per(P(i))(U) | U € (i)}
C thick .7".

Therefore, thick 7" = per(Gr(X)), and hence .7 is a tilting subcategory of per(Gr(X)),
as desired. Hence Gr(X) and .7’ are derived equivalent by Keller’s Theorem [24, The-
orem 8.2| because Gr(X) is k-flat. Let (F,v) be the restriction of per((P,¢)) to 7.
Then by construction (F,v¢): 7 — A(7') is a dense functor, and it is an I-precovering
because so is

per((P, ¢)): per(X) — A(per(Gr(X)))
by Proposition 7.9. Thus (F,v) is an [-covering, which shows that 7" ~ Gr(7) by
Corollary 6.3. Since there exists a zigzag chain of quasi-equivalences between 7 and

X' in Colax(/,k-dgCat), we have a zigzag chain of quasi-equivalences between Gr(.7)
and Gr(X’) in k-dgCat by Proposition 10.4, and hence they are derived equivalent by
Theorem 8.1. As a consequence, Gr(X) and Gr(X’) are derived equivalent. O

The following is immediate from Theorems 10.3 and 10.5.

Corollary 10.6. Let X, X' € Colax([,k-dgCat). If X and X' are derived equivalent,
then so are Gr(X) and Gr(X’). O

For the special case that I = (G is a group, which has a unique object *, the theorem
above have the form below.

Definition 10.7. Let o/ and % be dg categories with G-actions.

(1) A tilting dg subcategory .7 for & is called G-equivariant if there exists a G-
equivariant inclusion (o, p): 7 — per(</).

(2) &7 and A are said to be G-quasi-equivalent if there exists a quasi-equivalence
(F,): o — % in Colax(G, k-dgCat).

Corollary 10.8. Let o/ and & be dg categories with G-actions, and assume that X
is G-quasi-equivalent to a G-equivariant tilting dg subcategory for of . Then the orbit
categories &/ |G and B|G are derived equivalent.

The following is easy to verify.

Lemma 10.9. Let C,C" be in k-dgCat. If C and C' are derived equivalent, then so
are A(C') and A(C"). O

Corollary 10.6 together with the lemma above and Example 5.2 gives us a unified
proof of the following fact.

Theorem 10.10. Assume thatk is a field and that dg k-algebras A and A" are derived
equivalent. Then the following pairs are derived equivalent as well:

(1) dg path categories AQ and A'Q for any quiver Q;
(2) incidence dg categories AS and A'S for any poset S; and
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(3) monoid dg algebras AG and A'G for any monoid G.
0

Theorem 10.3 together with Theorem 5.6 in [7] suggests us that the following would
be true.

Conjecture 10.11. Let X, X' € Colax(I,k-dgCat). Consider the following condi-
tions as in the theorem above.

(1) X and X' are derived equivalent.
(2) There exists a tilting colazx functor & for X such that 7 and X' are quasi-

equivalent in éfolax I, k-dgCat).
If X' is k-projective, then (2) implies (1).

We may even conjecture that the statement (2) implies the following (call this Con-
jecture 10.11'):

(15) X and X’ are standardly derived equivalent.

11. EXAMPLES

Remark 11.1. Let GG be a group, which we regard as a groupoid with only one object
x. Let (Q,W) be a quiver with potentials. Regard the complete Ginzburg dg algebra
f(Q, W) as a dg category with only one object, and a G-action on it as a functor
Xow: G — k-dgCat with X, w(*) = T(Q,W). Then Gr(Xgw) is nothing but
the orbit category (Q W) /G, which is also equivalent to the skew group dg algebra

(Q W)+ G, and is calculated as F(Qg, W¢) up to Morita equivaleces in the case that
G is a finite group in [30] (see also [20] for the finite abelian case). Therefore in this case

note that Gr(Xgw) is calculated as f(Qg, W¢) up to Morita equivalences. category
whose set of objects is given by Qy (resp. (Qg)o)-

11.1. Mutations, the complete Ginzburg dg algebras and derived equiva-
lences. In the example below we will use the constructions of mutations and the
Ginzburg dg algebras, and a “tilting” bimodule given by Keller-Yang. To make it easy
to understand these examples, we recall these constructions and fix our notations.

11.1.1. Mutations. Let () be a quiver. A path in @ is said to be cyclic if its source and
target coincide. A potential on ) is an element of the closure Pot(k@) of the subspace
of k@ generated by all non-trivial cyclic paths in ). We say that two potentials are
cyclically equivalent if their difference is in the closure of the subspace generated by
the differences a1 ---a, — ay - C- Q50 for all cycles a; - --as in Q.

The complete path algebra k() is the completion of the path alge/b\ra k@ with respect
to the ideal generated by the arrows of ). Let m be the ideal of k() generated by the
arrows of Q). A quiver with potential is a pair (Q), W) of a quiver ) and a potential W
of @ such that W is in m? and no two cyclically equivalent cyclic paths appear in the
decomposition of W.

A quiver with potential is called trivial if its potential is a linear combination of
cyclic paths of length 2 and its Jacobian algebra is the product of copies of the base
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field k. A quiver with potential is called reduced if 9,W is contained in m? for all arrows
a of Q.

Let (Q',W’) and (Q",W") be two quivers with potentials such that @)’ and Q" have
the same set of vertices. Their direct sum, denoted by (Q', W') & (Q", W"), is the new
quiver with potential (Q, W), where @) is the quiver whose vertex set is the same as
the vertex set of @' (and (") and whose arrow set is the disjoint union of the arrow
set of () and the arrow set of Q”, and W =W’ + W".

Two quivers with potentials (Q, W) and (Q', W') are right-equivalent if Q) and @)’ have
the same set of vertices and there exists an algebra isomorphism ¢ : k@) — kQ' whose
restriction on vertices is the identity map and ¢(W) and W’ are cyclically equivalent.
Such an isomorphism ¢ is called a right-equivalence.

For any quiver with potential (Q, W), there exist a trivial quiver with potential
(Qtri, Wiri) and a reduced quiver with potential (Qreq, Wieqa) such that (@, W) is right-
equivalent to the direct sum (Qtri, Wi ) B(Qred, Wiea). Furthermore, the right-equivalence
class of each of (Qyi, Wiri) and (Qred; Wiea) is uniquely determined by the right equiv-
alence class of (Q,W). We call (Qui, Wiyi) and (Qrea, Wiea) the trivial part and the
reduced part of (Q, W), respectively.

Definition 11.2. Let (Q, W) be a quiver with potential, and ¢ a vertex of (). Assume
the following conditions:

(1) the quiver @) has no loops;

(2) the quiver @) does not have 2-cycles at i;

(3) no cyclic path occurring in the expansion of W starts and ends at i.

Note that under the condition (1), any potential is cyclically equivalent to a potential
satisfying (3). We define a new quiver with potential ;(Q, W) = (Q',W’) as follows.
The new quiver ) is obtained from () by the following procedure:

Step 1: For each arrow [ with target ¢ and each arrow « with source 2, add a
new arrow [a3] from the source of § to the target of « .

Step 2: Replace each arrow o with source or target ¢ with an arrow o* in the
opposite direction.

The new potential W’ is the sum of two potentials W] and WJ, where the potential
W7/ is obtained from W by replacing each composition a8 by [a/5], where § is an arrow
with target ¢, and the potential W3 is given by

Wy= > [aB]Ba",
a,BeQ1

where the sum ranges over all pairs of arrows a and f such that [ ends at ¢ and «
starts at ¢. It is easy to see that z;(Q, W) satisfies (1), (2) and (3). We define 1;(Q, W)
as the reduced part of j1;(Q, W), and call p; the mutation at the vertex i.

11.1.2. The complete Ginzburg dg algebras.

Definition 11.3. Let (Q, W) be a quiver with potential. The complete Ginzburg dg

algebra T(Q, W) is constructed as follows [18]: Let Q be the graded quiver with the
same vertices as () and whose arrows are
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e the arrows of @) (they all have degree 0),
e an arrow « : j — ¢ of degree —1 for each arrow « : 7 — j of @,
e aloop t; : i — i of degree —2 for each vertex i of ).

The underlying graded algebra of f(Q W) is the completion of the graded path algebra
kQ in the category of graded vector spaces with respect to the ideal generated by the
arrows of Q Thus, the n-th component of F(Q W) consists of elements of the form
Zp App with A, € k, where p runs over all paths of degree n. The differential of r (Q,W)
is the unique continuous linear endomorphism homogeneous of degree 1 which satisfies
the Leibniz rule

d(uv) = d(u)v + (—1)Pud(v),

for all homogeneous u of degree p and all v, and takes the following values on the
arrows of ():

e da = 0 for each arrow a of @),

e d(a) = 0,W for each arrow a of @,

o d(t;) = e;(>_,[a,a*])e; for each vertex i of @), where e; is the trivial path at i
and the sum is taken over the set of arrows of Q).

Remark 11.4. We regard the complete Ginzburg dg algebra f(Q, W) as a dg category
as follows.

e The objects are the vertices of @ (namely the vertices of Q).

° f(Q, W) (i, 7) == ejf(Q, We; for all objects i, j.

e The composition is given by the multiplication of f(@, Ww).

e The grading and the differential are naturally defined from those of the dg
algebra structure.

The following lemma is an easy consequence of the definition (cf. [27, Lemma 2.8]).

Lemma 11.5. Let (Q,W) be a quiver with potential. Then the Jacobian algebra
Jac(Q, W) is the 0-th cohomology of the complete Ginzburg dg algebra I'(Q, W), i.e

Jac(Q, W) = HY(T(Q, W)).

11.1.3. Derived equivalences. Let (Q, W) be a quiver with potential and 7 a fixed vertex
of Q. We assume (1),(2) and (3) as above. Write 1;(Q, W) = (Q',W’). Let I' =
D@, W) and I'" = I'(Q',W’) be the complete Ginzburg dg algebras associated to
(Q,W) and (@', W'), respectively. We set P; = ¢;I" and Pj = e;I" for all vertices j of
Q.

We cite the following from [27, Theorem 3.2| without a proof.

Theorem 11.6. There is a triangle equivalence

F: 2(dgModT") — 2(dgModT)
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which sends the P; to P; for j # i, and sends P; to the cone T; over the morphism

a+— Z €i(a) X,

a€Q1,s(a)=i
The functor F restricts to triangle equivalences from per(I') to per(I') and from Psq(1")
to .@fd(l“).
The proof is based on a construction of a I'-I'-bimodule 7', and F' is defined by

L
F:=(F&rT: 2(I'") - 2(I'). We recall the construction of 7" by Keller-Yang below.
As a right I'-module, let T" be the direct sum of 7; and P; for all j € @y with j # i.
A left I"-module structure on 7" will be defined in the next proposition. To this end

we define a map f:{e; | j € Qo} U (@)1 — Endp(T) as follows. First, we set
f(ej) :== f;j : T; — T} to be the identity map for all j € Qo.

We denote by A, the left multiplication z — ax by a below when this makes sense,
and by ey; the unique idempotent in I' such that ex;,I' = ¥ P, = B;[1], the shift of P,
for all i € Q.

Let o € Q1 with s(a) = 4. Then define fo+ : Tyo) — T; of degree 0 as the cannonical
embedding T}y = Pi) = T;, that is,

for = Aesa) : Tho) = T, a = eya)a.
Define also the morphsim fg= : T; — T}, of degree —1 by
fallesdai+ Y ewpay) = —ata;— Y apa,
PEQ1,s(p)=i PEQ1,5(p)=1i
Let § € Q, with ¢(3) = i. Then define the morphism fg- : T; — T of degree 0 by
fﬁ*((egi)ai + Z et(p)ap) = —Bai — Z (8PBW)ap.
PEQ1,s(p)=1 pEQ1,5(p)=i

Define also the morphsim fz : Ty — T of degree —1 as the composite of the
morphism Ay, 5: T3y — XP; and the cannonical embedding X P; < Tj, that is,

fﬁ—* = Ay, - sy — 1i,  a ex;fa.
Let a, € @ with s(a) = 4,t(5) = i¢. Then define
Jiop) = Aap : Togy = Tia), @+ afa.
and
fm = 0:Tya) = Typ)-
Let v € Q1 be an arrow not incident to 7. Then define
fyi= A Tayy = Ty, avna,
fv =X Ty = Ty, ar 7ya.
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Let j € Qp with 7 # 7. Then define
ft;, =N, T =15, avwtja.

It is a morphism of degree —2. Finally, define f;; as the linear morphism of degree —2
from T; to itself given by

fullesai + ) epap) = —esiltias + Y pay).

pEQn,s(p)=1 pPEQ1,s(p)=1

By [27, Proposition 3.5] we have the following.

—

Proposition 11.7. The map f: {e; | j € Qo}U(Q’')1 — Endr(T") defined above extends
to a homomorphism of dg algebras from I'" to Endp(T). In this way, T becomes a left
dg I"-module, and also a dg I"-TI"-bimodule. O

11.2. Examples.

Example 11.8. Let (Q, W) be the quiver with potential given as follows:

C1 b2
N LN
o1
b " ay ) 5 C2
[54 62[

03
cy - ay as % b
N NS
b4 C3

W = 84050201 + Zle viBic;. If we do mutations at ¢; and ¢z for (Q, W), we get the
following quiver with potential (Q', W)

C1 b2
VN L N
/l\ 51

by R —— ] | a2 C2
B2
[B1a1]
04 oo
(B3]
43 —
Cy 5 Qy as—__ > b3
N “
B3 ag

b4 C3

W' = 64030201 + 71[Braa] + vs3[Bsas] + 12fo0n + Yabacy + [Fraq]ai B + [Bsas]ad b5
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The reduced part (Q’ ) of (Q',W') is given as follows:

red>
C1 by
01
bl ay a e Co
03
Cq Q4 as b3
B4
w V
B3 ag
ba C3

fed = 04030201 + Y220y + YuBacuy + [Brou]a B + [Bsas]asfs.

Consider the cyclic group G of order 2 with generator g, and define a G-action
on (Q,W) as a unique quiver automorphism induced by the permutation of indexes
i=1,2,3,4:

i—i—2 (mod 4). (11.14)

Then the quiver with potential (Qq, W) is given as follows:
C1 b2
% B ’7, Cl(/
PN
by ~ ay — a2 5 C2

Wa = (80)? + 2yBa + 29/8'a’. Define also a G-action on (Q’ " 4) by the same

red’

permutation of indexes as (11.14). Then the quiver with potential ((Q..q)c; (Wiq)c)

is given as follows: '
/ \ L / \

a2<—02

(Wiea)e = (0'0)% +2/B'e/.

If we do mutations at ¢; and ¢ for (Q, W), then we do mutation at ¢; for (Qg, We).
Then the reduced part of p., (Qc, W) coincides with ((Qleg)a, (Wlg)e). Indeed, the
quiver with potential p., (Qg, W¢) is the following

G

%\ A

-
bl\_/7a1 2<—02

[Ba]
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e, (W) = (8'0)% + 2v[Ba) + 2/ '’ + 2[Ba]a* B*. The potential is not reductive, so we
have the following quiver with potential

C1 b2
(7 B* o o
\ ) / \
by a : a2
1)

2 “

pe,(Wg) = (88)* + 2¢/8a’. Hence by Keller-Yang’s result [27, Theorem 3.2 (b)]
the Ginzburg dg algebras of (Qg, W¢) and ((Qleq)as (Wieq)e) are derived equivalent.
On the other hand, by Remark 11.1 we know that Gr(Xgw) is Morita equivalent
to f(Qg, We¢), and Gr(Xg w) is Morita equivalent to f(Q’G, W{,), and which is iso-
morphic to I'(( ), Wl )e) by Keller—Yang |27, Lemma 2.9] because (@', W') and
(Qhoqs Wi.q) are right-equivalent. As a consequence, Gr(Xg w) and Gr(Xg w) are de-
rived equivalent. The same conclusion can be obtained from our result Corollary 10.8
as in the next example.

Example 11.9. Let (Q, W) be the quiver with potential given as follows:
1
/X
2 6
v N

3 4 5,

as a4

W = asaqazaza1a6.

Let I = {1,3,5}. Mizuno [32] defined successive mutation p;(Q,W) = pus o us o
w1 (Q, W) = (@', W’) given by the quiver with potential as follows:

1
N\

2=——6
. [a1ae] ,
a2 as
/[GSA /wd\

3 B 5,
as ay
W' = [araglagal + [azas]asal + [asas]ayar + [asaa][asas]arag).

By [32, Theorem 1.1], the Jacobian algebras Jac(Q, W) and Jac(Q', W’) are derived
equivalent.

(1) Consider the cyclic group G of order 3 with generator g, and define the action of
gon (Q,W) by i+ i—2and a; — a;_o (modulo 6). Therefore, we have

Gal = {a17a57a3}7Ga2 = {CLQ,(ZG,CL4}.
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In this case (Qg, W¢) is the quiver with potential given as follows:

1< =2
—

We = (Ba)’.
(2) Next we define the action of g on (Q’, W’) by
i 1—2, a v a’_y, and [a;a;45] — [a;_2a;43] (mod 6)

foralli=1,...,6.
Therefore, we have

Gay = {a], a5, a3}, Gay = {a3, ag, aj}.
In this case (Qg, W{) is the quiver with potential given as follows:

X
Gaj

G1

GQ\) Glagai]

Gaj
W = 3Glagar]G(a7) G (ag) + G ([asar])’.

Here the Jacobian algebras Jac(Qg, W) and Jac(Qf, W/,) are representation-finite,
selfinjective algebras, and by the main theorem in [3], they are derived equivalent
because their derived equivalence types are the same. By Keller-Yang’s result [27],
the complete Ginzburg dg algebras I'(Q, W) and I'(Q', W’) are derived equivalent as
dg algebras. By using Corollary 10.8, we will show that F(Q W)/G and F(Q’ WG
are derived equivalent as dg algebras Therefore the complete Ginzburg dg algebras
f(Qg,WG) and f(QG,WG) are derized equivalent as dg alg\ebras by Remark 11.1.
We set TV := D(p1(Q. W), T® = Tyt 0 i (Q W), I := T(p1s 0 pi 0 112 (Q, W) =
[(Q',W'). Then Keller-Yang’s theorem (Theorem 11.6) gives us the following derived
equivalences F3, Iy, Fy defined as (-) Q%p/ TG, (-) ép(z) T, (-) é)r(l) T using the
dg bimodules T, T® TM constructed as in Proposition 11.7, respectively. These
functors send objects as follows:

P (dgModT") By 9(dgMod r®) LEN 2(dgMod I'V) B, 9(dgMod )
Pis (PP =P?) — (PY S PYY (P Py) = T(5)
P PP G S PY) o (P PY =T
Pl PP — pY (P — Py) = T(1)
Pl PY — P = P=:T(i), (i = 2,4,6)

where P/ = ¢;1”, PZ-(Q) = eiF(z),Pi(l) = ¢,I'D for all i € Qp. Then F := Fy o Fyo Fy =
L L L
() @ T @pe) T® @pay TW is an equivalence from 2(dgModI”) to 2(dgModT).

L L
Here TG Rr@) 7@ Qr) 7MW is a dg I"-I'-bimodule and is isomorphic to the direct sum
T of the indecomposable objects T'(i), (i = 1,...,6) as a dg right [-module, by which
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we identify these and regard T as a dg I'-I'-bimodule. Let .7 be the full subcategory
of per(I') consisting of T'(1),7(2),---,7(6). We show that .7 is a desired tilting
subcategory for I.

Now since g acts on P; by 9P, = P;_5, (i = 1,...,6) by the G-action in (1) above, we
have 97(i) = T'(i — 2), (i = 1,...,6). On the other hand by the G-action in (2), g acts
on P/ by 9P/ =P, (i=1,...,6).

We construct a 1-morphism (F’,¢): [V — 7 that is a G-quasi-equivalence. To this
end we have to construct a quasi-equivalence F’: I" — 7 and a 2-quasi-isomorphism
o(a): T (a)o F' = F'oa in k-dgCat for each a € G (see Definition 9.6):

., > per(F)
l g//7 =) ““
— > per(D)

(It is trivial that the right square is strictly commutative). We now define F” as follows:
First recall the Yoneda embedding Y: IV — dgModI” is defined by Y (i) := I"(-,i) =

L
e;I" for all i € I, and Y (u) := I"(-, ) for all p € I'}. Let aps: IV @ M — M be
the usual natural isomorphisim for all I"-I"-bimodule M. This yields the isomorphism

L
e;onr: eI @ M — e; M for each i € I'j; that is natural in ¢ and in M. Note that the
naturality in ¢ means that for each f: i — j in IV, we have a commutative diagram

L e;a N
€Z'F/ (S M — €Z‘M

PeﬁéwML ‘M“ﬂ
L
€jF, R M ejTM) €jM.

e

We then define F’ := FoY: I' — per(I') C Z(dgMod '), thus F'(i) = e;I"” ®p/ T —
L
T(i) for all i € Qo, and F'(pu) =I"(-, p) @ T = A, 0 T(2) = T(j) for all p € I (4, j)
with i, 7 € I'). Thus we have a commutative diagram
F'(i) —=T(i)
F/(#)j j s
F(j) =5 10)-

Next we define a 2-quasi-isomorphism ¢(a): “F’ = F’a for each a € G. Let ¢ €
Iy, and a € G. Then the isomorphism e;ar: F'(i) — T(i) yields isomomrphisms

“(F'(1)) o), “T(i) = T(ai), and F'(ai) <“*T T'(ai). Thus we have an isomorphism
¢i(a) := (eqiar) o “(esar): “(F'(1)) — F'(ai).

We then define ¢(a) := (¢i(a))ier;: “F' = F'a for all a € G and ¢ := (¢(a))acc-

Claim 1. The pair (F', ¢) is a 1-morphism I'" — 7 (see Definition 2.4).

ezaT
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Indeed, because F’(7) is clearly a dg-functor, it suffices to show that ¢(a) is a 2-
morphism in k-dgCat for each a € G. Namely, we have to show the commutativity of
the diagram

() 24 P (au)

aF’w)j l”‘“‘)

aF/(’U) ¢U_W)) F’(CZU)

for all u: w — v in I} and a € G. It suffices to show the commutativity of this only for

a = g and for all u € @/’1. Therefore finally we have only to show the commutativity
of the diagram

u) <=— F'(gu) (11.15)
IF () j lgT(u) lT(gu) lF’(gu)
IF (v) 7z 9T (v) T(gv) 7 F'(gv)

for all p € @71. We check this only for three cases below. The remaining cases are
checked similarly, and is left to the reader.
Now the quivers of IV, T'® ') T are given as follows:
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a as
az ag
(3 4 5 _)ts
z @) z
tq

ai ae

2}
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Case 1. pu = a; € @ for some ¢+ = 1,...,6, say ¢« = 1. Then up to Yoneda

9(-
embeddings (for the first three correspondences) we have af & ay R ay 4 Jay = faz-
Since we have commutative diagrams

F'(2) 225 7(2) T(6) <<~ F'(6)
F’(a{)l lfa; and lfag lF’(aE) ;
F/(1> WT(l) T<5) WF,<5)

we have a commutative diagram:

9(e2ar)
—_—

9F'(2) IT(2) ==1T(6) F'(g2)
9F’(a{)l jgfa’l‘ lfga){ lF’(ga*{)
gF,(]')g(mTT.)gT(l> - T(5) e 1QTF/(91)7

and hence (11.15) is verified in this case.
Case 2. p = af € @ for some i = 1,...,6, say i = Then up to Yoneda

1.
embeddings (for the first three correspondences) we have aj & af B a; i Jax i, faz
Since we have commutative diagrams

F'(1) 225 7(1) T(5) << F'(5)
F’(a’{)l lf; and lfa; lF/(ag) 7
F/(2> W T(Q) T<6) m F/<6)
we have a commutative diagram:
1F'(1) LT (1) — T(5) <" Fr(g1)
9IF'(a7) l j“"fcq lfga; lF/(ga“I)
IF'(2) —=9T(2) =="T(6) <—- I'(92),
g(elaT) €g20T

and hence (11.15) is verified in this case.

Case 3. u=t; € Q forsomei=1,...,6,say? = 1. Then up to Yoneda embeddings
(for the first three correspondences) we have t; i t ik} ty i ft/ ft/ Therefore we
have 9F'(t1) = fy = F'(t5) = F'(gt1). Hence 9(F"(t1)) = F’ (gtl)

Since we have commutative diagrams

F'(1) ==~ T(1) T(5) < F'(5)
F’(h)l lft’l and Lftg lF’(ts) ,
F'(1) o= 1(1) T(5) <o F'(5)
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we have a commutative diagram:

9(erar) egror
—_—

IF'(1) T(1) ==T() ~——F"(g1)

gF’(tl)l jgftfl lfgtfl lF’(gtl)

IF'(1) o YT (1) ==T(5) ;5. F7(91),

ealaT €grar

and hence (11.15) is verified in this case. We check the conditions (a) and (b) in
Definition 2.4.

Verifications of (a): This is equivalent to the equation that ¢(1) = 1z, which
follows from the construction of ¢ and the fact that both IV and .7 have strict G-
actions.

Verification of (b): This condition is equivalent to saying that the following dia-
gram is commutative:

oo (F(i))) L Lo ((F(ai)))
i) (D)
ne F,(jbz(i)) b (11.16)

foralla,b € G and i € T',. By definition of ¢;(a), the following diagram is commutative:

*(e;ar)

“(F'(i)) —“T(i)

¢¢(a)l

F'(ai)

T(ai).

€aiXT

This yields the following commutative diagram:
(O (F(0) ") 5
i |
*(F'(ai))
¢a¢(b)l
F'(bat)

¢i(ba)

€b(ai) T

Somron) b(Thai))
T(b(ai))

<29 B (bai),
v

which shows the commutativity of the diagram (11.16).
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It remains to show that (F’,¢) is a quasi-equivalence. Namely we have to show the
following claims:

Claim 2. F’ is an isomorphism, and hence a quasi-equivalence.

Indeed, we regard I as a dg category following Remark 11.4. For each i € )y, we
have F'(i) = T'(i). Hence F’ is bijective on objects. Moreover, for each 7,5 € Qy, we
have a commutative diagram

2(dgMod I')(I"(-,7),T"(-, j)) —— 2(dgMod I')(F (i), F(j))

d |

(4, 7) T (F'(1), F(7)),

Fl
where Y and F above are bijective. Hence F’ above is bijective.

Claim 3. ¢(a) is a 2-quasi-isomorphism for alla € G, i.e., T (-, ¢;(a)): T (-, F'(i)) —
T (-, F'(ai)) is a quasi-isomorphism in dgMod .J for all a € G and i € IY,.

Indeed, by construction ¢;(a): *F'(i) — F'(a?) is an isomorphism in 7. Therefore
T (-, ¢i(a)) is an isomorpism in dgMod .7, and thus it is a quasi-isomorphism.

As a consequence, f(Qg, W¢) and f( o, W) are derived equivalent. Note that the
quivers with potentials (Q¢, W¢) and (Qf, W(,) are not mutated from each other in
this case. Therefore we cannot apply [27, Theorem 3.2| by Keller-Yang to have this
derived equivalence.

To give an example of the case that the category I is not a group, we need to give
how to compute the Grothendieck construction of a functor X : I — k-dgCat at least.
This will be done in the forthcoming paper, which will include such an example.
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