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EXTRIANGULATED CATEGORIES,
HOVEY TWIN COTORSION PAIRS
AND MODEL STRUCTURES.

Hiroyuki Nakaoka and Yann Palu

Résumé. Nous proposons une généralisation simultanée de la notion de
catégorie exacte et de celle de catégorie triangulée, qui est bien adaptée a
I’étude des paires de cotorsion, et que nous appelons catégorie extriangulée.
Les sous-catégories pleines, stables par extension, d’une catégorie triangulée
sont également des exemples de catégories extriangulées. Nous montrons
une correspondance bijective entre certaines paires de cotorsion, que nous
appelons paires de cotorsion jumelles de Hovey, et structures de modele ad-
missibles, généralisant ainsi la correspondance de Hovey. En passant a la
catégorie homotopique, cette approche permet de relier certaines localisa-
tions a des quotients par des idéaux. Bien que ces structures de modele ne
soient généralement pas stables, nous montrons que la catégorie homotopique
est triangulée. Nous donnons ainsi un cadre naturel pour formuler les notions
de réduction et de mutation de paires de cotorsion, s’appliquant a la fois aux
catégories exactes et aux catégories triangulées. Ces résultats peuvent &tre
vus comme des arguments corroborant 1I’hypothese que les catégories extrian-
gulées sont une axiomatisation agréable pour écrire des démonstrations val-
ables pour les catégories exactes et pour les catégories (stables par extension
dans une catégorie) triangulée.
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Abstract. We give a simultaneous generalization of exact categories and
triangulated categories, which is suitable for considering cotorsion pairs, and
which we call extriangulated categories. Extension-closed, full subcategories
of triangulated categories are examples of extriangulated categories. We give
a bijective correspondence between some pairs of cotorsion pairs which we
call Hovey twin cotorsion pairs, and admissible model structures. As a conse-
quence, these model structures relate certain localizations with certain ideal
quotients, via the homotopy category which can be given a triangulated struc-
ture. This gives a natural framework to formulate reduction and mutation
of cotorsion pairs, applicable to both exact categories and triangulated cate-
gories. These results can be thought of as arguments towards the view that ex-
triangulated categories are a convenient setup for writing down proofs which
apply to both exact categories and (extension-closed subcategories of) trian-
gulated categories.

Keywords. Extriangulated categories, Quillen exact categories, triangulated
categories, cotorsion pairs, model structures, localisation, mutation.
Mathematics Subject Classification (2010). 18E10, 18E30, 18G55, 18E35,
18G15, 13F60.
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6.1 Shiftfunctor . . . . . ... ..o 54
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6.3 Triangulation . . . . ... ... ... .. ..., . 62
7 Reduction and mutation via localization 68
7.1 Happel and Iyama-Yoshino’s construction . . . . . . . . .. 68
7.2 Mutable cotorsion pairs . . . . . ... ..o 69

1. Introduction and Preliminaries

Cotorsion pairs, first introduced in [Sal], are defined on an exact category
or a triangulated category, and are related to several homological structures,
such as: t-structures [BBD], cluster tilting subcategories [KR, KZ], co-t-
structures [Pau], functorially finite rigid subcategories. A careful look re-
veals that what is necessary to define a cotorsion pair on a category is the
existence of an Ext! bifunctor with appropriate properties. In this article,
we formalize the notion of an extriangulated category by extracting those
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properties of Ext' on exact categories and on triangulated categories that
seem relevant from the point-of-view of cotorsion pairs.

The class of extriangulated categories not only contains exact categories
and extension-closed subcategories of triangulated categories as examples,
but it is also closed under taking some ideal quotients (Proposition 3.30).
This will allow us to construct an extriangulated category which is not ex-
act nor triangulated. Moreover, this axiomatization rams down the problem
of the non-existence of a canonical choice of the middle arrow in the ax-
iom (TR3) to the ambiguity of a representative of realizing sequences (Sec-
tion 2.2) and the exactness of the associated sequences of natural transfor-
mations (Proposition 3.3).

Let us motivate a bit more the use of extriangulated categories. Many
results which are homological in nature apply (after suitable adaptation) to
both setups: exact categories and triangulated categories. In order to transfer
a result known for triangulated categories to a result that applies to exact
categories, the usual strategy is the following (non-chronological):

(1) Specify to the case of stable categories of Frobenius exact categories.

(2) Lift all definitions and statements from the stable category to the Fro-
benius category.

(3) Adapt the proof so that it applies to any exact categories (with suitable
assumptions).

Conversely, a result known for exact categories might have an analog for
triangulated categories proven as follows:

(1) Specify to the case of a Frobenius exact category.
(2) Descend all definitions and statements to the stable category.

(3) Adapt the proof so that it applies to any triangulated categories (with
suitable assumptions).

Even though step (2) might be far from trivial, the main difficulty often lies
in step (3) for both cases. The use of extriangulated categories somehow
removes that difficulty. It is not that this difficulty has vanished into thin air,
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but that it has already been taken care of in the first results on extriangulated
categories obtained in Section 3.

The term “‘extriangulated” stands for externally triangulated by means of
a bifunctor. It can also be viewed as the mixing of exact and triangulated,
or as an abbreviation of Ext-triangulated. The precise definition will be
given in Section 2. Fundamental properties including several analogs of the
octahedron axiom in an extriangulated category, will be given in Section 3.

On an extriangulated category, we can define the notion of a cotorsion
pair, which generalizes that on exact categories [Hol, Ho2, Liu, S] and on
triangulated categories [AN, Nal]. Basic properties are stated in Section 4.

In Section 5, we give a bijective correspondence between Hovey twin
cotorsion pairs and admissible model structures. This result is inspired
from [Hol, Ho2, G], where the case of exact categories is studied in more
details. We note that an analog of Hovey’s result in [Hol, Ho2] has been
proven for triangulated categories in [Y]. The use of extriangulated cate-
gories allows for a uniform proof.

As aresult, we can realize the associated homotopy category by a certain
ideal quotient, on which we can give a triangulated structure as in Section 6.
This triangulation can be regarded as a simultaneous generalization of those
given by Happel’s theorem on stable categories of Frobenius exact categories
and of Iyama-Yoshino reductions, and gives a link to the one given by the
Verdier quotient. As a consequence, the homotopy category of any exact
model structure on a weakly idempotent complete exact category is trian-
gulated. This result was previously known in the case of hereditary exact
model structures [G, Proposition 5.2].

With this view, in Section 7, we propose a natural framework to for-
mulate reduction and mutation of cotorsion pairs, applicable to both exact
categories and triangulated categories. Indeed, we establish a bijective cor-
respondence between the class of mutable cotorsion pairs associated with a
Hovey twin cotorsion pair and the class of all cotorsion pairs on the triangu-
lated homotopy category.

2. Extriangulated category

In this section, we abstract the properties of extension-closed subcategory of
triangulated or exact category, to formulate it in an internal way by means
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of an Ext’ functor. This gives a simultaneous generalization of triangulated
categories and exact categories, suitable for dealing with cotorsion pairs.

2.1 E-extensions

Throughout this paper, let & be an additive category.

Definition 2.1. Suppose % is equipped with a biadditive functor E: €°P x
¢ — Ab. For any pair of objects A,C' € ¢, an element 6 € E(C, A) is
called an E-extension. Thus formally, an E-extension is a triplet (A, 6, C').

Remark 2.2. Let (A, 6, C) be any E-extension. Since E is a bifunctor, for
any a € €(A, A") and c € €(C’',C), we have E-extensions

E(C,a)(0) € E(C, A") and E(c, A)(0) € E(C', A).
We abbreviately denote them by a0 and c*9. In this terminology, we have
E(c,a)(0) = c*a,d = a6  in E(C')A).
Definition 2.3. Let (A,0,C), (A’,¢',C") be any pair of E-extensions. A
morphism (a,c): (A,0,C) — (A’,0',C") of E-extensions is a pair of mor-
phisms a € € (A, A’) and ¢ € €(C, ") in €, satisfying the equality
a0 = c*d'.
We simply denote it as (a,c): § — ¢§'.

We obtain the category E-Ext(%’) of E-extensions, with composition and
identities naturally induced from those in ¢'.

Remark 2.4. Let (A, 0, C) be any E-extension. We have the following.

(1) Any morphism a € € (A, A’) gives rise to a morphism of E-extensions

(a,id¢): § — a.o.

(2) Any morphism c € € (C’,C) gives rise to a morphism of E-extensions

(ida,c): "0 — 0.
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Definition 2.5. For any A, C' € @, the zero element 0 € E(C, A) is called
the split [E-extension.

Definition 2.6. Let 6 = (A,9,C),0" = (A, ¢, C’) be any E-extensions. Let
CSCaC <<~ C'and A &2 Ad A 245 A be coproduct and product
in €, respectively. Remark that, by the biadditivity of E, we have a natural
isomorphism

E(CaC' A A)2E(C,A)aEC,A)aE(C, A) e E(C A).

Let0dd € E(CHC’, AdA’) be the element corresponding to (4, 0,0, ')
through this isomorphism.
If A= A"and C' = (', thenthe sum § + ¢’ € E(C, A) of §,¢" € E(C, A)
is obtained by
§+ 8 =E(Ac,Va)(0 D),

where A = [H:C%C@C,VA:[I 1]: Ao A— A

2.2 Realization of E-extensions
Let %, E be as before.

Definition 2.7. Let A,C' € ¥ be any pair of objects. Two sequences of

morphisms A -+ B % C and A 2 B Y Cin € are said to be
equivalent if there exists an isomorphism b € % (B, B’) which makes the
following diagram commutative.

We denote the equivalence class of A — B - C' by [A - B -4 (.

)

(1) Forany A,C € ¢, wedenoteas 0 = [A — Aad C oy C.

Definition 2.8.
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m/

(2) For any two classes [A —— B % (] and [A' X B N ',

m/

we denote as [A —» B -4 Cl@ [A 5 B N C'] the class
A A ™5 BoB ™% o
Definition 2.9. Let s be a correspondence which associates an equivalence
class s(0) = [A = B -5 (] to any E-extension 6 € E(C, A). This s is
called a realization of E, if it satisfies the following condition (). In this

case, we say that sequence A — B — C realizes 6, whenever it satisfies
s(6)=[A - B-L Q).
(x) Letd € E(C, A) and ¢’ € E(C’, A’) be any pair of E-extensions, with

xT

5(0) =[A 5 B L ), s(6) = [A Ny ; RN C"]. Then, for any
morphism (a, ¢) € E-Ext(%)(, '), there exists b € €' (B, B") which
makes the following diagram commutative.

AL

“i o \Lb o l (1)

A/?B’?O’

Remark that this condition does not depend on the choices of the represen-
tatives of the equivalence classes. In the above situation, we say that (1) (or
the triplet (a, b, ¢)) realizes (a, c).

Definition 2.10. Let %, E be as above. A realization of E is said to be
additive, if it satisfies the following conditions.

(i) Forany A, C € ¥, the split E-extension 0 € E(C, A) satisfies
5(0) = 0.
(ii) For any pair of E-extensions 6 = (A,0,C) and §' = (A', ¢, C"),
5(0®¢') =s() @ s(d) holds.
Remark 2.11. If s is an additive realization of E, then the following holds.

(1) Forany A,C € €, if0 € E(C, A) is realized by A =+ B - C, then
there exist a retraction v € € (B, A) of x and a section s € €(C, B)
of y which give an isomorphism [gﬂ :B— AaC.
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(2) Forany f € € (A, B), the sequence

1
A[;fJA@B“—llB

realizes the split E-extension 0 € E(B, A).

2.3 Definition of extriangulated categories

Definition 2.12. We call the pair (E, s) an external triangulation of € if it
satisfies the following conditions. In this case, we call s an E-triangulation
of €, and call the triplet (¢, E, s) an externally triangulated category, or for
short, extriangulated category.

(ET1)
(ET2)
(ET3)

(ET3)°P

E: €°P x € — Ab is a biadditive functor.
s 1s an additive realization of E.

Let § € E(C,A) and &' € E(C’, A’) be any pair of E-extensions,

realized as 5(8) = [A - B - O], s(¢) = [4' =5 B 5 ().
For any commutative square in ¢’

A-"~B—>C
l o ib )
A — B — ('
x/ y/
there exists a morphism (a, ¢): 6 — &’ which is realized by (a, b, ¢).
Let § € E(C,A) and ¢ € E(C’, A’) be any pair of E-extensions,

1'/

realized by A -+ B - C'and A’ = B NYo respectively. For
any commutative square in €’

A% B2
bi o i

A/ ?_ B/ 7_ Cl

there exists a morphism (a, c): § — ¢ which is realized by (a, b, ¢).
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(ET4) Let (A,6,D) and (B, ¢, F') be E-extensions respectively realized by
AL B Dand B % ¢ %5 F. Then there exist an object
E € €, a commutative diagram

At
3)

o 9

-
e S
IS

|-}

=

A h

Q

n
! O

g

[ —
-
[

T
T

in ¢, and an E-extension 6" € E(F, A) realized by A UNYG) L/> E,
which satisfy the following compatibilities.

() D - E -5 F realizes E(F, f/)(8),
(if) E(d, A)(0") =,
(iti) E(E, f)(0") = E(e, B)(d").

By (iii), (f,€): 6" — 0’ is a morphism of E-extensions, realized by
(f.ide,e): [A -5 ¢ 25 Bl = B - ¢ -5 F).

(ET4)°? Dual of (ET4) (see Remark 2.22).

Example 2.13. Exact categories (with a condition concerning the smallness)
and triangulated categories are examples of extriangulated categories. See
also Remark 2.18. We briefly show how an exact category can be viewed
as an extriangulated category. As for triangulated categories, see the con-
struction in Proposition 3.22. For the definition and basic properties of an
exact category, see [Bu] and [Ke]. Let A, C' € € be any pair of objects. Re-
mark that, as shown in [Bu, Corollary 3.2], for any morphism of short exact
sequences (=conflations in [Ke]) of the form

A-2-B-1-C

| o Jbo

A—B —C
T Yy

Y
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the morphism b in the middle automatically becomes an isomorphism. Con-
sider the same equivalence relation as in Definition 2.7, and define the class
Ext!(C, A) to be the collection of all equivalence classes of short exact se-
quences of the form A — B — C. We denote the equivalence class by
[A 2 B %5 (1] as before.

This becomes a small set, for example in the following cases.

e % is skeletally small.
e % has enough projectives or injectives.

In such a case, we obtain a biadditive functor Ext!: €°° x € — Ab, as
stated in [S, Definitions 5.1]. Its structure is given as follows.

- Forany 6 = [A - B % C] € Ext'(C, A) and any a € €(A, A'),

take a pushout in %, to obtain a morphism of short exact sequences

A-2-p-2LC

Jro o],
A= M —C

This gives Ext'(C, a)(0) = a0 = [A" ™% M - C.

- For any ¢ € %(C',C), the map Ext'(c,A) = ¢*: Ext'(C,A) —
Ext!(C’, A) is defined dually by using pullbacks.

- The zero element in Ext'(C, A) is given by the split short exact se-
quence
1
0= 2 apc .

For any pair §; = [A =% B, 2% C),6, = [A = B, & () €
Ext!(C, A), its sum &, + &, is given by the Baer sum

ALV A) (61D 8) = AL(VA([ADAES B @ B, "% C o C)).
This shows (ET1). Define the realization 5(5) of § = [A - B % (]

to be ¢ itself. Then (ET2) is trivially satisfied. For (ET3) and (ET4), the
following fact is useful.
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Fact 2.14. ([Bu, Proposition 3.1]) For any morphism, (x) below, of short
exact sequences in €, there exists a commutative diagram (xx) whose middle
row is also a short exact sequence, the upper-left square is a pushout, and
the lower-right square is a pullback.

I,/

Remark that this means a,[A -+ B - C] = ¢*[A' =5 B/ v, ).

A—2-p—YsC

JEENPN o PO | o |
al/ O \Lb <) l (#%) A —=3IM —C
A—B —C | o | pB |

AI?B,TC,

By Fact 2.14, (ET3) follows immediately from the universality of cok-
ernel. Similarly, (ET4) follows from [Bu, Lemma 3.5]. Dually for (ET3)°?
and (ET4)°P.

2.4 Terminology in an extriangulated category

To allow an argument with familiar terms, we introduce terminology from
both exact categories and triangulated categories (cf. [Ke, Bu, Ne]).

Definition 2.15. Let (¢, E, s) be a triplet satisfying (ET1) and (ET2).

(1) A sequence A — B 5 (' is called a conflation if it realizes some
E-extension § € E(C, A). For the ambiguity of such an E-extension,
see Corollary 3.8.

(2) A morphism f € %(A, B) is called an inflation if it admits some

conflation A~ B — C. For the ambiguity of such a conflation, see
Remark 3.10.

(3) A morphism f € ¥ (A, B) is called a deflation if it admits some con-
flation K — A -Ls B

Remark 2.16. Condition (ET4) implies that inflations are closed under com-
position. Dually, (ET4)°®P implies the composition-closedness of deflations.
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Definition 2.17. Let D C % be a full additive subcategory, closed under
isomorphisms. The subcategory D is said to be extension-closed if, for any
conflation A — B — C which satisfies A,C' € D, then B € D.

The following can be checked in a straightforward way.

Remark 2.18. Let (¢, E, s) be an extriangulated category, and let D C €
be an extension-closed subcategory. If we define Ep to be the restriction of
E onto D x D, and define sp by restricting s, then (D, Ep, sp) becomes
an extriangulated category.

Definition 2.19. Let (¢, E, s) be a triplet satisfying (ET1) and (ET2).

(1) If a conflation A - B - C realizes § € E(C, A), we call the pair
(A - B % C, ) an E-triangle, and write it in the following way.

A2 B Yot (4)

2) Let A = B L C Land A 2 B Y o 2, be any pair of
E-triangles. If a triplet (a, b, ¢) realizes (a,c): § — ¢ as in (1), then
we write it as

A—>B—">C-%~
al/ O \Lb O \Lc

A= B O g™
and call (a, b, ¢) a morphism of E-triangles.

Caution 2.20. Although the abbreviated expression (4) looks superficially
asymmetric, we remark that the definition of an extriangulated category is
completely self-dual.

Remark 2.21. (ET3) means that any commutative square (2) bridging E-
triangles can be completed into a morphism of E-triangles. Dually for
(ET3)°P.

Condition (x) in Definition 2.9 means that any morphism of E-extensions
can be realized by a morphism of E-triangles.

In the above terminology, condition (ET4)°P can be stated as follows.
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Remark 2.22. (Paraphrase of (ET4)) Let D 25 A L B -%s and

' 5
F 25 B %5 C -5 be E-triangles. Then there exist an E-triangle

/

n’ h 8" . . .
E — A — C --» and a commutative diagram in €, as on the left
below, satisfying the compatibilities on the right:

D—+E—=F 1) D N SNy f’j‘i is an E-triangle,
D——A — (i1) &' = e, 0",
O
——C (i) d.0 = ¢*0".
3. Fundamental properties

3.1 Associated exact sequence

In this section, we will associate exact sequences of natural transformations

<
6

o

KR

C(x,—) 5t

¢(C,—) "B, )" g4, —) LB, -) S BB, -) "D (4, )
¢(— A" B e, o) Zr-, 4" (-, B)"YE(- )

to any E-triangle A — B -4 C 25 in an extriangulated category
(¢,E,s) (Corollary 3.12). Here, &; and & are defined in the following.

Definition 3.1. Assume % and E satisfy (ET1). By Yoneda’s lemma, any
E-extension 6 € E(C, A) induces natural transformations d;: €(—,C) =
E(—, A) and 6*: € (A, —) = E(C, —). Forany X € €, these (Jy)x and &%
are given as follows.

(1) (0y)x: €(X,0) = E(X,A); f s f*0.
2) 6% C(A, X) = E(C,X); g — g..

We abbreviately denote (0y) x () and 6% (g) by 4 f and 6*g, when there is no
confusion.
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Lemma 3.2. Assume (%, E, s) satisfies (ET1),(ET2),(ET3),(ET3)°?. Then

for any E-triangle A — B - C' —§+, the following hold:
(Dyox =0, (2)x.6(=6z)=0and (3)y*é(= dy) = 0.

Proof (1) By (ET2), the conflation 4 -% A — 0 realizes 0 € E(0, A).
Applying (ET3) similarly as for triangulated categories gives the result.

(2) Similarly, applying (ET3) we obtain a morphism of [E-extensions
(z,0): 6 — 0. Especially we have z,0 = 0. (3) is dual to (2). O

Proposition 3.3. Assume (%, E, s) satisfies (ET1),(ET2). Then the follow-
ing are equivalent.

(1) (¢, E,s) satisfies (ET3) and (ET3)°P.

. g .
(2) For any E-triangle A —— B - C' -=», the following sequences of
natural transformations are exact:

@) ¢(C,—) L ¢(B,-) g4, -) L E(C,-) L EB, )

in Mod(%’). Here Mod(%’) denotes the abelian category of additive
functors from € to Ab.

@-ii) C(—, A) (- B We(—,0) 2 E(—, A)"LE(-,B) in
Mod(€°P).

Remark 3.4. In the above (2-1), the category Mod(%€) is not locally small
in general. The “exactness” of the sequence in (2-1) simply means that

#
(0, X) Y @B, x) Y ¢4, x) 25 B, Xx) "2 BB, X)

is exact in Ab for any X € €. Similarly for (2-ii).

Proof of Proposition 3.3. First we assume (1). We only show the exactness
of (2-1), since (2-i1) can be shown dually. By Lemma 3.2, composition of
any consecutive morphisms in (2-1) is equal to 0. Let us show the exactness

/ f
of €(C, X) ““Y @B, x) Y w4, x) 2 E(C, x) Y BB, X)

forany X € %.
Exactness at ¢’(B, X) is shown similarly as for triangulated categories.
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Exactness at ¢'(A, X)

Let a € €(A, X) be any morphism satisfying &% (a) = a,6 = 0. This
means that (a,0): § — 0 is a morphism of E-extensions. Since s realizes
E, there exists b € %(B,X) which gives the following morphism of E-
triangles.

xT

A-2-pt-C-2>
a O lbo \L
X—=>X—0-7~

idx

Especially we have a = box = €(x, X)(b).
Exactness at E(C, X)

Let € E(C, X) be any E-extension satisfying E(y, X)(0) = y*0 = 0.
Realize them as E-triangles X —5 Y % ¢ -%sand X ™ 7 %5 B 5.
Then the morphism (idx,y): y*0 — 6 can be realized by () below

Xzt ptl AL-pL0-2 >
) | o o ] () ] o |
X—=Y—>C-7~ X—=Y—>C-7~

with some €' € € (Z,Y). Since y*0 splits by assumption, e has a section
s. Applying (ET3)°P to (xx*) above, we obtain a € %' (A, X) which gives a
morphism (a,id¢): § — 6. This means = a,d = ¢*a.

Conversely, let us assume (2) and show (ET3). Let A 2y B-L 2

xl

and A" 5 B s ¢ s be any pair of E-triangles. Suppose that we are
given a commutative diagram («) below.

A-2-p-Y-C A-2-B-Y-C-">
(@) al ¢ ib (B) a\L o ib’ o \Lc’
A’?B’?C” A’?B’?C’—y—>

Remark that E(—, z) o §; = 0 is equivalent to z,6 = 0 by Yoneda’s lemma.
(63)
Similarly, y"*¢’ vanishes. By the exactness of the sequence ¢ (C,C") LY

E(C, A') %) B(C, B') and the equality E(C, 2')(a.6) =a.a.0 = b,z,0=0
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there is ¢’ € €'(C, (') satistying a.6 = §;c = ¢*§". Thus (a,c): 6 — §'isa
morphism of E-extensions. Take its realization as in () above.

Then by the exactness of ¢’ (C, B') Tk ¢ (B,B’) v@R) ¢ (A B)
and the equality (b—b')ox = 2’ oa— 2’ oa = 0, there exists ¢’ € € (C, B’)
satisfying ¢’ oy = b — b'. If we put ¢ = ¢ + ¢/ o ¢, this satisfies

coy=coytyodoy=yoll+(yob—yol)=yob
0*6/ — Cl*él + C//*y/*5/ — CL*(S
Dually, (2) implies (ET3)°P. ]

The following two corollaries are direct consequences of the long exact
sequences of Proposition 3.3.

Corollary 3.5. Assume (%, E, s) satisfies (ET1),(ET2),(ET3),(ET3)°". Let

A-2-p-t-c-2>
“i o Lb o l (5)
A —F Bl Cm

be any morphism of [E-triangles. Then a factors through x if and only if

a,0 = ¢*¢' = 0 if and only if ¢ factors through 7/.
In particular, in the case § = ¢’ and (a, b, ¢) = (id, id, id), we obtain

x has a retraction < ¢ splits < y has a section.

Corollary 3.6. Assume (¢, E, s) satisfies (ET1),(ET2),(ET3),(ET3)°P. The
following holds for any morphism (a, b, ¢) of E-triangles.

(1) If a and c are isomorphisms in € (equivalently, if (a, ¢) is an isomor-
phism in E-Ext(%’) in Definition 2.3), then so is b.

(2) If a and b are isomorphisms in €, then so is c.

(3) If b and c are isomorphisms in %, then so is a.

Proposition 3.7. Assume (%, E, s) satisfies (ET1),(ET2),(ET3),(ET3)°” and

let A - B % C -2 be any E-triangle. If a € €(A,A') and ¢ €
- clo axc*s .

% (C’,C) are isomorphisms, then A’ 0 B Y o %Y is again an E-

triangle.
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/

Proof. Put s(a,c*0) = [A' = B’ N C']. Since (¢71)*(a.c*d) = (co
cYH*a,0 = a,d, we see that (a,c'): § — c*a,d is a morphism of E-
extensions. Take a morphism of E-triangles (a, b, c™!) realizing (a,c™').

/

Then b is an isomorphism by Corollary 3.6. Thus [A’ -+ B’ 2 C'] =
(A7 B o, O

Corollary 3.8. Assume (%, E,s) satisfies (ET1),(ET2),(ET3),(ET3)°P. Let

A2 B Y 0 - be any E-triangle. Then for any &' € E(C, A), the
following are equivalent.

(1) s(6) =s(d).
(2) 0" = a,d for some automorphism a € € (A, A) satisfying x o a = x.
(3) 0" = ¢*4 for some automorphism ¢ € € (C, C) satisfying coy = y.

(4) &' = a.c*6 for some automorphisms a € ¢’ (A, A) and ¢ € €(C,C)
satisfyingzoa =xand coy = y.

Proof. (2) = (4) is trivial. Similarly for (3) = (4). Proposition 3.7 shows
(4) = (1). The implications (1) = (2) and (1) = (3) follow from Corol-
lary 3.6. O

Definition 3.9. Assume (%, E, s) satisfies (ET1),(ET2),(ET3),(ET3)°".

(1) For an inflation f € € (A, B), take a conflation A L> B — C, and
denote this C' by Cone(f).

(2) For a deflation f € ¥ (A, B), take a conflation K’ — A L B. We
denote this K by CoCone(f).

Cone( f) is determined uniquely up to isomorphism by the following re-
mark. They are not functorial in general, as the case of triangulated category
suggests. Dually for CoCone( f).

Remark 3.10. Ler [ € € (A, B) be an inflation, and suppose

A0l At Lol
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are E-triangles. Then, by (ET3) applied to (ida,idg): f — [, there ex-
ists ¢ € €(C,C") which gives a morphism of E-triangles (id 4,idp, c). By
Corollary 3.6, this c is an isomorphism.

Proposition 3.11. Assume (%, E,s) satisfies (ET1),(ET2),(ET3),(ET3)°P.
Let A -5 B - ¢ -%> be an [E-triangle. Then, we have the following.

(1) If (¢, E, ) satisfies (ET4), then E(—, A) =2 E(—, BY"=YE(—, )
is exact.

(2) If (¢, E, 5) satisfies (ET4)°, then E(C, —) "2 E(B, )" E(4, )
1s exact.

Proof. (1) E(—,y) o E(—,z) = 0 follows from Lemma 3.2. Let X € % be
any object. Let # € E(X, B) be any E-extension, realized by an E-triangle
By 4 x By (ET4), there exist £ € ¢,6' € E(E, A) and a
commutative diagram which satisfies

A—"-B-t>(C s(yd) =[C 5 E S X],
ATI?T s(0)=[ALY 5 R,
X=—X 2.0 = e*0.

Thus if E(X,y)(0) = y.0 = 0, then e has a section s € € (X, E). If we put
p = s*0', then this satisfies E(x, X)(p) = z.s*0" = s*x,.0' = s*e*0 = 0.

(2) is dual to (1). Il
Corollary 3.12. Let (¢, E,s) be an extriangulated category. For any E-

. 6 .
triangle A —— B — C' --», the following sequences of natural transfor-
mations are exact.

(0, —) "B, )" a, ) Lrc, -) " m(B, -) R4, )
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Proof. This immediately follows from Propositions 3.3 and 3.11. [

The following lemma shows that the upper-right square of Diagram (3)
obtained by (ET4) is a weak pushout.

Lemma 3.13. Let (3) be a commutative diagram in €, where

! d*&// / 6/
AL pLptS . BLoLr-S
' 8" fid’
Ale g% DY Ep SR

are E-triangles, which satisfy e*y’ = f.d".
Then, for any commutative square y o [/ = x o g in €, there exists
z € € (F,Y) which makes the following diagram commutative.

. p

B
l id
C AN

—E

I
o D
xj \
Y
Proof. By (f16')%(y) = y. f.0' = 2.9.0' = 0 and the exactness of

BVAY
Z(E,Y) Y 2D, v) EY E(FY) >0,

there exists z; € € (E,Y) satisfying z; od = y. Then by (x — 2y 0h/) o g =
yo f'— z odo f' =0 and the exactness of

¢(F,Y) Y g v) Y ¢, y),
there exists zo € € (F,Y) satisfying 2z 0 ¢’ =  — 2 o h'. If we put z =
21 + 23 o e, this satisfies the desired commutativity. O]
3.2 Shifted octahedrons

Condition (ET4) in Definition 2.12 is an analog of the octahedron axiom
(TR4) for a triangulated category. As in the case of a triangulated category,
we can make it slightly more rigid as follows.
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Lemma 3.14. Let (¢, E, s) be an extriangulated category. Let
/ r 2l g g 5 h ho 8
A—B-—D-»B—C-—F-»A—C—E -
be any triplet of E-triangles satisfying h = g o f. Then there are morphisms

dy, ep in € which make the diagram below commutative, with the following
compatibilities:

f I’
)D B E, 9 F f200) is an E-triangle, A—>B——=D
SV
(i1) ds(éh) = 6f7 A o T T0> Ey
(iii) fu(0n) = €5(dy). F==F

Proof. By (ET4), there exist an object £ € %, a commutative diagram (3)

in ¢, and an E-triangle A BNy 5 —5—”+, which satisfy the following
e >{< 69 . . .o
compatibilities. (i) D —%5 E 5 F "% is an E-triangle, (i) d*(8") = oy,

(iii") f.(6") = e*(d,). By Remark 3.10, we obtain a morphism of E-triangles

At

| o | o)

A‘>C">Eoff>-
ho S

in which u is an isomorphism. In particular we have 6" = u*(d;,). If we put
dy = uod and ey = eou™!, then the commutativity of (6) follows from that of

(3). By the definition of the equivalence relation, we have [D Dy By 2
F] = [D -5 E -5 F). Ttis straightforward to check that (),Gi),(iii’)
imply (i),(ii),iid). O
Proposition 3.15. Let (¢, E,s) be an extriangulated category. Then the
following (and its dual) holds.

Let C be any object, and let A, —» B, 25 C —5—1+, Ay 22 By 2

b . ) . o .
C -5 be any pair of E-triangles. Then there is a commutative diagram in ¢
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which satisfies:

Ay == Ay
E(y;(;l) - [A1 nl} M 3 BQ], mzl O im
s(yida) = [A2 ™3 M 3 By, A2 M 2B,
m1*51 + m2*52 = 0. O €2l O iyz (7)

A1 T1> B1 *)yl C

Proof. By the additivity of s, we have s(0; & 6,) = [41 & Ay % B, @

B, "% 0o C]. Let A i/&l &) Agé Ay be a biproduct in €. Put
p1 P2

= (Acg)*(61 @ d2) and take s(pu) = [A; @ Ay SERY LN C]. Then p

satisfies
psfh = 01 and po.pr = do. ®)

Applying (ET4) to s(0) = [4; 5 A & Ay = Ay] and s(p) = [4; @
Ay L ML C], we obtain B}, € ¢, 0, € E(B), A;) and a commutative
diagram such that:
A5 A @ Ay Ay
O jl O lxg 5(pospt) = [Asg 2, By 2 1,
Alﬁ'M?Bé 13;01:0,
kl O ly’

C=——=C

s(60) = [A, ™ M L By,

M

and (¢q,idyz, y4) is a morphism of E-triangles. Especially, we have an equal-
ity y5" 1o = ¢1.0,. In particular, we have

[Ay 25 By 25 O = 5(8) = [A3 =2 B, 5 O,

Thus there is an isomorphism by € € (B,, B)) satisfying by 0 x9 = , and
Yy 0 by = yo. If we pute; = by ' o), then s(b30;) = [A] =5 M = By
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by Proposition 3.7. Thus we obtain a commutative diagram (a) below

A=A Ay Ay Ay 2 A @ A= A

(a) O jl O J{xz (b) O jl O im
Ay == M —> By Ay == M —> By

kJ{ O iyz kl O lm

C=——=C C=——=C

which satisfies y36; = biysprap = biprysn = biprii1.0; = b30;. Thus
we obtain s(y36;) = [A; > M - By)]. Similarly, from s(0) = [4; —>

Ao A, B Aands(p) = [AL @ Ay 2 M LN C], we obtain a
commutative diagram (b) above, which satisfies s(y;ds) = [Ay — M =+
Bl]. Sinceegoml :€QOjOL1 = X10P1 Ol =T1,€10M2 = €1 OjOLQ =
ToOPgOly = Ty and ys 0 e; = k = y; o ey, diagram (7) is commutative.
Moreover, we have

M1 +mMobs = Ju (11201 +12:02) = ju ((L1op1)s+ (20pa)s) (1) = japr = 0
by (8) and Lemma 3.2. O

Corollary 3.16. Let z € €' (A, B), f € € (A, D) be any pair of morphisms.
If z is an inflation, then so is [i } € ¢(A, D @ B). Dually for deflations.

Proof. Let A = B L C %5 be an E-triangle. Realize f.0 by an E-

e *5 o, . .
triangle D 4 p S —f—+. By Proposition 3.15, we obtain a commu-
tative diagram (), below, made of E-triangles satisfying m.d + k. f.0 = 0.
Since y* f.0 = fuy*0 =0, we may assume M = D @ B, k= [}],¢=1[01],

k %
and take p € ¥ (M, D), i € €(B, M) whichmake D —= M == B
P ¢
a biproduct. By the exactness of €' (B, M) v C(A, M) LN E(C, M)
and the equality 6*(m+ko f) = m,0+k, f.0 = 0, there exists b € €' (B, M)

satisfying b o x = m + k o f. Modifying A —~+ M -~ E by the automor-
phism

| =1 pob | | -1 0 . _ =~
n—{ 0 1 }—{ 0 1}0(1dM—k:opobo€).M—>M,
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eon

we obtain a conflation A 253 D & B —> FE'. Then, since

po(nom) = —po(idy —kopobol)om
= pokopobolom—pom
= poboxr—pom = pokof = f

and fo(nom) = fo(idyy —kopobol)om = {om = z, we have

T
A——A
Dt BE*J}(L
l@ :
DT>E'4>C—f*—§>
e*d é

|
|
¥

]

/ )
Proposition 3.17. Suppose we are given E-triangles D NEANY/ I AN e ’,

! dg ! . .
AL B L Fr-% B B R satisfying b’ o g = f'.
Then there is an E-triangle D BNy N R which makes diagram (9)
commutative in ¢ and satisfy the following equalities:

f/

p—lt-a-L.c
(i) d.(67) = on, ’ l ©)
(ii) £.(6) = 4, E$BL0
(ifi) ¢ (8) + b (67) = 0. l l

F—=F

Proof. By axiom (ET4), we have two E-triangles D ®hp % gt
and O % G -+ F -“» which make the following diagram commutative
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D—f>

Af%c
DB
jo—

G

F

and satisfy f.(,) = v, b*u=90s, c*(d,) = fip. Itfollows from Lemma 3.2
that v = f/(6,) = hl.g.(dy) = 0. Thus, up to equivalence, we may assume
G=C®F,b=[}], c =]01] from the start. Then a = [5.]: B —
G = C @ F satisfies a; o g = f" and ay = ¢’ by the commutativity of (10).
Since b’ — a; € € (B, C) satisfies (' —ay) o g = f' — f' = 0, there exists
z € €(F,C) satisfying z o ¢’ = ' — ay. Put 2/ = [ 7]. Applying the dual
of Lemma 3.14 to the following diagram (x) made of E-triangles,

(=

(10)

gof

E F D—FE——F
N L

o
(*) DW)BHG——> (**) DW)BT)G
I O J{[l 2] 1% O [12Z]
—C

we obtain an E-triangle D 4 B %5 F -%5 which makes diagram ()
above commutative, and satisfies § = z*u, d.u = [1 z]*(d). Then the
commutativity of (9) can be checked in a straightforward way. Let us show
the equalities (i),(i1),(iii).
(i) follows from d,(d¢) = d.b*p = b*[1 2]*(dn) = ([1 2] 0 b)*(0p) = 6.
(ii) follows from the injectivity of E(c, A) = ¢* and

C*f*(g) = c*f*z,*p = f*(z/oc)*lu

*

= 20 7| w=ra-venay
= L= LG = fa— LA = fon = ¢(0,).
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(i11) follows from

g (O0) +h"(6p) = ¢" " p+h"b = <[_Zg<’) gl] + [(})L/D*“
- [3/% =ap =0

]

As in Example 2.13, an exact category (with some smallness assump-
tion) can be regarded as an extriangulated category, whose inflations are
monomorphic and whose deflations are epimorphic. Conversely, the fol-
lowing holds.

Corollary 3.18. Let (¢,E,s) be an extriangulated category, in which any
inflation is monomorphic, and any deflation is epimorphic. If we let . be
the class of conflations given by the E-triangles (see Definition 2.15), then
(¢,.7) is an exact category in the sense of [Bu].

Proof. By the exact sequences obtained in Proposition 3.3, for any confla-
tion A = B - (, the pair (A, z) gives a weak kernel of 3. Since z
is monomorphic by assumption, it is a kernel of y. Dually (C,y) gives a
cokernel of z, and A — B — C becomes a kernel-cokernel pair.

Thus . consists of some kernel-cokernel pairs. Moreover, it is closed

under isomorphisms. Indeed, let A — B -4 C 2, be any E-triangle,

let A/ % B' Y% (' be a kernel-cokernel pair, and suppose that there
are isomorphisms a € (A, A’),b € € (B, B’) and € € (C, (") satistying

x'oa=boxandy ob= coy. By Proposition 3.7, we obtain an E-triangle
zoa~, co c™1)*axd . . zoa~, co
A B o 215 This gives s(9) = [A’ Sy BN ' =

xl

(A" — B’ N C'], which means that A’ RNy ; QNG belongs to .7

Let us confirm conditions [EO],[E1],[E2] in [Bu, Definition 2.1]. Since
our assumptions are self-dual, the other conditions [EQ°P],[E1°P],[E2°P] can
be shown dually.

[EO] For any object A € ¥, the split sequence A Ma 450 belongs to
7 by (ET2).

[E1] The class of inflations (= admissible monics) is closed under com-
position by (ET4), as in Remark 2.16.
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[E2] Let A — B -4 C 25 be any E-triangle, and let a € €(A, A’)
be any morphism. By Corollary 3.16, there exists a conflation

3 z’
A Boa PE3p

where s = [—xa} . Since it becomes a kernel-cokernel pair by the above argu-

ment, it follows that (a) is a pushout square. By the dual of Proposition 3.17,
we obtain a commutative diagram (b) made of conflations, which shows that
2’ is an inflation.

—— A’

(a) al O lb (b) AHB@A,WB/
s T
C

Y

3.3 Relation with triangulated categories

In this section, let 4" be an additive category equipped with an equivalence
[1]: € — ¥, and let E': °° x ¥ — Ab be the bifunctor defined by
E' = Ext'(—,—) = ¢(~, —[1]).

Remark 3.19. As usual, we use notations like X [1| and f[1] for objects X
and morphisms f in €. The n-times composition of [1] is denoted by [n)|.

We will show that, to give a triangulation of ¢ with shift functor [1], is
equivalent to give an E!-triangulation of 4 (Proposition 3.22).

Remark 3.20. Let ¢, [1], E' be as above. Then for any § € E!(C, A) =
€ (C, A[1]), we have the following.

(1) 6, = €(—,0): €(—,C) = €(—, All]).

(2) 0% is given by 6% : € (A, X) — €(C,X[1]); f — (f[1]) o 6, for any
Xe?C.
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Lemma 3.21. Let ¢, [1], E! be as above. Suppose that s is an E*-triangula-
tion of €. Then for any A € ¢, the E'-extension 1 = id ;) € E'(A[1], A)
= % (A[l], A[1]) can be realized as s(1) = [A — 0 — A[1]]. Namely,

A—0— A[l] L isan E'-triangle.

Proof. Puts(1) = [A - X - A[1]). By Proposition 3.3, € (—, A) )

“(— X) 2 g, An) = e, An) “=EY @, X11) is exact.
In particular idy € €(X,X) satisfies y = (1;)x o €(X,y)(idx) = 0.
Similarly z[1] = 0 implies = 0. Thus 0 = %’ (—, X)) = 0 becomes exact,
which shows X = 0. 0]

Proposition 3.22. As before, let 4 be an additive category equipped with an
auto-equivalence [1], and put E! = ¢’(—, —[1]). Then we have the following.

(1) Suppose % is a triangulated category with shift functor [1]. For any
§ € EY(C, A) = €(C, A[1]), take a distinguished triangle

AL B4 oS Al

and define as 5(0) = [A - B —% (]. Remark that this s(J) does
not depend on the choice of the distinguished triangle above. With this
definition, (%, E', s) becomes an extriangulated category.

(2) Suppose we are given an E'-triangulation s of €. Define that A ——
B-L o A[1] is a distinguished triangle if and only if it satisfies
5(6) = [A = B - O]. With this class of distinguished triangles,
¢ becomes a triangulated category.

By construction, distinguished triangles correspond to E!-triangles by the
above (1) and (2).

Proof. (1) is straightforward. For (2), all the axioms except for (TR2) are
easily confirmed. Let us show (TR2).

Let A B-5LC R be any E!-triangle. Applying Proposition 3.15
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to A — 0— A[l] -1, and 4, we obtain

HBLC

| e
0—=3M —“>C with (ii)e*d + "1 =0,
l l (iii) s(z[1]) = s(z.1) = [B =5 M -<> A[1]].
[1] = A[1]

AO[0—M-C]=05=0,

All] = A[1]

Condition (i) shows that e is an isomorphism, by Remark 2.11 (1). Condition
(i) means d o e + ¢/ = 0 in € (M, A[1]), namely ¢’ o e™* = —¢. Thus we
have s(z [1]) B L C _—5> A[1]] by condition (iii), which means that
B-L 0= All 4 B[1] is a distinguished triangle. This is isomorphic
toB—>c—>A[]—“>]B[1]. O

3.4 Projectives and injectives

If (¢, E, s) has enough “projectives”, then the bifunctor E can be described
in terms of them. Throughout this section, let (%', E, s) be an extriangulated
category. Duals of the results in this section hold true for “injectives”.

Definition 3.23. An object P € ¥ is called projective if, for any E-triangle
A2 B Y 0% and any morphism c in €' (P, C), there exists b €
¢ (P, B) satisfying y o b = c.

We denote the full subcategory of projective objects in 4" by Proj(%).
Dually, the full subcategory of injective objects in % is denoted by Inj(%).

Proposition 3.24. An object P € % is projective if and only if it satisfies
E(P,A) =0forany A € ¥.

Proof. Sufficiency of E(P, A) = 0 follows from the exact sequence of Pro-
position 3.3. Conversely, suppose P is projective. Let A € € be any object,
and let § € E(P, A) be any element, with s(§) = [A - M - P].
Since P is projective, there exists m € €' (P, M) which makes the following
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diagram commutative.
idp

m\L O l/idp

A?MT)P

By (ET3)°P, the triplet (0,m,idp) realizes the morphism (0,idp): 0 — 4.
Especially we have 6 = E(P,0)(0) = 0. O

Definition 3.25. Let (¢, E, s) be an extriangulated category, as before. We
say that it has enough projectives if, for any object C' € ¢, there exists an

E-triangle A — P -5 C R satisfying P € Proj(%).

Example 3.26. (1) If (¢, E,s) is an exact category, then these agree with
the usual definitions.

(2) If (¢, E', 5) is a triangulated category as in the previous section, then
Proj(%) consists of zero objects. Moreover it always has enough pro-
jectives.

(3) If (¢, E', s) is a triangulated category with a rigid subcategory Z (i.e.
for all Ry, Ry € Z,Ext'(Ry, Ry) = 0), let 2 be its full subcategory
whose objects are those objects X that satisfy Ext' (R, X) = 0 for all
R € #Z. Then & is an additive and extension-closed subcategory of
%, which is thus extriangulated by Remark 2.18. We then have:

(a) Z C Proj(2);
(b) Proj(2) = # and 2 has enough projectives if and only if Z is
contravariantly finite.
Corollary 3.27. Assume that (%, E, s) has enough projectives. For any ob-
ject C' € € and any E-triangle A — P - C 2, with P e Proj(%), the

sequence % (P, —) 1) C (A, —) LN E(C,—) = 0 is exact. Namely, we

have a natural isomorphism E(C, —) = Cok(%'(z, —)).
Proof. This immediately follows from Propositions 3.3 and 3.24. O

The isomorphism in Corollary 3.27 is natural in C, in the following
sense.
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Remark 3.28. Assume that (¢, E, s) has enough projectives. Letc: C' — C’

Il

be any morphism, and let A — P ANYS, —ée, A — P L/> C’ —6—l+ be
any pair of E-triangles satisfying P, P’ € Proj(€). By the projectivity of P
and (ET3)°P, we obtain a morphism of E-triangles, and thus a morphism of
exact sequences, as follows:

Ateptocot. G4 ) LE(C, ) =0

a\L 6] ip O \Lc %(p,—)ﬂ o%(a,—)ﬂ 6] WE(CV—)

A7 P =5~ CK(P’,—)gﬁ?f(A’,—)ﬁE(C’,—)é(),

Lemma 3.29. Let A - B %5 ¢ %5 be any [E-triangle, and let 7 in
% (A, I) be any morphism with I € Inj(%). Write pc for the projection
C @ I — C. Then the E-extension p.d is realized by an E-triangle of the
form
x oo
AL Bl Yool (ur= m yr = [z : }). (11)
Proof. By Corollary 3.16, we have an E-triangle A — B @ I 4o p Y

By the dual of Proposition 3.17, we obtain the following commutative dia-
gram («) made of E-triangles

1 I

(@) m l . l (8)

A"=Bol—=D-*-> A—"2Bol“¥CoI""~-

O J{u 0] O lf o) J{u 0 o J{[l 0]=pc
A= =B >Cry-r A5 =B——>C- 5~
0] 130
4 4

satisfying f*d = v. Since I € Inj(%’), we have § = 0. Thus there is some
isomorphism n: C' @ I —» D satisfying no [9] = eand fon = [10].
Then for pc = [10]: C & I — C, diagram (/3) above is a morphism of
[E-triangles. Then n~! o d satisfies pc on "t odo [9] =yo[10]0[9] = v,
and thus is of the form [¥ }]. O

-147 -



H. NAKAOKA AND Y. PALU EXTRIANGULATED CATEGORIES

The following construction gives extriangulated categories which are not
exact nor triangulated in general.

Proposition 3.30. Let Z C % be a full additive subcategory, closed under
isomorphisms. If Z satisfies Z C Proj(%) N Inj(%), then the ideal quo-
tient 4"/Z has the structure of an extriangulated category, induced from that
of €. In particular, we can associate a “reduced’ extriangulated category
¢ = €/(Proj(¥¢) N Inj(%¥)) satisfying Proj(¢”’) N Inj(¢”’) = 0, to any
extriangulated category (¢, E, s).

Proof. Put € = € /Z. Let us confirm conditions (ET1),(ET2),(ET3),(ET4).
The other conditions (ET3)°P,(ET4)°P can be shown dually.
(ET1) Since E(Z,%¥) = E(¥¢,Z) = 0, one can define the biadditive

functor E: € x € — Ab given by
e E(C,A)=E(C,A) (VA,C € %),

e E(¢,a) = E(c,a) (Va € €(A,A"),c € €(C,C")). Here, a and ¢
denote the images of a and ¢ in ¢'/Z.

(ET2) For any E-extension § € E(C, A) = E(C, A), define

5(0) =5(0) = [A = B (),
using 5(6) = [A =% B 2% (). Let us show that 5 is an additive realization

of .

Let (@,¢): 6 = (A,0,0) — & = (A',§,C") be any morphism of E-
extensions. By definition, this is equivalent to that (a,c): 6 — ¢’ is a mor-
phism of E-extensions. Put §(8) = [A —— B N Cl,5(0) = [A N
B L ]. Since the condition in Definition 2.9 does not depend on the
representatives of the equivalence classes of sequences in 4, we may as-

1'/

sume s(6) = [A = B L O], 5(8) = [A = B N C"]. Then there
is b € ¢(B, B') with which (a, b, c) realizes (a, c). It follows that (a, b, )
realizes (a, ¢).

As for the additivity, the equality 5(0) = 0 is trivially satisfied. Since
5(0) @ 5(0") only depends on the equivalence classes §(9) and 5(¢'), the
equality 5(0 & ') = 5(0) ® 5(9’) follows from s(§ & ') = s(5) ® 5(d').
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(ET3) Suppose we are given 5(8) = [A - B -2 C], 5(8") = [A’ N
B C'], and morphisms @ € € (A, A'),b € € (B, B') satisfying 2’ o @ =
boT. As in the proof of (ET2), we may assume 5(6) = [A —— B % (],
s(0") = [A ANy N C'l. Byx’oa = boT, there exist I € Z,i €
¢ (A, 1),j € ¢(I, B') whichsatisfy 2’ o a = box + j oi. By Lemma 3.29,
we obtain an E-triangle (11). This gives the following isomorphism of E-
triangles.

z7 I 0
A—LBel t-Ccer™" -
H o lﬁ o im (12)
A——B—F——(C-—->
T Y 1

On the other hand, by axiom (ET3) for (¥, E,s), we have a morphism of
[E-triangles as follows.

A—" Bl YCar? .
H o l[bj] o i (13)
A’ / B’ - C,_E/_>

T Y

From the two diagrams (12) and (13), we obtain a morphism of E-extensions
(@,copct): & — & which satisfies (Copo~!) oy =y ob.
ETHLet A B D andB -5 ¢ % F % be E-

. . ’ s
triangles. As in the above arguments, we may assume A NEANY; AN NN

and B -2 ¢ L5 F % are E-triangles. Then by (ET4) for (¢, E,s), we
obtain a commutative diagram (3) made of conflations, satisfying s(f.¢') =
[D SNy N Fl, d*§" = 6 and f.0" = e*¢'. The image of this diagram in
¢ shows (ET4) for (¢, E,s). O
Remark 3.31. Proposition 3.30 applied to an exact category, together with
Corollary 3.18, gives an another proof> of [DI, Theorem 3.5].

Corollary 3.32. Let Z C % be a strictly full additive subcategory, satisfying
E(Z,Z) = 0. Let Z C % be the full subcategory of those Z € ¥ satisfying
E(Z,Z7) =E(Z,Z) = 0. Then, Z /7 is extriangulated.

3The first author wishes to thank Professor Osamu Iyama for informing this to him.
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Proof. This follows from Remark 2.18 and Proposition 3.30. [

4. Cotorsion pairs

In the rest of this article, let (¢, E, s) be an extriangulated category.

4.1 Cotorsion pairs

Definition 4.1. Let{,) C % be a pair of full additive subcategories, closed
under isomorphisms and direct summands. The pair (U, V) is called a cotor-
sion pair on € if it satisfies the following conditions.

(1) EU,V) = 0.

(2) For any C' € €, there exists a conflation V¢ — U — ( satisfying
U cu,véev.

(3) For any C' € ¥, there exists a conflation C' — Vi — U satistying
Uc € L{, Ve e V.

Definition 4.2. Let X', ) C ¥ be any pair of full subcategories closed under
isomorphisms. Define full subcategories Cone(X', )) and CoCone(X, )) of
% as follows. These are closed under isomorphisms.

(i) C' € ¥ belongs to Cone(X,)) if and only if it admits a conflation
X =Y — Csatisfying X € XY € ).

(ii) C € ¥ belongs to CoCone(X, ) if and only if it admits a conflation
C — X — Y satisfying X €¢ XY € ).

If X and ) are additive subcategories of %, then so are Cone(X,)) and
CoCone(X, ), by condition (ET2).

Remark 4.3. In the case of exact categories, cotorsion pairs satisfying (2)
and (3) are often called complete cotorsion pairs. Since all cotorsion pairs
considered in this article are complete, this adjective is omitted. Also re-
mark that completeness is equivalent to the equalities € = Cone(V,U) =
CoCone(V,U), in the notation of Definition 4.2.
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Remark 4.4. Let (U, V) be a cotorsion pair on (¢, E,s). By Remark 2.11,
foranyC € ¢: C el < E(C,V)=0andC €V < EU,C) =0.

Corollary 4.5. Let ({4,V) be a cotorsion pair on (¢,E,s). Let C € €,
U € U be any pair of objects. If there exists a section C' — U or a retraction
U — C, then C also belongs to U. Similarly for V.

Proof. In either case, there are s € ¢ (C,U) and r € €(U,C) satisfying
r o s = id¢. This gives the following commutative diagram of natural trans-
formations.

B )E(U’ _)IE( )
50 Beo)
E(ide,—)=id

Thus E(U, V) = 0implies E(C, V) = 0, and thus C' € U by Remark 4.4. [

Remark 4.6. Let (U, V) be a cotorsion pair on €. By Proposition 3.11, the
subcategories U and V are extension-closed in 6 .

Remark 4.7. By Proposition 3.24 and Remark 4.4, we have: (X,%) is a
cotorsion pair for some subcategory X C € if and only if (Proj(€),¥) is
a cotorsion pair, if and only if € has enough projectives. A dual remark
concerning injectives holds.

4.2 Associated adjoint functors

Definition 4.8. For a cotorsion pair ({4, V) on ¢, put Z = U NV, and call it
the core of (U, V). For any full additive subcategory X C % containing Z,
let X /Z denote the ideal quotient. The image of a morphism f in the ideal
quotient is denoted by f.

Lemma 4.9. For any cotorsion pair (U, V), we have (¢’ /Z)(U/Z,V/I) = 0.
Namely, for any U € U and V' € V, any morphism f € €' (U, V) factors
through some I € 7.

Proof. By Proposition 3.3 a proof similar as that for triangulated categories
apply. [
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Proposition 4.10. Let C' € % be any object, and let A be an E-extension

with s(\) = [V¢ 2% o S, C], where U® € U and V¢ € V. Then for
any U € U, the map u® o — is bijective:

u’ o —: (¢/I)(U,U°) = (¢/T)(U,C) (14)
c & (UwnC)
Proof. By exactness of €(U,U%) —  ¥(U, C) E(U,V) = 0, the

map €' (U,U) — €(U,C) is surjective. This implies the surjectivity of
(14). Let us show the injectivity of (14). Let g € € (U, U) be any mor-
phism which satisfies 7 0 § = u® o g = 0. By definition, there exist I € Z,
iy € €(U,I)and iy € €(I,C) which makes the following diagram commu-
tative.
U—=1

g O l/iQ

C

C c
VU?UU?

Iv) %(Iu

Since E(I,V¢) = 0, €(I,V°) € (1,U°) CK(I, C) — 0is
exact. Thus there exists j € €(I,U C) satisfying u“ o j = 45. Then by
u®o(g—joi;) =0, weobtain h € € (U, V) satisfying v“ o h = g—joi;.

By Lemma 4.9, this h factors through some I’ € Z. It follows that
g =v% o h+ joi, factors through I @ I’ € . O

Proposition 4.10 means that (U“, u%) is coreflection of C' € €/Z along
the inclusion functor U /Z — % /Z ([Bo, Definition 3.1.1]). We thus obtain:

Corollary 4.11. The inclusion functor & /Z < % /Z has a right adjoint
wy: € )T — U/, which assigns wy (C) = U® for any C € € /T, where

C C
V¢ 25 U¢ 25 Cis a conflation with US € U, VE € V. Moreover
eu = {u”}ceon(w 1) gives the counit of this adjoint pair.

4.3 Concentric twin cotorsion pairs

Definition 4.12. Let (S,7) and (U,V) be cotorsion pairs on 4. Then
the pair P = ((S,7), (U, V)) is called a twin cotorsion pair if it satisfies
E(S,V) = 0. (Pairs of cotorsion pairs are considered in abelian/exact cate-
gories in [Hol, Ho2], and in triangulated categories in [Na2, Na3].)
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If moreover it satisfies SN'7T = UNV (= Z), then P is called a concentric
twin cotorsion pair similarly as in the triangulated case [Na4]. In this case,
weput Z =T NU.

Remark 4.13. Let P = ((S,T), (U, V)) be a concentric twin cotorsion pair.
By Corollary 4.11, the inclusionUU /T — € /T has a right adjoint wy. Dually

the inclusion T /I — € /T has a left adjoint o.
These restrict to yield the following.

- Left adjoint o of the inclusion Z/T — U /T.
- Right adjoint w of the inclusion Z /T — T /T.

Definition 4.14. Let P = ((S,7), (U, V)) be a twin cotorsion pair on %
We define full subcategories N'*, N/ of € as follows.

N = Cone(V,S) and N/ = CoCone(V,S).

Remark 4.15. The notation N'', N/ is motivated by Section 5. Morally, an
object X belongs to N if and only if the morphism 0 — X from the initial
object is a weak equivalence. For a precise statement, see Proposition 5.7.

Remark 4.16. If P is concentric, then for any C € €, we have:
CeN e wl(C)eS/T and C e N' < o7 (C) € V/T.

Remark 4.17. Let P = ((S,T), (U,V)) be a twin cotorsion pair. Then the
following holds:

SCN VTN UNN' =S and TOAN! =V.
If moreover P is concentric, then S C N fandV C N

Lemma 4.18. Let P = ((S,T), (4, V)) be a concentric twin cotorsion pair.
Then the following holds:
(1) Cone(V,N) C N and (2) CoCone(N7,S) C NY.

Proof. We only prove (1) since (2) is dual. By definition, C' € Cone(V, ')
admits a conflation V — N — C, where V € V and N € N*. Resolve N
by a conflation VY — SNV — N with S¥ € S, VY e V.
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By (ET4)°P, we obtain a commutative diagram in ¢

VN — VN
o
Ip— 8N —(C
o] o
V—"aN—7C
in which VN — E — Vand E — SV — C are conflations. Since V C ¥
is extension-closed, it follows that £ € V. This means C' € N*. O

Lemma 4.19. Let P = ((S,T), (U,V)) be a concentric twin cotorsion pair.
Let U € U be any object. Assume there is a conflation M — U — S
satisfying M € N/ and S € S. Then U belongs to N//.

Dually, if 7 € T appears in a conflation V' — T" — N satisfying V' €
V,N € N, then T belongs to N

Proof. By definition, M admits a conflation M — Vj; — Sy, with Vy, €
V, Sy € 8. By Proposition 3.15, we obtain a commutative diagram

M—U——S§
bol o
Vu—3X—S
Lo

S]VI - SM

consisting of conflations. Since / is extension-closed, it follows that X € U.
Since E(S, V) = 0, the E-extension realized by V3 — X — S splits.
Especially V), is a direct summand of X, and thus it follows that V), €
U NY = 7. By the extension-closedness of S, we obtain X € S. Thus
U € N follows from Remark 4.17 and Lemma 4.18 (2). L]

Lemma 4.20. Let P be as in Lemma 4.19. Let T € T, M € N7 be any
pair of objects. If there is a section 7" — M or a retraction M — 7', then T’
belongs to V.

Proof. In either case, we have morphisms s € ¢ (T, M) and r € € (M, T)
satisfying r o s = id. By definition, M admits a conflation M —— V — S.
By E(S,T) = 0, the morphism r factors through v. Thenv o s € € (T,V)
becomes a section, and thus it follows from Corollary 4.5 that 7" € V. OJ
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5. Bijective correspondence with model structures

In the rest, let (¢, E, s) be an extriangulated category.

In this section, we give a bijective correspondence between Hovey twin
cotorsion pairs and admissible model structures which we will soon define.
This gives a unification of the following preceding works.

e For an abelian category, Hovey has shown their correspondence in
[Hol, Ho2] (abelian model structure). This has been generalized to
an exact category by Gillespie [G] (exact model structure), and inves-
tigated by Stovitek [S].

e For a triangulated category, Yang [Y] has introduced an analogous
notion of triangulated model structure and showed its correspondence
with cotorsion pairs.

5.1 Hovey twin cotorsion pair

We recall that N (resp. N/) is the collection of all objects X € % which
are part of a conflation V' — S — X (resp. X — V — 5), for some
VeVand S eS.

Definition 5.1. Let P = ((S,T), (U4, V)) be a twin cotorsion pair. We call
P a Hovey twin cotorsion pair if it satisfies N/ = N?. We denote this
subcategory by .

Remark 5.2. Any Hovey twin cotorsion pair is concentric. In fact, we have
UNY=UNWN'NT)=UNN)NT =8NT by Remark 4.17.

For any Hovey twin cotorsion pair, the subcategory N/ C % is extension-
closed. More strongly, it satisfies the following.

Proposition 5.3. Let P = ((S,7), (U, V)) be a Hovey twin cotorsion pair.

For any conflation A —— B — (C, if two out of A, B, C belong to NV, then
so does the third.

Proof- We prove (1) A,C e N = BeN,2 A BeN = C N and
3)B,C e N=AcN.
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(1) Resolve A, C by conflations A — V4 — S4and VC — S¢ — C
with Sy, S¢ € 8, V4, VY € V respectively. By Proposition 3.15, we obtain
the two commutative diagrams on the left of:

Ve=y¢ A—>X->8C A—>B—C

Lol Jedol ool
A—=3X =8¢ | Vi—=3y =50 | Vi—3G—~C

| ool e | o |

A—B—C SA:SA SA:SA

which are made of conflations. Since E(S¢,V,) = 0, the conflation V4 —
Y — S realizes the split E-extension. It follows that Y = V, @ S¢ € N.
We obtain X € N by Lemma 4.18 (2), and thus B € N by Lemma 4.18 (1).

(2) Resolve A by a conflation A — V4 — Sq with Sy € S,V € V.
Then by Proposition 3.15, we obtain the rightmost commutative diagram
above, made of conflations. Since B,S4 € N, we have G € N by (1).
From Lemma 4.18 (1), it follows that C € N.

(3) is dual to (2). OJ

Remark 5.4. As a corollary, N becomes an extriangulated category by Re-
mark 2.18. Almost by definition, the pair (S,V) is a cotorsion pair on N.

5.2 From admissible model structure to Hovey twin cotorsion pair

Throughout this section, let M = (Fib, Cof, W) be a model structure on
¢, where Fib, Cof , W are the classes of fibrations, cofibrations, and weak
equivalences. Let wFib = Fib "W and wCof = Cof N'W denote the
classes of acyclic fibrations and acyclic cofibrations, respectively. Associate
full subcategories S, 7T ,U,V C € as follows.

CeS< (0—C)ewlof,
CeT< (C—0) e Fib,
Celd< (0—C)e Cof,
CeV&(C—0)ewFib.
Remark that these are full additive subcategories of %, closed under iso-

morphisms and direct summands. In particular, the definition below makes
sense.
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Definition 5.5. M is called an admissible model structure if it satisfies the
following conditions for any morphism f € €(A, B).

(1) f € wCof if and only if it is an inflation with Cone(f) € S.
(2) f € Fibif and only if it is a deflation with CoCone(f) € T.
(3) f € Cof if and only if it is an inflation with Cone(f) € U.
(4) f € wFib if and only if it is a deflation with CoCone(f) € V.

We note that the model structures which might appear in [Pal] are not
admissible.

Proposition 5.6. Let M be an admissible model structure. Then P =
((S,T),(U,V)) is a twin cotorsion pair on (¢, E, 5).

Proof. § C U is obvious from the definition. Since a similar argument
works for (S, T'), we show that (U, V) is a cotorsion pair. Let us confirm the
conditions (1) and (2) in Definition 4.1 since (3) is dual to (2).

(1) Let (U,V) € U x V be any pair of objects, and let 6 € E(U, V) be

any element. Realize it as an E-triangle V — B — U N Since U €¢ U
and u € wFib, there exists a section s € €' (U, B) of u. Thus § splits by
Corollary 3.5.

(2) Let C' € € be any object. Factorize the zero morphism 0: 0 — C as
a cofibration v € Cof followed by an acyclic fibration v € wF%b. Since M

is admissible, we have conflations 0 — D s UandV — D % C with
U €U,V € V. This shows that j is an isomorphism, and thus we obtain a
conflation V — U — C. Il

Proposition 5.7. Let M be an admissible model structure as above. Then
the associated twin cotorsion pair P obtained in Proposition 5.6 is a Hovey
twin cotorsion pair. Indeed, if we let N, N/ C % be as in Definition 4.14,
then the following are equivalent for any object N € %"

(DNeN,;, 0—=N)eW; B)(N—=0) W, 4 NecN

Proof. (1) = (2) If N € N?, there is a conflation V — S — N with
V e V,S € S by definition. Thus 0 — N can be factorized as an acyclic
cofibration 0 — S followed by an acyclic fibration S — N.
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It follows that (0 — N) € wFib owCof = W.

(2) = (1) Factorize 0 — N as an acyclic cofibration 0 — D followed
by an acyclic fibration D — N. A similar argument as in the proof (2) of
Proposition 5.6 gives a conflation V' — S — N.

(2) < (3) follows from the 2-out-of-3 property of W.

(3) < (4) isdual to (1) < (2). ]

5.3 From Hovey twin cotorsion pair to admissible model structure

Throughout this section, let P = ((S,T), (4, V)) be a Hovey twin cotorsion
pair on (%, E, s). In addition, we assume the following condition, analogous
to the weak idempotent completeness ([Bu, Proposition 7.6]).

Condition 5.8 (WIC). Let (¢, E, s) be an extriangulated category. Consider
the following conditions.

(1) Let f € €(A,B),g € €(B,C) be any composable pair of mor-
phisms. If g o f is an inflation, then so is f.

(2) Let f € €(A,B),g € €(B,C) be any composable pair of mor-
phisms. If g o f is a deflation, then so is g.

With the assumption of Condition (WIC), we have the following analog
of the nine lemma.

Lemma 5.9. Assume (%, E, s) is an extriangulated category satisfying Con-
dition (WIC). Let
K K’

A-*-B-Ysc-" ~
al O lb
6/

A’*/> ’*/>C”77>
r [
K | &'

Y Y

be a diagram made of E-triangles. Then for some X € %, we obtain E-
triangles

m

K2 K X% and X 5 C -5 -5s
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which make the following diagram commutative,

al O J{b o e , (15)

in which, those (k, k', 1), (a,b,c), (m,z,2'), (n,y,y’) are morphisms of E-
triangles.

y'ob

Proof. By (ET4)°P, we obtain an E-triangle o p 8ol anda
commutative diagram («) as in:
K —4~E—> A
A 2
e NP

() K,*)BT)B/ (8) a o8B

y obi ¢ ly’ ie 0 lb

C'==C A —= B

in %, satisfying the following compatibilities:

(1) K’ B AT S isanE- -triangle, (ii) 0’ = e,0, and (iii) d, k' = y"*6.

By the dual of Lemma 3.13, the upper-right square 2’ oe = bo fis a
weak pullback. Thus there exists a morphism g € %' (A, E') which makes the
diagram (/) commutative. By Condition (WIC), this g becomes an inflation.

Complete it into an E-triangle A - F yox s By Lemma 3.14, we
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obtain a commutative diagram ()

A—L-p-Llsx K-t g g
Ofloii I
(7)) A—>B—— 0) K —4>p—>u
y’obl @) lc n @) h
O — ' X—X

made of conflations, which satisfies:
(V) X —5 0 =% ¢ % is an E-triangle, (v) 1 = i*3, (vi) 9.0 = c*0.

By Proposition 3.17, we obtain an E-triangle K —» K' " X -2
which makes the diagram (9) commutative in ¢, and satisfies:
(vil) m.k = 2"k, (viil) p = kv, (iX) h*v + e*k = 0.

Put 7 = h,0. It is straightforward to show that the diagram (15) is indeed
commutative. Moreover, (v) and (viii) show k.v = *9, (ii) and (vi) show
a0 = ¢*d', (vii) shows m,k = 2"*x’, (iii) shows n.k" = y*7. O

Remark 5.10. In the proof of Lemma 5.9, we have obtained an extra compat-

ibility (ix). This can be interpreted by the following analog of Ext?-group.
Let A, D € € be any pair of objects. We denote triplet of X € €,0 €

E(D,X),7 € E(X,A) by (0, X, 7). For any pair of such triplets (o, X, T)

and (o', X', 7'), we write as
(0, X,7) ~ (o, X', 7")  (or simply (0, X,7) ~ (¢/, X', 7))
if and only if there exists x € € (X, X') satisfying x.o0 = o' and T = x*71'.

Let ~ be the equivalence relation generated by ~~, and denote the equiv-
alence class of (o, X, 1) by T Q0. Let us denote their collection by

E(D, A) = ( [[ E(D, X) x E(X, A))/ ~

Xe¥

The proof of Lemma 5.9 shows
0 FEh ) (0", A", —k) sy (
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Definition 5.11. Define classes of morphisms Fib, w F'ib, Cof ,w Cof and W
in € as follows.

(1) f € Fibifitis adeflation with CoCone(f) € T.
(2) f € wFib if it is a deflation with CoCone(f) € V.
(3) f € Cof ifitis an inflation with Cone(f) € U.
(4) f € wCof if it is an inflation with Cone(f) € S.
5) W =wFib owCof.

Claim 5.12.

(1) If a conflation A BN satisfies N € N, then f belongs to W.

(2) If a conflation N — A I B satisfies N € N, then f belongs to W.
Proof. This follows from Proposition 3.15. O
Proposition 5.13. Fib, wFib, Cof ,wCof are closed under composition.

Proof. For Fib, this follows from (ET4) and the extension-closedness of 7.
Similarly for the others. ]

Proposition 5.14. We have the following.
(1) wCof satisfies the left lifting property against Fb.
(2) wFib satisfies the right lifting property against Cof.
Proof. (1) Suppose we are given a commutative square
A—=C

fl o ig (16)
BT»D

in ¢, satisfying f € wCof and g € Fib. By definition, there are E-triangles
ALy B2y 5% and T ¢ % D -%s . By Corollary 3.12,
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¢(B,7) Vo) > 0-EBD Y EAT), 07

7 (A, T) M ga,0) M g, D), (18)
%(B,C) "2 % (B, D) "% B(B,T) (19)

are exact. By the commutativity of (16), we have E(f,T)(b*k) = f*b*k =
a*g*rx = 0 by Lemma 3.2. Exactness of (17) shows x4b = b*k = 0. Thus by
the exactness of (19), there exists ¢ € €' (B, C) satisfying g o ¢ = b. Then
a—cofe %A C)satisfiesgo (a—cof)=goa—bo f=0.By the
exactness of (18), there is ¢ € € (A, T) satisfyingt o ¢ = a — co f. By the
exactness of (17), there is ¢’ € €(A,T) satisfying ¢’ o f = . If we put
h = c+tod € €(B,C),itsatisfies ho f = cof+toc’of = cof+tod =a
andgoh=goc+gotocd =b.

(2) is dual to (1). Il

Proposition 5.15. Mor (%) = wl'ib o Cof = Fib o wCof.

Proof. We only show Mor (%) = wFib o Cof. Let f € € (A, B) be any

morphism. Resolve A by a conflation A -2 V4 —& Uy with Uy € U,

V4 € V, and put f' = L{ } : A — B @ Vy4. By Corollary 3.16, it admits
A

some conflation /
AL Bov, S

Resolve C' by a conflation V¢ — U® — C withU € i/ and V € V. Then
by Proposition 3.15, we obtain a diagram made of conflations as follows.

VCivC

|-

A—">M Uc

]

A7B@VA%C’

We have m € Cof. Moreover, for pg = [1 0] € € (B @ V4, B), we have
ppoe € wFibowFib = wFib. Thus f = (pp o e) o m gives the desired
factorization. 0]
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Proposition 5.16. Fib, wFib, Cof ,wCof are closed under retraction.

Proof. We only show the result for Fib. Suppose we are given a commuta-
tive diagram

/';;\\

C

c
oo
d

p——D—p

~
~
~

in €, satisfying g € Fib. By definition, there is an E-triangle 7’ o4
D -5 with T € T. By Condition (WIC), d o b = id implies that d is
a deflation. Thus d o g becomes a deflation by (ET4)°P. Again by Condi-
tion (WIC), it follows that f is a deflation. Thus there exists an [E-triangle

X2 a LBl By (ET3)°P, we obtain the following two morphisms
of [E-triangles (on the left below).

xXZatpts Lo Lpt. xalop i,
k O l/a O l/b l O \LC O ld Eoki O id O \Lid
T—>C—D-y~ XT>A7>B—6—> X?ATB—[;—>

Composing them, we obtain a morphism of E-triangles (on the right above).
By Corollary 3.6, it follows that ¢ o k is an isomorphism. Especially £ is a
section, and thus X € 7. This means that f belongs to Fib. ]

Lemma 5.17. Suppose that two morphisms f € (A, B) and g € ¢ (B, C)
satisfy f € wCof, g € Fiband g o f € wCof. Then g belongs to w Fib.

Proof. Let h = go f. By assumption, there are conflations A Sy gy S1,

T-5B-LC AL 022 S whereS; €8, TeTandS, €8.
By the dual of Lemma 3.17, we obtain the following commutative diagram
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made of conflations.

By Lemma 4.18 (2) and Remark 4.17, we obtain ' € 7 NN = V. This
means g € wFib. Il

Proposition 5.18. W is closed under composition.

Proof. 1t suffices to show that wCof o wFib C W. Let a € wkFib and
x' € wCof. By Proposition 5.15, there are some z € wCof and b € Fib
such that bo x = 2’ o a. It is thus enough to show that b belongs to w F'ib. By
definition, there is a commutative diagram of E-triangles:

Voo
A-*>B-tsg- " ~

Lo b

A/*,)B/H,'S/** >
Iz (-
" | &

Al Y

withV € V, T € Tand S, 5" € S. Applying Lemma 5.9 gives some X € &

and two conflations X — S —— S’ and V =5 T" =5 X. The existence
of the first conflation (and Lemma 4.18(2)) shows that X belongs to ; that
of the latter conflation and the dual of Lemma 4.19 imply that 7" belongs to
V, and therefore that b € wFib. O

Lemma 5.19. Suppose that two morphisms f € €(A, B) and g € ¢ (B, C)
satisfy f € wCof, g € Fiband g o f € wFib. Then g belongs to w Fib.

Proof. Let h = go f. By assumption, there are conflations A REANY S LIS ,
T-5B-5LCOV-S5ACwiths eS8 TeTadV e V.
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By Proposition 3.17, we obtain a conflation V' — 7' — S. Thus from
Proposition 5.3 and Remark 4.17, it follows ' € T NN = V. This means
g € wkib. O

Lemma 5.20. Suppose that two morphisms f € ¥(A, B) and g € ¢ (B, C)
satisfy f € wFib, g € Fib and g o f € wFib. Then g belongs to w Fib.

Proof. Let h = g o f. By assumption, there are conflations V; — A AN B,

T B -2 CV,— AL CwithV; € V, T € TandV, € V. By
(ET4)°P, we obtain a conflation V; — Vj, — T'. Thus from Lemma 4.18
(1) and Remark 4.17, it follows that 7 € T NN = V. This means g €
wFib. O

Proposition 5.21. Suppose that f € ¥(A,B) and g € (B, C) satisty
feWandgo f €W. Then g also belongs to W.

Proof. Let h = g o f. By definition and the dual of Proposition 5.15, the
morphisms f, g, h can be factorized as

' .B B
1\&)%‘27 g\
f

¢
X

g

D
/g
g

d
X

h

A c A C
; . h\ S /L .
X
with f1, g1, h1 € wCof, fa, ho € wFib and g, € Fib.

By Proposition 5.18, the morphism ¢; o f; belongs to W and can thus
be factorized as an acyclic cofibration w; : X; — X followed by an acyclic
fibration wy: X — X,. By Proposition 5.14, there is k € € (X},, X) which
makes (%) commutative in . By Proposition 5.15, we can factorize & as
an acyclic cofibration k;: X, — X} followed by a fibration ky: X; — X.
Thus we obtain the following commutative diagram on the right

wiof1 wiof1

A——X A————X w, (k’l,hl,wlofl EwCof)
o O /1: \X
(%) M ko |gow Xp 9 (wq, hy € WFib)
k O ?
_ g 1 |
XhTC X5 L o C (kg,gg € Flb)

Lemma 5.17 shows ks € wFib. On the other hand, Lemma 5.19 shows
go O Wo 0 ko € wkib. Thus Lemma 5.20 shows go € wFib. O
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Corollary 5.22. The class W satisfies the 2-out-of-3 condition.

Proof. This follows from Proposition 5.18, Proposition 5.21 and its dual.
O

When a category has enough pull-backs or enough push-outs, the fact
that weak equivalences are stable under retracts follows from the other ax-
ioms (e.g. [Joy, Proposition E.1.3], attributed to Joyal-Tierney). However,
that proof does not carry over to the setup of extriangulated categories*. The
following lemma will thus be used for proving that the class W is closed
under retracts.

Lemma5.23. Let A - B % ¢ -5 and A =5 B’ % ¢ -5 be B-
triangles. Suppose that b € €' (B, B’) belongs to W and satisfies b o x = z'.
Then there is ¢ € ¢’ (C, C") which belongs to W and gives a morphism of
[E-triangles as follows.

A-L-B-t-C -2

| o lb@ |

A?B/TC/_(;/_>

Proof. By definition, b can be factorized as b = v o s, using E-triangles

B-5P =5 -%adV 5P B TswithS e S,V € V. By
(ET4), and then by the dual of Proposition 3.17, we obtain the following
commutative diagrams made of E-triangles,

A—2>B-tsC-" > A=A
A P5-2Q-"~ . V——=P—p-" -
| o] o P e
§=—3 V@O
0 Y0 v 16’

A Y Y Y

4Tt turns out that mere existence of finite products and finite coproducts is enough, as
follows from [Eg] and the fact that weak equivalences are precisely the morphisms that
become isomorphisms in the localisation 4[W~1]. This is explained in detail in Pierre
Cagne’s PhD Thesis [Ca, Section 2.2]. We nonetheless include a different proof.
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in which ¢ = 6 holds. Then ¢ = ¢ o ¢; belongs to W, satisfies coy =
cpopos=y ovos=y oband ) = cic;0' = cjv = 6. O

Proposition 5.24. The class W is closed under retracts.

Proof. Suppose we are given a commutative diagram (a) in ¢

a c

i R T
A—C—+A zl o i oo i
(a) fi 6] j{go lf M—=N—=M (b)
B=D-—=B | o |vo [
T B—D—B

in which g € W. Let us show that f € W. If we decompose f and g as

f g
A——B C——D (iECof,jewOof,>

Z\L/x ’ j\;/y x,y € wFib

by Proposition 5.15, then there exist morphisms m, n which make diagram
(b) commutative by Proposition 5.14.
By Corollary 5.22 applied to the lower half, it follows n o m € W.

By definition of C'of and wCof, there are E-triangles A BN VAN 5 —fe,
C 2N L5 TswithU ¢ U,S c S. Itsuffices toshow U € S. Realize
¢,7 by an E-triangle A 5 N’ -45 § “25 Put ¢ = [_,C] :C — A@ N.

Then by an argument similar to that of the proof of Corollary 3.16, we can
find a morphism of E-triangles as on the left of (20) below which gives an

[E-triangle C' S A®N Ul 3 (cf. [LN, Proposition 1.20]). Since
we have [in]od =noj—ioc=0,thereisn’ € €(N', M) which satisfies
n’ o [j' ni] = [i n], namely n’ o ;' =i and n' o ny = n.

Put m’ = ny o m. This satisfiesn’ om’ =nom € Wand m' o7 = j'.

Resolve N’ by an E-triangle 7" — S’ S—/> N’ —€+, with S’ € §, 7" € T.
Then by the dual of Corollary 3.16, the morphism [m’ s'|: M &S" — N’ can

m' ']

be completed into an E-triangle L — M @ S’ A By the dual
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of Proposition 3.17, we obtain the following commutative diagram (right)
made of conflations.

A A
P
e LHM@S’[H]
Bk Sl w
A—> N ——=5-o ~ L7U@S’?S
If we put mg = n’ o [m’ §], then since n’ o m’ = mg o [}], we see that

mo € W follows from [{] € wCof and n’ o m’ € W by Corollary 5.22.
Applying Lemma 5.23 to

AAM@S’ﬂU@S’—>
N
A——>M

we obtain v € €' (U & S’, U) which belongs to W satisfying uo (p ®idg/) =
p o mg. Then since u o £ = 0, we see that u factors through .5, in the bottom
E-triangle in (20). Thus if we apply the functor o: U/Z — Z/Z, it follows
o(u) = 0. On the other hand, it can be easily seen that u € W implies

U- - >

p

u/

that u can be written as composition of U & S — U & [ o U, with
u' € wCof and I € Z. By (ET4), we can show that o(«) is an isomorphism,
and thus o(u) is an isomorphism. This means ¢(U) = 0 in Z/Z, which
shows U € U N CoCone(Z,S) CUNN = S. O

By the argument so far, admissible model structures and Hovey twin
cotorsion pairs on (%, E, s) correspond bijectively. Remark that, a model
structure induces an equivalence

Cof |~ —> CIW.

Here, the right hand side is the localization ¢: € — ¢[W~!]. The left
hand side is the category of fibrant-cofibrant objects modulo homotopies.
Let us describe it in terms of the corresponding Hovey twin cotorsion pair

P=((ST)UV)).
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- X € ¥ is fibrant if and only if (X — 0) € Fib, if and only if X € T.
Dually, X is cofibrant if and only if X € U{. Thus the full subcategory
of fibrant-cofibrant objects in ¢ agrees with Z C %.

- Forany X|Y € Z, morphisms f,g € Z(X,Y) satisfy f ~ ¢ if and
only if f — g factors through some object I € 7.

Thus we have €,/ = Z/Z. In summary, we obtain the following. This
gives an explanation for the equivalence in [Na4, Proposition 6.10] and [IYa,
Theorem 4.1].

Corollary 5.25. Let (¢, E,s) be an extriangulated category, and let P =
((S,7T),(U,V)) be aHovey twin cotorsion pair. Then for W = w Fibow Cof
defined as above, we have an equivalence Z/Z — %’ [W~'] which makes
the following diagram commutative up to natural isomorphism.

inclusion
Z—%

ideal N )
quotient ~

Z/T—=¢[W™
In particular, the map
(Z/T)(X,Y) = CW(X,Y); [ Uf)
is an isomorphism for any X,Y € Z.

Remark 5.26. By the generality of a model structure, we can also deduce
that
(€/T)(U.T) = CW[(UT); [ f)

is an isomorphism for any U € U and T € T. (This also follows from the
adjoint property given in Remark 4.13.)

Remark 5.27. If € is abelian, then we can show easily that W agrees with
the class of morphisms f satisfying Ker(f) € N and Cok(f) € N. Remark
that N C € becomes a Serre subcategory only when N = €. Indeed,
if N C € is a Serre subcategory, then the localization (: € — € [W™!]
becomes an exact functor between abelian categories. Since any C € €
admits an inflation C' — V to some V' € V), this shows that C' = 0 holds in
¢ |W~1], which means C € N.
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6. Triangulation of the homotopy category

In this section, we assume ((S,7), (U, V)) to be a Hovey twin cotorsion
pair. Put ¢ = €[W~!] and let ¢: € — % be the localization functor. We
will show that € is triangulated (Theorem 6.20).

Remark 6.1. We note that the category € is usually not complete and co-
complete, so that the model structure is not stable. However, axiom (ET4)
gives specific choices of weak bicartesian squares which will compensate for
the lack of stability.

6.1 Shift functor
We first aim at defining a shift functor on the category %.

Definition 6.2. Let us fix a choice, for any object A € %, of an E-triangle
A v, 25 Uy 25 with Vy € Vand Uy € U. The functor [1]: € — €
is defined on objects by A[1] = U4, and on morphisms as follows: Let A SN
B be a morphism in €. Then there exists uy € ¢ (Ua, Ug) which gives a
morphism of E-extensions (f,us): pa — pp. Indeed, since E(Uy, Vi) = 0,
one shows, by using the long exact sequence of Proposition 3.3 that there is

a morphism V4 N Vp such that vy o vy = vp o f. There is an induced
morphism of E-triangles as follows.

P Y g

fl/ O \L'Ufo \LUf

B=;Veuz U5y~

Define f[1] to be the image ¢(uy) of uy in €. Since fips = utpp, the
morphism u is uniquely defined in 4’/ by Corollary 3.5. This implies that
f11] = €(uy) is well-defined.

Claim 6.3. The functor [1] does not essentially depend on the choices made.

More precisely, fix any other choice of E-triangles A A, Vi U A BER
and let {1} be the functor defined as above by means of these E-triangles.
Then [1] and {1} are naturally isomorphic.
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Proof. The identity on A induces two morphisms of E-extensions
(id,7ta): pa — py and (id,7t))): p'y — pa.

Then, since both (id,#, o t4), (id,id): pa — pa are morphisms of E-
extensions, we have ((t'y o t4) = ((id) = id as in the argument in Def-
inition 6.2. Similarly we have ((t4 o t/;) = id, and thus £(t,4) is an iso-
morphism. Put 74 = /(t4), and let us show the naturality of 7 = {74 €
€(A[1], A{1})}ace. Let f € €(A, B) be any morphism. By definition,
f[1] = #(u) and f{1} = £(u') are given by morphisms of E-extensions
(f,u): pa — ppand (f',u'): p’y — p5. Then, since both (f,t5 o u) and
(f,u'ot,) are morphisms p4 — p’z, we obtain £(tgou) = £(u'ot,), namely
g o f[1] = f{1} o 74. 0

We would like to show that [1]: € — ¢ induces an endofunctor of €.
For this, it is enough to show that [1] sends weak equivalences to isomor-
phisms. Since weak equivalences are compositions of a morphism in w Cof
followed by a morphism in wFib, it is enough to show that [1] inverts all
morphisms in wCof and in w Fib.

Lemma 6.4. Let j € wCof. Then j[1] is an isomorphism in z.

Proof. Let A s Bbea morphism in w Cof. There is an E-triangle A AN
B — S --»,with S € S. Then (ET4) gives morphisms (x) of E-triangles:

Atep—sg- -~ Ay, ot
() Ovsi O l (k) jJ/ O O lw
ATVBTC_/_> B—>Ve—7Up75 ™
Awi 5 iw
Up=—=Ug
pB

< — —
- — —

Since S and Up belong to U, so does C. Moreover, w is a weak equivalence
by Claim 5.12 (2). Claim 6.3 allows to conclude that j[1] is an isomorphism

in ¢, since (*x) is a morphism of E-triangles. O
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Lemma 6.5. Let ¢ € wFib. Then ¢[1] is an isomorphism in %

Proof. Let X —%5 Y be a morphism in wF%b. It induces a morphism of
[E-triangles:

X B{) VX B) UX BX—>

Q\L O J/n O \Lq[l}

VoW U g
Since Vx — 0 and V3 — 0 are acyclic fibrations, in particular they are
weak equivalences. By the 2-out-of-3 property, this implies that Vy —— V4

is a weak equivalence. Factor n as an acyclic cofibration j followed by an
acyclic fibration p. Then (ET4) gives a diagram («) of E-triangles:

X —>Vy —=Uy

- |

S
C
Lo<~—

(@ XjzB—>C (8 —C- -
l O l ql O ip O q
S==35 vy 21 Uy T
o
Y Y Y

where S € S. We have B € N (since Vx,S € N) and C € U (since
Ux, S € U). The nine Lemma 5.9 gives morphisms of E-triangles as in (/53),
with V, V' € V, and thus B € V. This implies D € N and thus ¢’ is a weak
equivalence by Claim 5.12 (2). We conclude that ¢[1] is an isomorphism in
% in the same manner as in the end of the proof of Lemma 6.4. [

Corollary 6.6. The functor [1]: € — ¢ induces an endofunctor of €, which
we denote by the same symbol [1]. Thus f[1] for a morphism f in € will be
denoted also by ¢(f)[1] in the rest.

Proof. By Lemma 6.4 and Lemma 6.5, the functor [1]: 4 — % inverts
all weak equivalences. By the universal property of the localization of a
category, it induces a functor [1]: € — %. O
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oge . . C t¢ C s¢ AC
Definition 6.7. By using E-triangles 7% — S% — (' --» one can de-

fine dually a functor [—1]: € — ¥ with C[—1] = T°, which induces an
endofunctor [—1] of %

6.2 Connecting morphism

Define the bifunctor E: €°P x <€7—>~%7 by E = %(—, —[1]). In this section,
we will construct a homomorphism ¢ = /¢ 4: E(C, A) — E(C, A) for each
pair A,C' € €. For any A € €, we continue to use the E-triangle

A v, M g, Q1)
chosen to define the shift functor [1].

Lemma 6.8. Let A,C € % be any pair of objects. If fi, fo € €(X,Ua)
satisfy fipa = f3pa, then 0(f1) = £(f2) holds.

Proof. This immediately follows from the exactness of
C(X,Va) 5 €(X,Ua) P E(X, A) shown in Proposition 3.3. [

Definition 6.9. For any E-extension § € E(C, A), define {(5) € E(C, A) by

the following. Take a span of morphisms (C' +— D N 4) from some
D € €, which satisfy

w e wkib and w*'d=dpa. (22)

Then, define as £(§) = ¢(d) o £(w) ™.

Claim 6.10. For any § € E(C, A), the morphism {(0) in Definition 6.9 is
well-defined. More precisely, the following holds.

(1) Take any D € €, w € € (D,C). If both dy,dy € €(D,Uy) satisfy
w*d =dfpa (i =1,2), then ((dy) = {(dy) holds.

(2) If both spans (C < D, 4, Ua) and (C <= Dy 2y Ua) satisfy
(22), then £(dy) o £(wy)™t = £(dy) o £(wy) ™! holds.

(3) There exists at least one span (C <— D N Ua) satisfying (22).
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Proof. (1) This immediately follows from Lemma 6.8.

(2) Let V; 5 D; -2 C (i = 1,2) be conflations. By Proposition 3.15,
we have a commutative diagram made of conflations as follows.
—

m2 O ivz

mi el
Vi—=3D— D,

O e2 l O iﬁm

Vi—>D1—4~C

If we put w = wy o e; = wsy 0 ey, then we have w € wFib o wFib = wkFib.
If we put ky = ds o ey and ky = d; o es, then they give

((ky) o l(w) ™t =L(dyoer)ol(wyoer)™ =L(dy) o l(wy)t,

U(ky) o b(w)™ = £(dy 0 ey) o l(wy 0 ex)™t = 4(dy) o b(wy)~
Since both £y, ko satisfy k70 = ejd;0 = ejwid = w*d, k3o = e3did =

eswid = w*d, we obtain E(kl) = ((ky) by (1). Thus it follows that ¢(dy) o
g(U)g) —E(dl)OE(wl) 1.

(3) Realize 6 by an E-triangle A — B -4 C 25, Then Proposi-
tion 3.15 gives a commutative diagram made of E-triangles

A—2-p—Ls0C-
e |
HH H — =

Va D C e
uAi O le

Ugs==Uyh

| \
PA, | TxPA

Y N

satisfying w*6 + e*ps = 0. Thus the span (C' <— D —% U,) satisfies
(22). 0

Proposition 6.11. For any A, C' € €, the map (: E(C, A) — E(C, A) is an
additive homomorphism.
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Proof. Let 61,02 € E(C, A) be any pair of elements. By (3) of Claim 6.10,
we can find spans (C' <~ D, BEN Ua), (C <= Dy BER Uy4) which give

0(8,), €(65). As in the proof of (2) in Claim 6.10, replacing (w;, D;) by a
common (w, D), we may assume D; = Dy = D and w; = ws = w from
the start. Then by w*d; = dipa and w*ds = dspa, we have w*(0; + do) =
(dy + d3)*pa. Thus the span (C +— D At Ua) satisfies (22) for §; + do.
This shows (81 + 05) = £(dy + ds) o L(w)™" = £(dy) o L(w)~ + £(dy) o
Cw)™ = 0(6,) + £(65). O
Lemma 6.12. Forany U € U and T € T, the map (: E(U,T) — E(U,T)
is monomorphic.

Proof. Let 6 € E(U,T) be any E-extension. Realize it by an E-triangle

T3 AU -2 LetT % Ve 275 Ur 75 be the chosen E-triangle,
as before. By Proposition 3.15, we obtain a diagram made of E-triangles

| |
PT | | zx(pT)
A \i

satisfying e*(pr) + €™ = 0. As the proof of (3) of Claim 6.10 suggests, we
have £(6) = —{(e) o £(e')~*. By E(U, Vz) = 0, we have (vr).6 = 0. Thus,
replacing M by an isomorphic object, we may assume

M=VradU m' =w,:Vr— M, ¢=py: M — U,

where
W L
Vr——=Vr®&U==U
PV PU
is abiproduct. Put ¢ = —eouy: U — Ur. Then we have e = uropy,. —qoe’.
Since {(py,.) = 0, this gives {(e) = —{(q) o {(¢’), namely
(6) = t(q). (23)

-175 -



H. NAKAOKA AND Y. PALU EXTRIANGULATED CATEGORIES

On the other hand, since the morphism e’ is a monomorphism, the equality

"6 = —e*(pr) = —py,ur(pr) + "¢ (pr) = "¢ (pr)

implies

5= q*(pr)- (24)
By (23) and (24), it suffices to show ¢(¢q) = 0 = ¢*(pr) = 0. Assume
{(q) = 0. Take E-triangles Uy — Z — S -—» (Z € Z,8 € S),
T —-1-37Z-- (I€Z, T€T). Thenby {(z0q) ={(z) o0 =0, the
morphism z o g € € (U, Z) factors through i by Remark 5.26. Namely, there
exists k € € (U, I) such that z o ¢ = i o k. By (ET4)°P, we obtain a diagram
(a) made of conflations in which, N belongs to A/ by Lemma 4.18 (2). By
the dual of Lemma 3.13, we obtain j € ¥ (U, N) which makes diagram (b)
commutative. By N € N/ = Cone(V,S) and E(U,V) = 0, this j factors
through some Sy € S, as in (¢).

p
T7'—=3N—Ur

C) Hnl C) \LZ

U-—_4q
I s ] — > J
@ T ———7 © [N
l N J/ /N?UT
So” Fr

S==385

By E(So,T) = 0, the morphism p o r factors through wy. This implies
¢*(pr) = 0 by Lemma 3.2. ]

Lemma 6.13. Let (A,0,C), (A, 0’,C") be E-extensions, and let (a,c): § —
' be a morphism of E-triangles. Then (¢(a),¥(c)): £(6) — ¢(d") is a mor-
phism of E-extensions. Namely,
o
oLy, = Ap
Z(c)i O \L((a)[l]
/f— r— Al 1
¢ (8" Ua 1]

is commutative in €.
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w/

Proof. Take spans (C' <— D N Uy) and (C" «— D' N Uy ) satisfying
w,w € wFib, w0 = d*pa, w*d" = d*pa. By definition, we have £(J) =

0(d) o b(w)™t, £(8") = €(d') o £(w')~!. Remark that ¢(a)[1] = ¢(u) is given
by a morphism of E-triangles («) below.

AA Yy, My, s ‘//931)//3“’;'052'>
() o| o |oo |« @ | ou| o |
A= Va = Un y = Vi—D'—C"-7~>

w/

Since w' € wkib, there exists an E-triangle V! — D' — ¢’ -» with
V' € V. By realizing ¢*v/, we obtain a morphism () of E-triangles. Then

both spans (C' <2~ D ed Uas) and (C & pr el Uar) satisfy
w* (") = w'a.d = a,wo
= ad'py = d'u'pay = (uod)pa,
w" () = frud = frd"pa = (d o f) pa.
Thus by Claim 6.10 (2), we obtain
l(uod)ol(w)™ = 4(dof)ol(w)™?
Ud) o ((f) o b(w")™h) = U(d) o (L(w') ™ o £(c)),
which means £(u) o £(8) = €(8') o £(c). O
Proposition 6.14. The functor [1]: ¥ — % is an auto-equivalence, with
quasi-inverse [—1].
Proof. By the definitions of [—1] and [1], for each C' € %, there are E-
Pol-1]

C
triangles C[—1] — S¢ — C 2, and Cl-1] = Ve = (C[=1])[1] --»,
where S¢ € S, Vei-1) € V. Then by Proposition 3.15, we have a commuta-
tive diagram (x) made of conflations

Cl—1] S¢ C .
| o l . ¢ -]
(%) Ve-y ip—C (%) Z(f)l O J/(g)[l}:(f(f)[—ll)[ll
l o le €' (=11
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which gives £(\°) = —{(e) o (w)~! as in the proof of (3) in Claim 6.10.

Since e € W, it follows that /(\®) is an isomorphism in €. Let us show the
naturality of {¢(\°): C' — (C[-1])[1]} - For this purpose, it suffices to
show the naturality with respect to the morphisms in %’. For any morphism
f e €(C,C"), the morphism ¢(f)[—1] = {(g) € €(C[-1],C'[—1]) is given
by a morphism of E-extensions (g, f): A\ — A", dually to Definition 6.2.
Thus by Lemma 6.13, the diagram (x*) becomes commutative. This shows

[1] o [—1] = Id. The isomorphism [—1] o [1] = Id can be shown dually. [

6.3 Triangulation

Definition 6.15. For an E-triangle A — B - C —§->, its associated

standard triangle in % is defined to be A o p ) o 1O A[l]. A distin-

guished triangle in % isa triangle isomorphic to some standard triangle.

Proposition 6.16. Any morphism of E-triangles (left, below) gives the fol-
lowing morphism between standard triangles (right, below):

AL-ptao-ts A g o A
ai S lb o lc Z(a)l o iﬂ(b) o if(c) o W(a)m
A By Uy Ao B gy O A
Proof. This immediately follows from Lemma 6.13. [l

This gives a cofibrant replacement of a standard triangle, as follows.

Corollary 6.17. Assume (¢, E, s) satisfies Condition (WIC) as before. Any
standard triangle is isomorphic to a standard triangle associated to an [E-
triangle U — U’ — U"” --» whose terms satisfy U, U’, U" € U.

Proof Let A = B L C 25 be any E-triangle. Resolve A by an

E-triangle V —» U % A 2 satisfying U € Y and V € V. By
Proposition 5.15, we have x o a € wFib o Cof. Namely, there are E-

triangles U Ay ; YN Uy %, and Vo B 5 B satisfying
UoeU,VoeVandxoa=boux'.
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Since U is extension-closed, it follows that B’ € U{. Moreover, by
Lemma 5.9 and Lemma 4.18 (1), we obtain a morphism («) of E-triangles

s oz’ oy o’

U g, UL g g ) g
i l o \Lc (8) E(a)l% o gié(b)o giz(c)o %iﬂ(a)[l}
— ‘> — — > All

A== B ¢ A () B £(y) ¢ 0) (1

which admits an E-triangle N — Uy — C --» with some N € N. By
Claim 5.12, it follows that c € W. By Proposition 6.16, we obtain an iso-
morphism () of standard triangles in % O

x 1
Remark 6.18. Similarly, for any E-triangle A — B - C --», we can
construct a morphism of E-triangles

A—t-p—t-0-t
al O J{b O ic
which satisfies Ty, Tg,Tc € T and a,b,c € W.

Lemma 6.19. Let A — B -4 C 2, be any E-triangle. From the [E-
triangle A 25 V4 4 U4 ~, we obtain an E-triangle

X
A[EJB@VA%X—& (25)

by Corollary 3.16. Then the standard triangles associated to the [E-triangles
(x,y,0), and (25) are isomorphic. Moreover we have V € Zif A € U.

Proof. By the dual of Proposition 3.17, we obtain a commutative diagram
made of E-triangles, as follows.

Vi——V,4
pdn

B@VA%X———>
NN

ByC-
0 |0
Y Y
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Remark that /([1 0]): B — B@® V4 and {(e): C' — Z are isomorphisms in
% . Thus Lemma 6.19 follows from Proposition 6.16. [

Theorem 6.20. The shift functor in Definition 6.2 and the class of distin-
guished triangles in Definition 6.15 give a triangulation of €.

Proof. (TR1) By definition, the class of dlstlngulshed triangles is closed un-
der isomorphisms. From the E-triangle A Ma 4 50 --+, we obtain a

distinguished triangle A 450 A[L].

Let o € Cg(A, B) be any morphism, and let us show the existence of
a distinguished triangle of the form A —*+ B — C — A[1]. Up to iso-
morphism in %, we may assume A € U, B € 7T from the start. As in
Remark 5.26, then there is a morphism f € €(A, B) satisfying ((f) =

By Corollary 3.16, we have an E-triangle A — BV, 5 C —ée, where
the first morphism is [U{: }, which gives a standard triangle compatible with
((f) as follows.

A } Vf(g) o 10 (5) A1)

V(f)
e g
\ lg

(TR2) It suffices to show this axiom for standard triangles. Let A ELEN
B ¢ - bean E-triangle, and let A g o 10 A[1] be its as-

sociated standard triangle. Let us show that B ko 10 All] ~@ g 1]
is distinguished. By Proposition 3.15, we obtain a commutative diagram
made of E-triangles

A—=B—>C-"
ol o Jmo |
VAHEDHC—WSé
UAl’ O l/e
Ugs==Uyu

ol s

\i A
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satisfying w*0 + e*p4 = 0. In particular, we obtain a distinguished triangle
B p All] fawr) B[1]. Remark that we have the following equality

0(8) = —L(e) o £(w)~", as the proof of (3) of Claim 6.10 suggests. Thus it
remains to show the commutativity in ¢ of the right-most square of (a).

M Apf VB 4y, A,
(a) H O %lﬁ(w)o zi—l O H zi O lv O J/u (b)
B~ C o Allagn Bl B=5 Ve Us 5z -

Let (b) be a morphism of E-triangles, which gives ¢(z)[1] = ¢(u). Then,
since the span (Ua 44 Ua —= Up) satisfies id*(2,p4) = 2.p4 = u*pp, it

follows that {(z.p4) = £(u) = £(z)[1].
(TR3) Up to isomorphism of triangles, it suffices to show this axiom for

/

. ) / 5
standard triangles. Let A - B - C -=», A/ =5 B’ 25 ' -=> be
[E-triangles, and suppose we are given a commutative diagram ()

¢(z)

A—=B A= BaoV,
(%) ai O l,@ (%) al O l[bﬂ
A/mBl A/TB/

in%. By Corollary 6.17 and Remark 6.18, we may assume A, B, C' € U and
A',B',C" € T from the start. In that case, « and [ can be written as o =
l(a), p = ((b) for some a € € (A, A’) and b € € (B, B') by Remark 5.26.
Moreover, the commutativity of («) means that b o x — 2’ o a factors through
some I € Z. By exactness of €' (Vy, 1) —% (A, I) — E(Uy4, I) = 0, this
shows that there exists j € €' (Va, B") which makes (**) commutative in &,
where 2o = [/, ]. By Lemma 6.19, replacing A - Bby A 2% B @ Vy,
we may assume b o z = 2’ o a in € from the start. Now (TR3) follows from
(ET3) and Proposition 6.16.

(TR Let A > B — D — A[l], B 25 ¢ - F — B[1] and
A X C — E — A[l] be any distinguished triangles in % satisfying
B o« = ~. In a similar way as in the proof of (TR3), we may assume that

’ o
they are standard triangles associated to E-triangles A ENN I ——fe,
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/ ) / )
B-L oy F-2 A o E -2, satisfying g o f = h. By
Lemma 3.14, we obtain a commutative diagram («) made of E-triangles:

A-t-ptop . A B D —2L A
O g O 3d O L(g) O £(d) O
5 o(h') 0(6n)
A——>C—F=E- =~ > A 0 E All]
AR ER wgh| o e o lfi(f)[l]
() F——F (8) F——F —— B]l]
5 | 16, £(9g)
! ! W) | O [UF

Bl1]—= D[l

Thus by Proposition 6.16, we obtain a diagram () made of distinguished
triangles, as desired. 0

The following argument ensures the dual arguments concerning distin-
guished triangles, in the following sections. Recall that the endofunctor [—1]

~ C
of ¢ induced from the chosen E-triangle 7¢ i S¢ i C s with
S5¢€ S8, T € T, T¢ = C[-1], for each C, gives a quasi-inverse of [1] by

Proposition 6.14. Its proof shows that the isomorphisms £(\“): C' — T¢[1]
give a natural isomorphism Id = [1] o [—1].
The dual construction of Definition 6.9 goes as follows.

Definition 6.21. For any E-triangle A —— B - C —§+, take a cospan of
morphisms
(T 25 E < A) (26)

to some 1" € € satisfying

n€wCof and n,d = m A\, 27)

Then, (1(5) = £(n)~L o l(m) € €(C[-1], A) is well-defined.

With this definition, we can give a triangulation of (gby requiring the

t z
diagram T¢ @3 A Q B @> C to be a left triangle. The following
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proposition (and its dual) shows that the resulting triangulation is the same
as that defined in Definition 6.15.

Proposition 6.22. For any E-triangle A — B - C —§+, the diagram

7o 10 4t g D) TC[1] becomes a distinguished triangle in ¢,

with respect to the triangulation given in Definition 6.15.

P : (z) o L)~ HO) -
roof. Take the standard triangle A — B — C' — A[l]. Since ¥ is

triangulated, by the converse of (TR2), it suffices to show the commutativity

of the following diagram.

(=) U(A%)ol(y)

—0f(8)[1
A B rop) Ol

AL]

As (7(5) does not depend on the choice of a cospan (26), we may take it in
the following way: By Proposition 3.15, we obtain a commutative diagram
made of [E-triangles (a) below

T¢ =—=T1¢ C C C
(a) ki O ltc Z()\C)i O J/Z(e) O lZ(a) (b)
s9)*6
—s 3 — > QC— C —_— -~
4 E S Q] £(k)([1] 1 £n)[1] Alll

satisfying n.6 + k,\¢ = 0. Then the cospan (T¢ N B A) satisfies
the desired property (27), and thus gives ¢7(§) = —£(n)~! o £(k). If we put
0 = n,d = —k\Y, then (n,id¢): 6 — 6 and (—k,idc): A¢ — 6 are mor-
phisms of E-extensions. Thus (b) becomes commutative by Lemma 6.13.

This shows (£7(8)[1]) 0 £(A\Y) = (—£(n)"L[1] o £(k)[1]) 0 £(NC) = £(5). O
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7. Reduction and mutation via localization

7.1 Happel and Iyama-Yoshino’s construction

Definition 7.1. An extriangulated category (%, E, s) is said to be Frobenius
if it satisfies the following conditions.

(1) (¥¢,E,s) has enough injectives and enough projectives.

(2) Proj(€¢) = Inj(¥).

Example 7.2. (1) If (¥, E,s) is an exact category, then this agrees with
the usual definition ([Ha, section 1.2]).

(2) Suppose that 7 is a triangulated category and (Z, Z) is an Z-mutation
pair in the sense of [IYo, Definition 2.5]. Then Z becomes a Frobe-

nius extriangulated category, with the extriangulated structure given in
Remark 2.18.

Remark 7.3. Let (¢,E,s) be an extriangulated category, as before. By
Remark 4.7, ((Z,€6), (¥¢,1)) is a twin cotorsion pair for some subcategory
T C % if and only if (¢,E,s) is Frobenius. Moreover, in that case T =
Proj(¢) = Inj(?¥).

The following can be regarded as a generalization of the constructions
by Happel [Ha] and Iyama-Yoshino [IYo]. See also [Li] for the triangulated
case.

Corollary 7.4. Let (%, E,s) be a Frobenius extriangulated category satis-
fying Condition (WIC), with Z = Inj(.%#). Then its stable category, namely
the ideal quotient .% /Z, becomes triangulated.

Proof. Since ((Z,.7),(.#,Z)) becomes a Hovey twin cotorsion pair with
Cone(Z,Z) = CoCone(Z,Z) = Z, this follows from Corollary 5.25 and
Theorem 6.20. [

Remark 7.5. A direct proof for Corollary 7.4 is not difficult either, by imi-
tating the proofs by [Ha] or [IYo], even without assuming Condition (WIC).

Corollary 7.6. Let € be a category. Then (%, E,s) is triangulated, as in
Proposition 3.22 if and only if (¢, E, s) is a Frobenius extriangulated cate-
gory and Proj(%) = Inj(¥¢) = 0.

Proof. This follows from Corollary 7.4. U
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7.2 Mutable cotorsion pairs
Lemma 7.7.

(1) For any weak equivalence f € %€ (U,U’) between U,U" € U, there
exist [ € Zand i € € (U, 1), with which [/] : U — U’ @ I becomes
an acyclic cofibration.

(2) Dually, for any weak equivalence g € ¢ (T,7T") between T, 7" € T,
there exist J/ € Z and j € ¥ (J,1"), with which [¢g j]: T & J — T"
becomes an acyclic fibration.

Proof. We only show (1). Since f € W = wFib o wCof, there are E-
triangles

U E— S --», (28)
Vo E-Su s (29)

satisfying S € S,V € Vandeom = f. By E(U', V) = 0, we have 6 = 0.
Thus we may assume £ = U’ @ V and e = [1 0] in (29), from the start.

By the extension-closedness of Y C %, the E-triangle (28) gives U’ &
V = E € U, which implies V' € Z. Moreover by e o m = f, the acyclic
cofibration m: U — U’ @ V should be of the form m = [{ } with some

ieeUV). O

The following is an immediate consequence of the existence of the model
structure.

Remark 7.8. For any morphism f € € (A, B) in €, we have f € W if and
only if ((f) is an isomorphism in €.

For any extriangulated category (¢, E, s), let ©B3(%’) denote the class of
cotorsion pairs on ¢ . Since € is triangulated as shown in Theorem 6.20, we
may use the usual notation Ext;; for [E.

Definition 7.9. Let P = ((S,7), (U, V)) be a Hovey twin cotorsion pair on

% and let £ € — % be the associated localization functor as before. Define
the class of mutable cotorsion pairs on € with respect to P by

My — { (A,B) € &P(%) f} é “ga”, | ExtL(6(A), (B)) = } |
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Here, ((A), ((B) C € denote the essential images of A, B under (. Re-
mark that S C Aisequivalentto B C 7, and A C U is equivalentto }V C B,
for any (A, B) € €3(%).

Theorem 7.10. For any Hovey twin cotorsion pair P = ((S,T), (U, V)) on
€, we have mutually inverse bijective correspondences

R =Rp: Mp — EP(%), I=1p: EB(¥) — Mp
given by
R((A,B)) = (((A),€B)), I(L,R))=UNEHL),TNLHR)).

Proof. Tt suffices to show the following. (1) For any mutable (A, B) € Mp,
we have R((A,B)) € €B(€). (2) For any (£, R) € EP(%), we have
I((L,R)) € Mp. 3 [oR =id. ) Rol = id.

To distinguish, in this proof, let /(X)) € % denote the image under ¢ of
an object X € %.

(1) Since ¢(.A) is the essential image of A under /, it is closed under
isomorphisms and finite direct sums. The equality 4 = Cone(B, .A) implies
© = ((A) * ((B)[1], by Definition 6.15. Moreover Ext.(£(A), (B)) = 0
follows from the definition of 9ip. _

It remains to show that /(A),¢(B) C % are closed under direct sum-
mands. To show that /(A) C € is closed under direct summands, it suf-
fices to show ¢(A) = L¢(B)[1]. Take any X € %, and suppose it satisfies
Ext(((X),((B)) = 0.

Let us show /(X) € /(.A). By a cofibrant replacement, we may assume
X belongs to U. Resolve X by an E-triangle in : B - A — X —é-),
with A € A, B € B. Since ¢(6) = 0 by assumption, we obtain 6 = 0 by
Lemma 6.12. Thus X is a direct summand of A, which implies that X itself
belongs to .A. Similarly for /(B) C ¥

QPutA=UNLYL),B=TnR). Since both U and ¢~ (L)
are closed under isomorphisms, finite direct sums and direct summands, so
is their intersection A. Similarly for B. By ¢(S) C ¢(N) = 0, we have
S CACU. By Lemma 6.12, Ext}g(ﬂ(.A), ¢(B)) = 0 implies E(A, B) = 0.
It remains to show that ¢ = Cone(B, A) = CoCone(B, A). Let us show
that ¥ = Cone(B, A).
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Let X € ¥ be any object. By assumption, there exist R € {"1(R), L €
¢71(L) and a distinguished triangle ¢/(R) — ((L) — ¢(X) — ((R)[1] in
€. By definition, it is isomorphic to the standard triangle associated to an
[E-triangle, which we may assume to be of the form

Ry —% Ly %5 72 -2 (30)

satisfying Ry, Lo, Z € Z, by a fibrant-cofibrant replacement (Corollary 6.17
and Remark 6.18). Thus we have an E-triangle (30) satisfying Ry € Z N
~1(R), Lo € ZNeYL) and Z € Z, together with an isomorphism

C: U(Z) = ((X) in €. Resolve X by an E-triangle X 5 Ty % 5y /2%,
with Ty € T, Sx € S. Then there exists a morphism z € € (Z, Tx) which
satisfies ¢ = ¢(tx)~! o £(z2). Since ¢ is an isomorphism, it follows that z €

W. By Lemma 7.7 (2), there exists an E-triangle V' — Z & [ ﬂ Ty --»,
with V' € V, I € Z. On the other hand by (ET2), we have an E-triangle

Ry % Lol 2 Z& 1 --» from (30), where z¢ = [0], Yo = y D idy.
Thus by (ET4)°P, we obtain a diagram ()

V E °F X

o i

* R0‘>L0@]$Z@[ (**) E?Lo@I?TX

dl s l[“] l . lsx

TX:TX SX:SX

made of conflations, where d = [z i]oyg = [z 0y i|. Since ¢(r) is an
isomorphism in €. we have E € (71 (R). Besides, Ry, V € T implies
E € T. By (ET4)°P, we obtain a diagram (x*) made of conflations. Since
((f) is an isomorphism in %, this shows F € (~1(£). Resolve F by an
E-triangle VI — UF — F ——», with U" € U, VT € V. By (ET4)°?, we
obtain a diagram (A), below, made of conflations. Then in the E-triangle
G — UF — X --», we have the equalities UY € U N ¢~*(L) = A and
GeTnl(R)=B.
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VF—=3G—FE

o | o]
(4) vF—UF—F
| - |
X=—=X
(3) For any (A, B) € Mp, we have

ToR((A,B)) = (U N1 (L(A)), T N (L(B))).

Obviously, A C U N (71 (¢(A)) and B C T N ¢71(¢(B)) hold. Since
both (A, B) and I o R((A, B)) are cotorsion pairs, this means (A, B) =
IToR((A,B)). N

(4) For any (L, R) € €P(¢), we have

RoI((L,R)) = (LU NLE(L)), (T N E(R))),

which obviously satisfies ¢(U4 N ¢~1(L)) € L and (T N HR)) C R.
Similarly as in (3), it follows that (£, R) = Ro I((£L,R)). N

Claim 7.11. For any (A, B) € CB(€) satisfying S C A C U (or equiva-
lently V C B C T), we have

UNLCHY(A) =U N CoCone(A,S),
T N (B) =T N Cone(V, B).

Proof. We only show U N ¢{714(A) = U N CoCone(A, S).
UNCoCone(A,S) CUNL(A) is obvious. For the converse, let U €
U be any object satisfying £(U) = £(A) in € for some A € A. Resolve U
by an E-triangle U — Z — S --»,with Z € Z, S € §. Then ((A) = ((Z)
holds in €. Since A € U, Z € T, there is a morphism f € (A, Z) which
gives the isomorphism ¢(f): ¢(A) — ¢(Z) by Remark 5.26. Factorize this
feWas f=hog, withg € wCof, h € wFib. By definition, we have
[E-triangles Vo — E L Z - sand A S E - So --+, where V € V,
So € S. Since E(Z, V) = 0, it follows that Vy & Z = E € A, which implies
Z e A O
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The class 91p can be rewritten as follows.

Corollary 7.12. Let P be a Hovey twin cotorsion pair on %. For any
(A, B) € &B(F) satisfying S € A C U (or equivalently V C B C T),
the following are equivalent.

(1) (A,B) € Mp i.e., it satisfies Ext(((A), £(B)) = 0.
Q) UNITY(A) = A Q) UNH(A) C A
QB TneYB =B @) TneYB) CB.
Thus by Claim 7.11, we have
Mp = {(AB) € €B(?) |
= {(A,B) € TB(7) |

Proof. We only show (1) < (2) < (2)’. The implication (1) = (2) follows
from Theorem 7.10 and (2) = (2)’ is obvious. Suppose that (2)’ is satisfied.
Let us show Ext;;(ﬁ(A), ¢(B)) = 0 for any pair of objects A € A, B € B.

Resolve A by an E-triangle 74— S4 — A --»>, with TA € T, S4 € S
and Ty by V' — ZT 25 T4 -5 with ZT € Z, VT € V. Then we have
(A1) = (T4 =2 0(Z7), and thus

CACU, UNCoCone(A,S) C A}

S
VY CBCT, TnCone(V,B) C B}

Ext(((A), U(B)) = €((Z"),((B)) = (¢/I)(Z", B)

by Remark 5.26. Let us show that (¢'/Z)(Z", B) = 0. Factorize t o z as
toz=hog,where g € Cof, h € wFib, to obtain a diagram

VT 3‘/0

T8t ——=A4
made of conflations. Since E(S%,V;) = 0, we have E =2 S4 @ V. Besides,

by the extension-closedness of Y C %, we have F© € U, which shows that
Vo € YV NU = Z. Thus it follows that £ € S.
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By Lemma 5.9, we obtain X € % and conflations Vi 5V - X
and X — Uy — A. By Lemma 4.18 (1), we have X € N, and thus
u € W by Claim 5.12. This shows ¢(Uj) = ¢(A), which means that U, €
UNLY(A) C Aby assumption. Thus we obtain an exact sequence

€(9,B)

¢(E,B) = €(Z",B) — E(Uy, B) = 0.

This shows that any morphism f € €(ZT, B) factors through E € S, and
thus f = 0 holds in (¢'/Z)(Z", B). O

The above arguments allow us to define the mutation of cotorsion pairs
as follows.

Definition 7.13. Let P = ((S,7), (i, V)) be a Hovey twin cotorsion pair
on €. We define mutation with respect to (S, V) as a Z-action on Mp given,
forany n € Z, by p, =lo[n]oR,ie.,

fn: Mp — Mp ;3 (A, B) = (UNLH(A)N]), T N e (U(B)n)).
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THE SERRE AUTOMORPHISM VIA
HOMOTOPY ACTIONS AND THE
COBORDISM HYPOTHESIS FOR

ORIENTED MANIFOLDS
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Résumé. Nous construisons explicitement une action de SO(2) sur une ver-
sion squelettique de la bicatégorie des cobordismes a bords a deux dimensions.
Par I’hypothese du cobordisme bidimensionnel pour les variétés a bords, nous
obtenons une action de SO(2) sur le noyau des objets completement dual-
isables de la bicatégorie cible. Cette action coincide avec celle donnée par
I’automorphisme de Serre. Nous donnons une description explicite de la
bicatégorie des points fixes homotopiques de cette action, et discutons de sa
relation avec la classification des théories quantiques des champs topologiques
en 2 dimensions.

Abstract. We explicitly construct an SO(2)-action on a skeletal version of
the 2-dimensional framed bordism bicategory. By the 2-dimensional Cobor-
dism Hypothesis for framed manifolds, we obtain an SO(2)-action on the
core of fully-dualizable objects of the target bicategory. This action is shown
to coincide with the one given by the Serre automorphism. We give an explicit
description of the bicategory of homotopy fixed points of this action, and dis-
cuss its relation to the classification of oriented 2d topological quantum field
theories.

Keywords. Serre Automorphism, Cobordism Hypothesis, Topological Quan-
tum Field Theory, Group actions, Bicategory, Homotopy Fixed Point.
Mathematics Subject Classification (2010). 81T45
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1. Introduction

As defined by Atiyah in [Ati88] and Segal in [Seg04], an n-dimensional
Topological Quantum Field Theory (TQFT) consists of a functor between
two symmetric monoidal categories, namely a category of n-cobordisms, and
a category of algebraic objects. This definition was introduced to axiomatize
the locality properties of the path integral, and has given rise to a fruitful
interplay between mathematics and physics in the last 30 years. A prominent
example is given by a quantum-field-theoretic interpretation of the Jones
polynomial by Witten in [Wit89]].

More recently, there has been a renewed interest in the study of TQFTs,
due in great part to the Baez-Dolan Cobordism Hypothesis and its proof by
Lurie, whose main objects of investigation are fully extended TQFTs. These
are a generalization of the notion of n-dimensional TQFTs, where data is
assigned to manifolds of codimension up to n. The Baez-Dolan Cobordism
Hypothesis, originally stated in [BD93J]], and proved by Lurie in [Lur0O9] in
an oo-categorical version, can be stated as follows: fully extended framed
TQFTs are classified by their value on a point, which must be a fully dualiz-
able object in the target symmetric monoidal (oo, n)-category C. Moreover,
the oco-groupoid % (C'®) given by the core of fully dualizable objects of
C carries a homotopy O(n)-action induced by the “rotation of the framing”
on the framed (oo, n)-cobordism category [Lur09, Corollary 2.4.10]. The
inclusion SO(n) < O(n) then induces an SO(n)-action on # (C'?). By
the Cobordism Hyothesis for manifolds whose tangent bundle is equipped
with an additional G-structure, homotopy fixed-points for this action classify
fully extended oriented TQFTs. It is relevant to notice that in [Lur(9] the
homotopy O(n)-action on the framed (0o, n)-category of cobordisms is not
explicitly constructed, or even briefly sketched. For an extensive introduction
to extended TQFTs and the Cobordism Hypothesis, we refer the reader to
[Erel2].

Blurring the distinction between (oo, 2)-categories and bicategories, in
[FHLT10] it is argued that in the case where the target is given by the bi-
category Alg, of algebras, bimodules, and intertwiners, the fully dualizable
objects are semisimple finite-dimensional algebras, and that the additional
SO(2)-fixed-points structure should correspond to the structure of a symmet-
ric Frobenius algebra. Via a direct construction, in [SP0Y] it is showed that
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the bigroupoid Frob of Frobenius algebras, Morita contexts and intertwin-
ers indeed classifies fully extended oriented 2-dimensional TQFTs valued in
Alg,. In [Davl1], it is observed that the SO(2)-action given by the Serre
automorphism on the core of fully-dualizable objects of Alg, is trivializable.
In a purely bicategorical setting, in [HSV17] the homotopy-fixed-point bi-
groupoid of the SO(2)-action on Alg, is computed, and it is shown that it
coincides with Frob.

In the present paper we provide an explicit SO(2)-action on the framed
bordism bicategory, and show that the SO(2)-action induced on .# (C™) for
any symmetric monoidal bicategory C is given by the Serre automorphism,
regarded as a pseudo-natural isomorphism of the identity functor. More
precisely, we make use of a presentation of the framed bordism bicategory
provided in [Pst14] to construct such an SO(2)-action.

By the Cobordism Hypothesis for framed manifolds, which has been
proven in the setting of bicategories in [Pstl14], there is an equivalence of
bicategories

Fung (Coby, 4,C) = #(C™). (1)

This equivalence allows us to transport the SO(2)-action on the framed bor-
dism bicategory to the core of fully-dualizable objects of C. We then prove
that this induced SO(2)-action on % (C') is given precisely by the Serre
automorphism, showing that the Serre automorphism has indeed a geometric
origin, as expected from [LurQ9].

Along the way, we also provide results concerning monoidal homotopy
actions which are useful in determining when such actions are trivializ-
able. The relevance for TQFT is the following: in the case of a trivializ-
able SO(2)-action, any framed fully extended 2d TQFT can be promoted
to an oriented one by providing the appropriate structure of a homotopy
fixed point. In particular, we apply these results to the case of invertible 2d
TQFTs, which have recently attracted interest for their application to con-
densed matter physics, more specifically to the study of topological insulators
[Erel4al Frel14bl [FH16]. Namely, fully extended invertible TQFTs have been
proposed as the low energy limit of short-range entanglement systems; see
[Ere14b] for a discussion of these topics.

First defintions of monoidal bicategories appear in [KV94], [BN96] and
[DS97], with a first full definition of a symmetric monoidal bicategory in
[McCO00]. We will refer to [SP09] for technical details. In section[3] we use
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the wire-diagram calculus developed in [Bar14].

It is worth noticing that the study of actions of groups on higher cate-
gories and their homotopy fixed points is also of independent interest, see for
instance [EGNO15, BGM17] for the case of finite groups.

The paper is organized as follows.

In Section [2] we recall the notion of a fully-dualizable object in a symmetric
monoidal bicategory C. For each such an object X, we define the Serre
automorphism as a certain 1-endomorphism of X. We show that the Serre
automorphism is a pseudo-natural transformation of the identity functor on
2 (C™), which is moreover monoidal. This suffices to define an SO(2)-
action on ¢ (C™?).

Section [3]investigates when a group action on a bicategory C is equivalent
to the trivial action. We obtain a general criterion for when such an action is
trivializable.

In Section ] we compute the bicategory of homotopy fixed points of an
SO(2)-action coming from a pseudo-natural transformation of the identity
functor of an arbitrary bicategory C. This generalizes the main result in
[HSV17]], which computes homotopy fixed points of the trivial SO(2)-action
on Alggd. Our more general theorem allows us to give an explicit description
of the bicategory of homotopy fixed points of the Serre automorphism.

In Section [5] we introduce a skeletal version of the framed bordism bi-
category by generators and relations, and define a non-trivial SO(2)-action
on this bicategory. By the framed Cobordism Hypothesis, as in Equation (T,
we obtain an SO(2)-action on % (C™), which we prove to coincide with the
one given by the Serre automorphism.

In Section[6| we discuss invertible 2d TQFTs, providing a general criterion
for the trivialization of the SO(2)-action in this case.

In Section[7] we give an outlook on homotopy co-invariants of the SO(2)-
action, and argue about their relation to the Cobordism Hypothesis for ori-
ented manifolds.
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2. Fully-dualizable objects and the Serre automorphism

The aim of this section is to introduce the main objects of the present pa-
per. On the algebraic side, these are fully-dualizable objects in a symmetric
monoidal bicategory C, and the Serre automorphism. Though some of the
following material has already appeared in the literature, we recall the rele-
vant definitions in order to fix notation. For details, we refer the reader to
[Pst14]].

Definition 2.1. A dual pair in a symmetric monoidal bicategory C consists
of an object X, an object X*, two 1-morphisms

evy X RX" =1

. (2)
coevy : 1 > X" ® X
and two invertible 2-morphisms o and 3 in the diagrams below.
XX 9X) "> (XXX
idX@CV \W?idx
X®1 “a 1®X
e N
X . X
3)
(X*9X)® X — X* @ (X ® X¥)
coevx(gid/' wevx
1 X* B X*®1
/ \
X* - X*

id x*
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We call an object X of C dualizable if it can be completed to a dual pair. A
dual pair is said to be coherent if the “swallowtail” equations are satisfied,
as in [Pstl4, Def. 2.6].

Remark 2.2. Given a dual pair, it is always possible to modify the 2-cell 5
in such a way that the swallowtail are fulfilled, cf. [Pst14, Theorem 2.7].

Dual pairs can be organized into a bicategory by defining appropriate 1-
and 2-morphisms between them, cf. [Pst14, Section 2.1]. The bicategory of
dual pairs turns out to be a 2-groupoid. Moreover, the bicategory of coherent
dual pairs is equivalent to the core of dualizable objects in C. In particular,
this shows that any two coherent dual pairs over the same dualizable object
are equivalent.

We now come to the stronger concept of fully-dualizability.

Definition 2.3. An object X in a symmetric monoidal bicategory is called
fully-dualizable if it can be completed into a dual pair and the evaluation
and coevaluation maps admit both left- and right adjoints.

Note that if left- and right adjoints exists, the adjoint maps will have
adjoints themselves, since we work in a bicategorical setting, cf. [Pst14]].
Note that if left- and right adjoints for the 1-morphisms ev and coev exist,
these adjoint 1-morphisms will in turn have additional adjoints themselves.
Thus, Definition [2.3]agrees with the definition of [Lur09] in the special case
of bicategories.

2.1 The Serre automorphism

Recall that by definition, the evaluation morphism for a fully dualizable
object X admits both a right-adjoint evi and a left adjoint evk. We use
these adjoints to define the Serre-automorphism of X:

Definition 2.4. Let X be a fully-dualizable object in a symmetric monoidal
bicategory. The Serre automorphism of X is the following composition of
1-morphisms:
~ idx®8V§ % Tx,x ®id x « dx®evx ~
Sx : X ZXQRI — XXX ———— XXX —— X®1 = X.
)
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Notice that the Serre automorphism is actually a 1-equivalence of X,
since an inverse is given by the 1-morphism

Sy = (idx oevy) o (Tx,x ® idx-) o (idx ® evk), (6)

cf. [Lur09, DSS13]].
The next lemma is well-known [Lur(09, |Pst14]], and is straightforward to show
graphically.

Lemma 2.5. Let X be fully-dualizable in C. Then, there are 2-isomorphisms

evf} =~ 7x« x o (idx+ ® Sx) o coevy o
evg} = 7x« x o (idys ® S)_(l) 0 coevy .
Next, we show that the Serre automorphism is actually a pseudo-natural
transformation of the identity functor on the maximal subgroupoid of C, as
suggested in [Schl13]. To the best of our knowledge, a proof of this state-
ment has not appeared in the literature so far, hence we illustrate the details
in the following. We begin by showing that the evaluation 1-morphism is
“dinatural”.

Lemma 2.6. Let X be dualizable in C. The evaluation I-morphism ev x is
“dinatural”: for every I-morphism f : X — Y between dualizable objects,
there is a natural 2-isomorphism ev ¢ in the diagram below.

idef*

XRY* X ®X*
f®idl vy J/QVX (8)
Y ® Y™ T> 1

By “di-naturality”, we explicitly mean that for every 2-morphism o : f = g
in C, the following diagram commutes

id®g*
%
XYV — X X* XYV — X X*
id® f* id®g*
g®id ﬁlf@id% J/eVX = lg@id% J/eVX
Y@V — s 1 YOV —— 1

€))
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Indeed, let
nNx : idX®X* — evﬁ oevy
Ex . €Vy oev§ — idy
-201 -
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Proof. We explicitly write out the definition of f* and define ev to be the
composition of the 2-morphisms in the diagram below.

X X1Y* X XX Xy* XXyYy* XX

er =
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be the unit and counit of the right-adjunction of evx and its right adjoint evZ.
We construct unit and counit for the adjunction in Equation (I2). Let

cevx o ) o (f@ (f) Doevl Zevyoevk 5 id,
vidyey- 2 (f@ (F) 7)o (F1 @ f) (14)

SES (Fe () eevkoevko(f @ )

M

Rt

Now, one checks that the quadruple

(evxo(f '@ f*), (f& (f) ) oevk, &) (15)

fulfills indeed the axioms of an adjunction. This follows from the fact that the
quadruple (evy,ev¥, ex,nx) is an adjunction. This shows Equation (T2).

Now, notice that due to the dinaturality of the evaluation in Lemma [2.6]
we have a natural 2-isomorphism

evy Zevyo(f 1@ f*). (16)

Combining this 2-isomorphism with Equation (12) shows that the right ad-
joint of evy is given by f ® (f *)_1 oevil. Since all right-adjoints are isomor-
phic the 1-morphism f @ (f*)~" o ev% is isomorphic to evE, as desired. [

We can now prove the following proposition.

Proposition 2.8. Let C be a symmetric monoidal bicategory. Denote by
A (C) the maximal sub-bigroupoid of C. The Serre automorphism S is a
pseudo-natural isomorphism of the identity functor on ¥ (C™9).

Proof. Let f : X — Y be a l-morphism in .# (C'). We need to provide a
natural 2-isomorphism in the diagram

Sx

X 2, x
17
| A o
Y ——— Y
Sy
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By spelling out the definition of the Serre automorphism, we see that this is
equivalent to filling the following diagram with natural 2-cells:

idy evi 7x,x idx* idx evx
==

X X1 X X X~ XX X~ X1 X
fJ ind Jff(f*)1 Jff(f*)l ind Jf
Y Y1 — YYY  ——— YYY* — Y1 Y
idy evl Ty,y idy« idy evy
(18)

The first, the last and the middle square can be filled with a natural 2-cell due
to the fact that C is a symmetric monoidal bicategory. The square involving
the evaluation commutes up to a 2-cell using the mate of the 2-cell of Lemma
[2.6, while the square involving the right adjoint of the evaluation commutes
up a 2-cell using the mate of the 2-cell of Lemma[2.7] [

2.2 Monoidality of the Serre automorphism

In this section we show that the Serre automorphism respects the monoidal
structure. We will show that the Serre-automorphism is a monoidal pseudo-
natural transformation of the identity functor. We begin with the following
two lemmas:

Lemma 2.9. Let C be a monoidal bicategory. Let X and Y be dualizable
objects of C. Then, there is a 1-equivalence {xy : (X Q@Y )" = Y* @ X*.
Furthermore, this 1-equivalence £ is pseudo-natural: suppose that f : X —
X' and g : Y — Y’ are two I-morphisms in C. Then, there is a pseudo-
natural 2-isomorphism in the diagram in equation (19).

(X@Y) —2X |, yrgX*

(f®g)*T T9*®f" (19)
gf,g

(X/ ® Y/)* SN Y/* ®)(pk

Ex! vyt
Proof. Define a 1-morphism (X ® Y)* — Y*® X* in C by the composition

(idy* ®id x« ®€VX®y)O (idy* Kcoevx ®idy®id(X®y)* ) o (COGVY ®id(X®y)* )
(20)
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and define another 1-morphism Y*®X* — (X®Y')* in C by the composition

(id(X®y)* ® eVX) o (id(X@)y)* ®idx ®evy ®idx« ) o (COGVX®Y ®id; ®1d x= )

2D
These two 1-morphisms are (up to invertible 2-cells) inverse to each other.
This shows the first claim. The existence and the pseudo-naturality of the
2-isomorphism &, now follows from the definition of § and lemma[2.6l [

Now, we show that the evaluation 1-morphism respects the monoidal
structure:

Lemma 2.10. For a dualizable object X of a symmetric monoidal bicategory
C, the evaluation 1-morphism ev x is a monoidal pseudo-dinatural transfor-
mation: namely, the following diagram commutes up to 2-isomorphism.

(X0Y)®(X®Y) ey 1

idx@y@ffl l

(XeY) oV X — XX eYeY — 1ol
idx®Ty gy, x* evyx @evy
(22)

Here, the 1-equivalence & is due to Lemma

Proof. Let us construct a 2-isomorphism in the diagram in Equation (22]).
Consider the diagram in figure [I|on page @I} here, the composition of the
horizontal arrows at the top, together with the two arrows on the vertical right
are exactly the 1-morphism in Equation (22)). The other arrow is given by
evygy. We have not written down the tensor product, and left out isomor-
phisms of the form 1 ® X = X = X ® 1 for readability. [

We can now establish the monoidality of the right adjoint of the evaluation
via the following lemma.

Lemma 2.11. Let C a symmetric monoidal bicategory, and let X and Y be
fully-dualizable objects. Then, the right adjoint of the evaluation is monoidal.
More precisely: if § - (X @ Y)* — Y* ® X* is the I-equivalence of Lemma

-204 -



J. HESSE AND A. VALENTINO HOMOTOPY ACTIONS

2.9 the following diagram commutes up to 2-isomorphism.

R
ey oy

1

P XY QX ®Y)
ev§ ®ev§J{ lidx@y@g (23)

XX'QQYQRQY — X QYY" ® X"

dx®Tx* yoy~
Proof. In a first step, we show that the right adjoint of the 1-morphism
(evx ®evy) o (idxy @ Tygy« x+) o (ldxgy ® &) (24)
is given by the 1-morphism
(idxey ® £71) o (idx o Tx yey+) © (evi ®evi). (25)

Indeed, if
Nx :idxgxs — ev§ oevy

(26)

€x : evXoevf} — idy

are the unit and counit of the right-adjunction of evy and its right adjoint

evl, we construct adjunction data for the adjunction in equations (24) and

(23) as follows. Let £ and 7] be the following 2-morphisms:

£: (evy ®evy) o (idxy ® Tyey+ x+) o (idxey ® &) o (idyey ® 1)
o (idx ® Tx+yay+) o (evy @evi)
>~ (evy ®evy) o (idy ® Tyey-.x-) 0 (idx ® Txyoy+) o (evh @ evy)
>~ (evy ®evy) o (ev§ ® ev{?) ExPev, id;
(27)

and

77 idxeve(xey)y = (dxgy ® 1) o (idxgy ® €)
= (idX®y ® 5_1) o (ldX ® TX*,Y@Y*) o (ldX & TY®Y*,X*) o (idX®y & f)

idonx @ny ®id . _ )
RS UNEEN (idxgy ® & 1) o(idx ® Tx+ygy+) © (evf} ® ev{z)

o(evy ®evy)o (idx ® Tygy= x+) o (ldxgy ® §)
(28)
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One now shows that the two 1-morphisms in Equation (24)) and (23), together
with the two 2-morphisms £ and 7 form an adjunction. This gives that the
two 1-morphisms in Equations and are adjoint.

Next, notice that the 1-morphism in Equation is isomorphic to the
l-morphism ev ygy by Lemma [2.10] Thus, the right adjoint of evygy is
given by the right adjoint of the 1-morphism in Equation (24)), which is the
I-morphism in Equation (25)) by the argument above. Since all adjoints are
equivalent, this shows the lemma. O]

We are now ready to prove that the Serre automorphism is a monoidal
pseudo-natural transformation.

Proposition 2.12. Let C be a symmetric monoidal bicategory. Then, the Serre
automorphism is a monoidal pseudo-natural transformation of Id ; cta).

Proof. By definition (cf. [SP09, Definition 2.7]), we have to provide invert-
ible 2-cells
nyy : SX®Y — SX ® Sy
M - Sl — idl,

satisfying suitable coherence equations. By the definition of the Serre au-
tomorphism in Definition [2.4] it suffices to show that the evaluation and its
right adjoint are monoidal, since the braiding 7 will be monoidal by defi-
nition. The monoidality of the evaluation is proven in Lemma [2.10, while
the monoidality of its right adjoint follows from Lemma 2.T1] These two
lemmas thus provide an invertible 2-cell Sxgy = Sx ® Sy. The second
2-cell id; — Sy can be constructed in a similar way, by noticing that 1 =2 1%,

The three coherence equations for a pseudo-natural transformation now
read

(29)

lxgy,z o (llxgy ®ids,) = lx yez o (idsy @ Ily,z)

I x = M ®idg, (30)
Iy, =ids, ® M
and can be checked directly by hand. [

3. Monoidal homotopy actions

In this section, we investigate homotopy actions on symmetric monoidal
bicategories. In particular, we are interested in the case when the group

,- 206 -



J. HESSE AND A. VALENTINO HOMOTOPY ACTIONS

action is compatible with the monoidal structure. By a (homotopy) action of
a topological group GG on a bicategory C, we mean a weak monoidal 2-functor
p : 1Io(G) — Aut(C), where I1(G) is the fundamental 2-groupoid of GG, and
Aut(C) is the bicategory of auto-equivalences of C. For details on homotopy
actions of groups on bicategories, we refer the reader to [HSV17]].

In order to simplify the exposition, we introduce the following

Definition 3.1. Let G be a topological group. We will say that G is 2-
truncated if mo(G, x) is trivial for every base point x € G.

Moreover, we will need also the following definition.

Definition 3.2. Let C be a symmetric monoidal bicategory. We will say that C
is algebraically I1-connected if it is monoidally equivalent to B*H, for some
abelian group H.

In the following, we denote by Autg(C) the monoidal bicategory of in-
vertible monoidal weak 2-functors of C, invertible monoidal pseudo-natural
transformations, and invertible monoidal modifications. Details of the con-
struction can be found in [Hes17, Appendix Al].

Definition 3.3. Let C be a symmetric monoidal category and G be a topolog-
ical group. A monoidal homotopy action of G on C is a monoidal morphism
p: 1Io(G) — Autg(C).

We now prove a general criterion for when monoidal homotopy actions
are trivializable.

Proposition 3.4. Let C be a symmetric monoidal bicategory, and let G be a
path connected topological group. Assume that G is 2-truncated, and that
Autg (C) is algebraically 1-connected, with abelian group H. If the second
cohomology group H gzrp(m(G, e), H) ~ 0, then any monoidal homotopy
action of G on C is pseudo-naturally isomorphic to the trivial action.

Proof. Let p : TIo(G) — Autg(C) be a weak monoidal 2-functor. Since
Autg (C) was assumed to be monoidally equivalent to B2 H for some abelian
group H, the group action p is equivalent to a weak monoidal 2-functor
p : ly(G) — B%H. Due to the fact that G is path connected and 2-truncated,
we have that II5(G) ~ Bm(G,e), where (G, e) is regarded as a discrete
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monoidal category. Thus, the monoidal homotopy action p is monoidally
equivalent to a weak monoidal 2-functor B (G, e¢) — B?H.

We claim that such functors are classified by H;,,(71(G,e), H) up to
monoidal pseudo-natural isomorphism. Indeed, let F' : Bm(G,e) — B*H
be a weak monoidal 2-functor. It is easy to see that F' is trivial as a weak
2-functor, since we must have F'(x) = # on objects, F'(7y) = id, on 1-
morphisms, and B (G) only has identity 2-morphisms. Thus, the only
non-trivial data of F' can come from the monoidal structure on F'. The 1-
dimensional components of the pseudo-natural transformations x,; : F(a)®
F(b) — F(a®b) must be trivial since there are only identity 1-morphisms in
B?H. The 2-dimensional components of this pseudo-natural transformation
consists of a 2-morphism Yy, in B2H for every pair of 1-morphisms 7 :
a—band v : ' — V' in Bmi(G) in the diagram in equation (31) below.

Fla)® F(d') —=“ % Fla®d)
F(7)®F(7/)l - le@v’) (1)

Hence, we obtain a 2-cochain 7 (G) x m1(G) — H, which obeys the cocycle
condition due to the coherence equations of a monoidal 2-functor, cf. [SPQ9,
Definition 2.5].

One now checks that a monoidal pseudo-natural transformation between
two such functors is exactly a 2-coboundary, which shows the claim. Since
we assumed that H7, (71 (G, e), H) ~ 0, the original action p must be trivi-

alizable. O

Next, we show that the bicategory Alggd of finite-dimensional, semi-
simple algebras, bimodules and intertwiners, equipped with the monoidal
structure given by the direct sum fulfills the conditions of Proposition [3.4]

Lemma 3.5. Let K be an algebraically closed field. Let C = Alg'' be the bi-
category where objects are given by finite-dimensional, semi-simple algebras,
equipped with the monoidal structure given by the direct sum. By viewing C
with the monoidal structure equipped by the direct sum, C turns into a linear
bicategory. Then, Autg (C) and B*K* are equivalent as symmetric monoidal
bicategories.
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Proof. Let F' : Alggd — Alggd be a weak monoidal 2-equivalence, and let
A be a finite-dimensional, semi-simple algebra. Then A is isomorphic to
a direct sum of matrix algebras. Calculating up to Morita equivalence and
using that F' has to preserve the single simple object K of Alg,, we have

F(A) = F (@ M, (K)) =~ EB F (M, (K)) = @F(K)
~PK=P M, (K) = A

A straightforward calculation using basic linear algebra confirms that these
isomorphisms are even pseudo-natural. Thus, the functor F' is pseudo-
naturally isomorphic to the identity functor on Alggd.

Now, letn : F' — G be a monoidal pseudo-natural isomorphism between
two endofunctors of Alg,. Since both F' and G are pseudo-naturally isomor-
phic to the identity, we may consider instead a pseudo-natural isomorphism
1 :idpge — idyn. We claim that up to an invertible modification, the
1-equivalence 74 : A — A must be given by the bimodule 4 A 4, which is the
identity 1-morphism on A in Alg,. Indeed, since 74 is assumed to be linear,
it suffices to consider the case of A = M,,(K) and to take direct sums. It is
well-known that the only simple modules of A are given by K". Thus,

na = (K" @k (K", (33)

where o and (8 are multiplicities. Now, [HSV17, Lemma 2.6] ensures that
these multiplicities are trivial, and thus we have 74 = 4 A 4 up to an invertible
intertwiner. This shows that up to invertible modifications, all 1-morphisms
in Autg(Algh') must be identities.

Now, let m be a monoidal invertible endo-modification of the pseudo-
natural transformation ididAlgg .- Then, the component my : 444 — 4Aais

(32)

an element of End4 4)(A) = K. As the modification square commutes auto-

matically, this show that the 2-morphisms of Autg(Algk') stand in bijection
to K*. [

Remark 3.6. Notice that the symmetric monoidal structure on AlgX' consid-
ered above is not the standard one, which is instead the one induced by the
tensor product of algebras, and which is the monoidal structure relevant for
the remainder of the paper.
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The last lemmas imply the following

Lemma 3.7. Any monoidal SO(2)-action on Alggd equipped with the monoidal
structure given by the direct sum is trivial.

Proof. Since m(SO(2),e) ~ Z, and HZ (Z,K*) ~ H*(S',K*) ~ 0,
Proposition [3.4] and Lemma 3.5 ensure that any monoidal SO(2)-action on

Alg is trivializable. O

Recall that we regarded C = Alggd as a monoidal bicategory with the
monoidal structure given by direct sums.

Corollary 3.8. Since Alggd and Vectgd are equivalent as additive categories,
any SO(2)-action on Vecty via linear morphisms is trivializable.

Remark 3.9. The last two results rely on the fact that Autg(Algh') and
Autg(Vecth!) are 1-connected as additive categories. This is due to the fact
that fully-dualizable part of either Alg, or Vect, is semi-simple. An example
in which the conditions in Proposition [3.4] do not hold is provided by the
bicategory of Landau-Ginzburg models.

4. Computing homotopy fixed points

In this Section, we explicitly compute the bicategory of homotopy fixed
points of an SO(2)-action which is induced by an arbitrary pseudo-natural
equivalence of the identity functor of an arbitrary bicategory C. Recall that
a G-action on a bicategory C is a monoidal 2-functor p : II,(G) — Aut(C),
or equivalently a trifunctor p : Blly(G) — Bicat with p(x) = C. The
bicategory of homotopy fixed points C¢ is then given by the tri-limit of this
trifunctor.

In Bicat, the tricategory of bicategory, this trilimit can be computed as
follows: if A : BIlo(G) — Bicat is the constant functor assigning to the
one object * the terminal bicategory with one object, the trilimit of the action
functor p is given by

C¢ :=lim p = Nat(A, p), (34)

the bicategory of tri-transformations between p and A. This definition is
explicitly spelled out in [HSV17, Remark 3.11]. We begin by defining an
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SO(2)-action on an arbitrary symmetric monoidal bicategory, starting from
a pseudo-natural transformation of the identity functor on C.

Definition 4.1. Since 115(SO(2)) is equivalent to the bicategory with one
object, Z worth of morphisms, and only identity 2-morphisms, we may define
an SO(2)-action p : 115(SO(2)) — Autg(C) by the following data:

e For every group element g € SO(2), we assign the identity functor of
C.

e For the generator 1 € 7, we assign the pseudo-natural transforma-
tion of the identity functor given by . Due to the monoidality, this
determines the value of p on an arbitrary integer.

e Since there are only identity 2-morphisms in 7, we have to assign these
to identity 2-morphisms in C.

e For composition of 1-morphisms, we assign the invertible modification
pla +b) = p(a) o p(b) coming from the fact that « is a monoidal
pseudo-natural transformation with respect to composition, which is
the monoidal product in Autg(C).

e [n order to make p into a monoidal 2-functor, we have to assign ad-
ditional data which we can choose to be trivial. In detail, we set
p(g®@h) = p(g)® p(h), and p(e) := id¢. Finally, we choose w, y and
0 as in [HSV17, Remark 3.8] to be identities.

For a proof that this defines indeed a weak 2-functor, we refer to [Davl1,
Lemma 3.2.3].

Our main example is the action of the Serre automorphism on the core of
fully-dualizable objects:

Example 4.2. If C is a symmetric monoidal bicategory, consider .# (C'),
the core of the fully-dualizable objects of C. By Proposition the Serre
automorphism defines a pseudo-natural equivalence of the identity functor on
¢ (C'). By Definition we obtain an SO(2)-action on % (C™), which
we denote by p°.
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The next theorem computes the bicategory of homotopy fixed points
C39() of the action in Definition This theorem generalizes [HSV17,
Theorem 4.1], which only computes the bicategory of homotopy fixed points
of the trivial SO(2)-action.

Theorem 4.3. Let C be a symmetric monoidal bicategory, and let o : ide —
id¢ be a monoidal pseudo-natural equivalence of the identity functor on C.
Let p be the SO(2)-action on C as in Definition Then, the bicategory of
homotopy fixed points C© is equivalent to the bicategory with

e objects: (c,\) where c is an object of C and \ : o, — id. is a 2-
isomorphism,

o [-morphisms (c,\) — (¢, \') in C€ are given by 1-morphisms f : c —

c in C, so that the diagram

id £ %\
Oéc/of <a—f foOécl> foidc

x*idfl l (35)

id. o f > f

commutes,
o 2-morphisms of C¢ are given by 2-morphisms in C.

Proof. In order to prove the theorem, we need to explicitly unpack the defini-
tion of the bicategory of homotopy fixed points CY. This is done in [HSV17,
Remark 3.11 - 3.14]. In the following, we will use the notation introduced in
[HSV17].

The idea of the proof is to show that the forgetful functor which on objects
of CY forgets the data ©, IT and M is an equivalence of bicategories. In order
to show this, we need to analyze the bicategory of homotopy fixed points.
We start with the objects of CC.

By definition, a homotopy fixed point of this action consists of

e Anobjectc € C,

e A l-equivalence © : ¢ — ¢,
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e For every n € Z, an invertible 2-morphism ©,, : ol 0 © — © oid, so
that (9, ©,,) fulfill the axioms of a pseudo-natural transformation,

e A 2-isomorphism Il : ©o© — O which obeys the modification square,
e Another 2-isomorphism M : © — id.

so that the following equations hold: Equation 3.18 of [HSV17]] demands
that
[To (ide *x IT) =TT o (IT x idg) (36)

whereas Equation 3.19 of [HSV17] demands that IT equals the composition

000 MM 954, ~ 0 (37)

and finally Equation 3.20 of [HSV17] tells us that II must also be equal to
the composition

000 Mo iy co =0, (38)

Hence II is fully specified by M. An explicit calculation using the two
equations above then confirms that Equation (36) is automatically fulfilled.
Indeed, by composing with II~! from the right, it suffices to show that idg *
IT = II * ide. Suppose for simplicity that C is a strict 2-category. Then,

idg * II = idg * (M x idg) by equation (38))
= (ide * M) = ide (39)
= Il xide by equation (37)).

Adding appropriate associators shows that this is true in a general bicategory.
Note that by using the modification M, the 2-morphism ©,, : af —

O o id. can be regarded as a 2-morphism )\, : a. — id.. Here, o is the

n-times composition of 1-morphism «.. Indeed, define A, by setting

Ap = <acgacoidcw>aco@e—”>@oidcg@ﬂndc). (40)

In a strict 2-category, the fact that © is a pseudo-natural transformation re-
quires that Ay = id. and that A, = A % --- x A\;. In a bicategory, similar
equations hold by adding coherence morphisms. Thus, \,, is fully determined
by A;. In order to simplify notation, we set A := Ay : o — id,.
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A 1-morphism of homotopy fixed points (¢, ©,0,,II, M) — (¢,©",0! 11’ M’)
consists of:

e a l-morphism f : ¢ — ¢/,

e an invertible 2-morphism m : f o ©® — ©’ o f which fulfills the
modification square. Note that m is equivalent to a 2-isomorphism
m : f — f’ which can be seen by using the 2-morphism M.

The condition due to Equation 3.24 of [HSV17] demands that the following
2-isomorphism

foo N, foid, = f @a1)
is equal to the 2-isomorphism
foo ™o of LM iq,0fxf 42)

and thus is equivalent to the equation
id s /71*1 X
m = (fo®Mfoidcgfgiddofu@’of> 43)
Thus, m is fully determined by M and M’. The condition due to Equation
3.23 of [HSV17]] reads
mo (idy * IT) = (I x idy) o (ider * m) o (m * ide) (44)

and is automatically satisfied, as an explicit calculation in [HSV17] confirms.
Now, it suffices to look at the modification square of m, in Equation 3.25 of
[HSV17]. This condition is equivalent to the commutativity of the diagram

ay o f o @ arxide f o @ idy*0O1 f o @
ida,, ml lm (45)
/ R /
a0 ®o f ) +id; » &of

Substituting m as in Equation (#3)) and ©, for A := )\, as defined in Equation
(40), one confirms that this diagram commutes if and only if the diagram in
Equation (35) commutes.

-214 -



J. HESSE AND A. VALENTINO HOMOTOPY ACTIONS

If (f,m) and (g,n) are 1-morphisms of homotopy fixed points, a 2-
morphism of homotopy fixed points consists of a 2-isomorphism 3 : f — g
in C. The condition coming from Equation 3.26 of [HSV17]] then demands
that the diagram

foO —™ L ©0f

g*id@l lid@,*g (46)

go® ——— O’ oy

commutes. Using the fact that both m and n are uniquely specified by M
and M'’, one quickly confirms that this diagram commutes automatically.
Our detailed analysis of the bicategory C“ shows that the forgetful functor
which forgets the data ©, M, and II on objects and assigns ©; to A, which
forgets the data m on 1-morphisms, and which is the identity on 2-morphisms
is an equivalence of bicategories. ]

Corollary 4.4. Let C be a symmetric monoidal bicategory, and consider
the SO(2)-action of the Serre automorphism on ¢ (C') as in Example
Then, the bicategory of homotopy fixed points # (C*)3°?) is equivalent to
a bicategory where

e objects are given by pairs (X, Ax) with X a fully-dualizable object of
C and \x : Sx — idyx is a 2-isomorphism which trivializes the Serre
automorphism,

e [-morphisms are given by 1-equivalences f : X — Y inC, so that the
diagram

SyOf(S—ffoSXM)foidX

ey | | 47)

idXof )f

commutes, and
e 2-morphisms are given by 2-isomorphisms in C.

Remark 4.5. Recall that we have defined the bicategory of homotopy fixed
points C“ as the tri-limit of the action considered as a trifunctor p : BII(G) —
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Bicat. Since we only consider symmetric monoidal bicategories, we actu-
ally obtain an action with values in SymMonBicat, the tricategory of sym-
metric monoidal bicategories. It would be interesting to compute the limit
of the action in this tricategory. We expect that this trilimit computed in
SymMonBicat is given by C¢ as a bicategory, with the symmetric monoidal
structure induced by the symmetric monoidal structure of C.

Remark 4.6. By [Dav11]], the action via the Serre automorphism on .# (Alg’)
is trivializable. The category of homotopy fixed points %2 (Alggd)s‘)@) is then
equivalent to the bigroupoid of symmetric, semi-simple Frobenius algebras.

Similarly, the action of the Serre automorphism on Vects, is trivializable.
The bicategory of homotopy fixed points of this action is equivalent to the
bicategory of finite Calabi-Yau categories, cf. [HSV17].

5. The 2-dimensional framed bordism bicategory

In this Section, we introduce a stricter version of the framed bordism bicate-
gory Cobé‘:m: this symmetric monoidal bicategory IF.f, is the free bicategory
of a coherent fully-dual pair as introduced in [Pst14, Definition 3.13].

In order to efficiently work with this symmetric monoidal bicategory F.,,
we use a strictification result for symmetric monoidal bicategories as proven
in [Barl4, Proposition 13]: any symmetric monoidal bicategory is equiva-
lent to a stringent symmetric monoidal 2-category, which can be completely
described in terms of a wire diagram calculus introduced in [Barl4]. In
the following, we apply this strictification result to the symmetric monoidal
bicategory F.rq, and provide a description using the wire diagram calculus
developed in [Bar14], which we also refer to for the definition of a stringent
symmetric monoidal 2-category.

Using this description, we define a non-trivial SO(2)-action on Fz4. If C
is an arbitrary symmetric monoidal bicategory, the action on F. ¢4 will induce
an action on the functor bicategory Fung (F.rq,C) of symmetric monoidal
functors. Using the Cobordism Hypothesis for framed manifolds, which has
been proven in the bicategorical framework in [Pst14], we obtain an SO(2)-
action on % (C™). We show that this induced action coming from the framed
bordism bicategory is exactly the action given by the Serre automorphism.
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We begin by recasting the definition of ¢4 in terms of the wire diagram

calculus.

Definition 5.1. The symmetric monoidal bicategory F ;4 consists of
e 2 generating objects L and R,

o 4 generating I-morphisms, given by

R L
a I-morphism coev : 1 — R ® L, which we write as U

ev: L ® R — 1 which we write as LmR

— a l-morphismq: L — L,
another 1-morphism g ':L— L,

e [2 generating 2-cells given by
— isomorphisms «, B, o' and 7! as in Definition which in

pictorial form are given as follows:

& 8
= L R . R =%

(48)

— isomorphisms ) : qq~ ' = idy Y land ¢ : g lqg = idy, o7t
— 2-cells p, : id; — evoevl and e, : evFoev — idygpr, where
evl := 70 (idg ® ¢71) o coev which in pictorial form are given
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as follows:

(49)

— 2-cells ji. : idpgr, — coevocoevl and e, : coevl o coev — id,
where coevl := evo(q ® idg) o T which in pictorial form are
given as follows:

R L

L R
R |L 2 L R «
R L
4 (50)

so that the following relations hold:

o aand oY, Band B, ¢ and =1, ¢ and =" are inverses to each
other,

e L. and €. satisfy the two Zorro equations, which in pictorial form
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demand that the following composition of 2-morphisms

(s

h
®
= ./
oy
h

£ | IR L =

LmR LmR (51)

is equal to id.,, and that the following composition of 2-morphisms

~

Iz

(52)

is equal to idg,r.

e L. and €. satisfy the two Zorro equations, which in pictorial form
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demand that the composition

R L
L R
g
d
LUV

RUL

(33)

is equal to idoey, and the composition of the following 2-morphisms

L R L@R

.

RUL
4

g
L@R

is equal t0 id ey L.

e ¢ and v satisfy triangle identities,

4 (54)
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e the cusp-counit equations in figure 5 and 6 on p.33 of [|Psti4] are
satisfied,

e the swallowtail equations in figure 3 and 4 on p.15 of [Pstl4] are
satisfied.

5.1 Action on the framed bordism bicategory

We can now proceed to construct an SO(2)-action on Fz4. This action will
be vital for the remainder of the paper.

By Definition {.1] it suffices to construct a pseudo-natural equivalence
of the identity functor on F.f, in order to construct an SO(2)-action. This
pseudo-natural transformation is given as follows:

Definition 5.2. Let F.;q be the free symmetric monoidal bicategory on a
coherent fully-dual object as in Definition[5.1] We construct a pseudo-natural
equivalence « : idy,,, — idr,_,, of the identity functor on F ;4 as follows:

o For every object ¢ of F.rq, we need to provide a I-equivalence o :
c—c
— For the object L of ¥4, we define oy, :=q : L — L,

— for the object R of F.pq, we set ap := (q~')*, which in pictorial
form is given by

(a7) = ¢ (55)
R L |R

o for every I-morphism f : ¢ — d in F.zq, we need to provide a 2-
isomorphism
af: foa, = ago f. (56)

— Forthe 1-morphism q : L — L of F.;q we define the 2-isomorphism
0y i= idgoq-
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— For the 1-morphism q¢~' : L — L we define the 2-isomorphism
-1
g1 1= (q_1 oq 2, idy, v, qo q_1> ) 87

— For the evaluation ev : L @ R — 1, we define the 2-isomorphism
Qey to be the following composition:
[

A 5

— For the coevaluation coev : 1 — R ® L, we define the 2-
isomorphism Q..oey to be the composition

(58)

(\ | ]

e
U

One now checks that this defines a pseudo-natural transformation of
idp,,,. Using Definition 4.1 giv a non-trivial SO(2)-action on F,.

=
=

Cﬁ
=
h

(59)

Remark 5.3. Note that the SO(2)-action on F,z4 does not send generators
to generators: for instance, the 1-morphism (¢!)* in Equation (55) is npt]
part of the generating data of F,.

Remark 5.4. Notice that the pseudo-natural equivalence « : idr,,, — idp,,,
constructed in Definition 5.2 is a[mdnoidal pseudo-natural transformation.
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This follows from the fact that we have defined « via generators and relations.
In detail, we set
ax Q@ ay = axgy
o (60)
oy = 1id;.

Thus, we can choose the additional data IT and M of a monoidal pseudo-
natural transformation to be trivial, and we obtain an SO(2)-action on [z,
via symmetric monoidal morphisms.

5.2 Induced action on functor categories

Starting from the action defined on [F.s4, we induce an action on the bicate-
gory of functors Fun(F,s4, C) for an arbitrary bicategory C. The construction
of the induced action on the bicategory of functors is a general construction.
We provide details in the following.

Definition 5.5. Let p : II5(G) — Aut(C) be a G-action on a bicategory C,
and let D be another bicategory. The G-action p : Il5(G) — Aut(Fun(C, D))
induced by p is defined as follows:

e On objects g € G, we define an endofunctor p(g) of Fun(C,D) on
objects F on Fun(C,D) by p(g9)(F) :== Fop(g'). Ifa: F - Gisa
1-morphism in Fun(C, D), we define

Yp(g=1)(

_ c) —
Fp(g~')e ——— Gp(g~')e
plg) (@) = Folg™)(f) / o1y (61)
p(g= ()

Ifm : o — B is a 2-morphism in Fun(C, D), the value of p(7y) is given
by
ﬁ(v)(m)x = Mpg—1)(2)- (62)
e on I-morphisms y : g — h of lI5(G), we define a 1-morphism p(7y) in
Aut(Fun(C, D)) between the two endofunctors F — F o p(g~') and
F s Fop(h™') of Fun(C, D).

Explicitly, this means:
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— For each 2-functor F : C — D, we need to provide a pseudo-
natural transformation p(y)p : F o p(g~') — F o p(h™1) which
we define via the diagram

-1
Fplg ) —L0, po(h-1)g

Fp(g=1)(f) Po-1)) Fp(h=Y)(f) (63)

Fp(g™")y Fp(h™Y)y

F(p(v™1)y)

1

Here, v~ ! is the “inverse” path of y given by t — ~(t)™!, and

[z — yisal-morphisminC.

— For every pseudo-natural transformation o : F' — G, we need to
provide a modification p(7y),, in the diagram

Pg)(F) =222 5(h)(F)

A(9)(a) - A(h)(@) (64)
A(V)a

which we define by
P 1= s, (65)

e For the 2-morphisms in Aut(Fun(C, D)) we proceed in a similar fash-
ion: if m : v — ' is a 2-track, we have to provide a 2-morphism
p(m) : p(y) — p(v') which can be done by explicitly writing down
diagrams as above.

The rest of the data of a monoidal functor p is induced from the data of the
monoidal functor p.

For C and D symmetric monoidal bicategories, the bicategory of symmet-
ric monoidal functors Fung (C, D) acquires a monoidal structure by “point-
wise evaluation” of functors. Such a monoidal structure is also symmetric,
see [SPO9]]. The following result is straightforward.
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Lemma 5.6. Let C and D be symmetric monoidal bicategories, and let p be

a monoidal action of a group G on C. Then p induces a monoidal action
p: 1Io(G) — Autg(Fung(C, D)) .

Example 5.7. Our main example for induced actions is the SO(2)-action
on F.z4 as in Definition This action only depends on a pseudo-natural
equivalence « of the identity functor on idg,_,,. Consequently, the induced
action on Fun(F.yq4, C) also only depends on a pseudo-natural equivalence of
the identity functor on Fun(F.s4, C). Using the definition above, we construct
this induced pseudo-natural equivalence & as follows.

e For every 2-functor F' : C — D, we need to provide a pseudo-natural
equivalence o : F' — F', which is given by the diagram

—1

ap = F(f) F(f) (66)

F(a}?l)

Fy Fa™h), Fy

e for every pseudo-natural transformation 5 : F' — (G, we need to give a
modification &g, which we define by the diagram

F(az ")

Fzx Fx

5 At (67)

(az 1)

GZL‘ EEEE— GZE
G(oﬁl)x

This defines a pseudo-natural equivalence of the identity functor on Fun(F.;q4, C).
By Definition[4.1] we obtain an SO(2)-action on Fun(Fz4,C). Note that F,

is even a symmetric monoidal bicategory. The SO(2)-action on F.4 of Defi-
nition[5.2)is via symmetric monoidal homomorphisms by Remark[5.4] Hence,

if C is also symmetric monoidal, then Lemma 5.6 provides a monoidal action

on Fun® (Fcfda C)
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5.3 Induced action on the core of fully-dualizable objects

In this subsection, we compute the SO(2)-action on the core of fully-dualizable
objects coming from the SO(2)-action on F. 4. Starting from the SO(2)-
action on [F.¢4 as by Definition we have shown in the previous subsec-
tion how to induce an SO(2)-action on the bicategory of symmetric monoidal
functors Fung (F.fq, C) for C some symmetric monoidal bicategory. By the
Cobordism Hypothesis for framed manifolds, we obtain an induced SO(2)-
action on .# (C'®). More precisely, denote by

evy, : Fung (Fepq,C) — H#(C'Y) 63
Z — Z(L) (68)
the evaluation map. The Cobordism Hypothesis for framed manifolds in
two dimensions [Pst14, [LurQ9] states that evy, is an equivalence of symmet-
ric monoidal bicategories. Hence, the composition of the SO(2)-action on
Fung (F.s4, C) and (the inverse of) ev;, provides an SO(2)-action on % (C™).
The next proposition shows that this action is equivalent to the action p° in-
duced by the Serre automorphism which is illustrated in Example 4.2}

Proposition 5.8. Let p be the SO(2)-action on F .4 given in Definition
and let C be a symmetric monoidal bicategory. By Definition we obtain
a monoidal SO(2)-action on Fung(F.sq,C). Then, the monoidal SO(2)-
action induced by the evaluation in Equation (68) on ¢ (C') is equivalent
to p°.

Proof. Let
p : 115(SO(2)) — Autg(Fung (Fefq,C)) (69)

be the SO(2)-action on the bicategory of symmetric monoidal functors
Fung(F.s4,C) as in Example This action only depends on a monoidal
pseudo-natural transformation « on the identity functor on Fung(F.z4,C).
By [Pstl14], the 2-functor in Equation (68) which evaluates a framed field
theory on the object L is an equivalence of bicategories. Thus, we obtain
an SO(2)-action p' on J# (C™). This action is given as follows. By Defini-
tion 4.1 we only need to provide a monoidal pseudo-natural transformation
of the identity functor of J# (C®). In order to write down this monoidal
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pseudo-natural transformation, note that the functor

Aut®(Fun®(Fcfd, C)) — AU.t@(JAi/(Cfd))

1

- (70)
FrevpoF oev,

is a monoidal equivalence. Hence, the induced pseudo-natural transformation
of id - (cray 18 given as follows:

e For each fully-dualizable object ¢ of C, we assign the 1-morphism
al. : ¢ — c defined by

al:=evy, <a<ev21(0))) (71)

e for each 1-equivalence f : ¢ — d between fully-dualizable objects of
C, we define a 2-isomorphism o} : f o o, — ;o f by the formula

oz} = evy, <O‘(evgl(f))> ) (72)

Here, « is the pseudo-natural transformation as in Example In order
to see that o/, is given by the Serre automorphism of the fully-dualizable
object ¢, note that the 1-morphism ¢ : L — L of ¢4 is mapped to the Serre
automorphism Sz by the equivalence in Equation (68). [

Corollary 5.9. Let p be the SO(2)-action on F.zq given in Definition
and let C be a symmetric monoidal bicategory. Consider the SO(2)-action
p° on A (CY) induced by the Serre automorphism. Then the evaluation
morphism evy, induces an equivalence of bicategories

Fung (F.zq,C)°® — o7 (C1)50®), (73)

Proof. By Proposition|[5.8] the equivalence of Equation (68) is SO(2)-equivariant.
Thus, it induces an equivalence on homotopy fixed points, cf. [Hes16, Def-
inition 5.3] for an explicit description. It is also possible to construct this
equivalence directly: by theorem[4.3] the bicategory of homotopy fixed points
Fung (F.zq4,C)%°®@ is equivalent to the bicategory where
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e objects are given by symmetric monoidal functors Z : F.rq — C,
together with a modification Az : ay — idy. Explicitly, this means:
if « is the endotransformation of the identity functor of F.z4 as in
Definition we obtain two 2-isomorphisms in C:

AL : Z(q_l) — idZ(L)
Ae: Z(((gH) ) = idgm

which are compatible with evaluation and coevaluation,

(74)

e |-morphisms are given by symmetric monoidal pseudo-natural trans-
formations p : Z — Z’, so that the analogue of the diagram in Equa-
tion (35) commutes,

e 2-morphisms are given by symmetric monoidal modifications.

Now notice that Z(q) is precisely the Serre automorphism of the object Z(L).
Thus, A\;, provides a trivialization of (the inverse of) the Serre automorphism.
Applying theorem 4.3 again to the action of the Serre automorphism on the
core of fully-dualizable objects shows that the functor Z +— (Z(L), A1) is an
equivalence of homotopy fixed point bicategories. 0

Remark 5.10. Note that in Corollary [5.9| we have proven that the evaluation
induces an equivalence of bicategories Fung (F,zq,C)*°® — 7 (Cf)503),
We expect that this equivalence is an equivalence of monoidal bicategories.
In order to prove this, one would have to explicitly work out the monoidal
structure of .7 (C™)%°() which is induced from the monoidal structure of

H(C1).

6. Invertible Field Theories

In the section, we consider the case of 2-dimensional oriented invertible
topological field theories: such theories are in many ways easier to describe
than arbitrary TQFTs, and play an important role in condensed matter physics
and homotopy theory, as suggested in [Frel4al Frel4b].

Denote with Pic(C) the Picard groupoid of a symmetric monoidal bicate-
gory C: it is defined as the maximal subgroupoid of C where the objects are in-
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vertible with respect to the monoidal structure of C. Notice that Pic(C) inher-
its the symmetric monoidal structure from C. Recall that Fung (Cobs 9, C)
is equipped with a monoidal structure which is defined pointwise.

Definition 6.1. An invertible framed TQFT with values in C is an invertible
object in Fun®(C0bgr’LO, C). The space of invertible framed TQFTs with
values in C is given by Pic(Fung(Coby 1 ,C)).

Remark 6.2. Equivalently, an invertible TQFT assigns to the pointin Cobs 1 o
an invertible object in C, and to any 1- and 2-dimensional manifold it assigns
invertible 1- and 2-morphisms.

Since the Cobordism Hypothesis provides a monoidal equivalence be-
tween Fung (Cobg 1 o, C) and # (C'4), the space of invertible framed TQFTs
is given by Pic(.# (C'?)), since taking the Picard groupoid behaves well with
respect to monoidal equivalences.

We begin by proving the following:

Lemma 6.3. Let C be a symmetric monoidal bicategory. Then, there is an
equivalence of symmetric monoidal bicategories

Pic(# (C')) = Pic(C). (75)

Proof. First note that .# (C™) is a monoidal 2-groupoid, so there is an equiv-
alence of bicategories Pic(#(C™)) = Pic(C™). Now, it suffices to show
that every object X in Pic(C) is already fully-dualizable. Indeed, denote
the tensor-inverse of X by X~ !. By definition, we have 1-equivalences
X®X '=~1and1 = X' ® X, which serve as evaluation and coeval-
uation. These maps may be promoted to adjoint 1-equivalences by [SPQ9,
Proposition A.27]. Thus, the evaluation and coevaluation also admit adjoints,
which suffices for fully-dualizability. 0

Notice that given a monoidal bicategory C, any monoidal auto-equivalence
of C preserves the Picard groupoid of C, since it preserves invertibility of ob-
jects and (higher) morphisms. In particular, we have a monoidal 2-functor

Autg(C) — Autg(Pic(C)) (76)

obtained by restriction. Since the SO(2)-action induced by the action on
Coby 1 is monoidal, it induces an action on Pic(C). To proceed, we need
the following
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Lemma 6.4. Let C be a symmetric monoidal bicategory such that Pic(C) is
monoidally equivalent to B’K*. Then

Autg (Pic(C)) ~ Iso(K*) (77)

where the category on the right hand side is regarded as a discrete symmetric
monoidal bicategory.

Proof. Since Pic(C) ~ B?K* monoidally, we have to describe the Picard
groupoid of the category of monoidal functors from B*K* to B*K*. First,
notice that the monoidal bicategory B?K* is the strict symmetric monoidal
bicategory with a single object e, and BK* as the strict symmetric monoidal
category of 1- and 2-morphisms. The bicategory of symmetric monoidal func-
tors from B2K* to itself is then equivalent to the category Fung ( BK*, BK*)
regarded as a bicategory with only identity 2-cells; see [[CGO7]] for details.
By direct investigation, Fung, (BK*, BK*) is equivalent as a symmetric
monoidal category to Hom (K*, K*) regarded as a discrete category. Indeed,
any monoidal functor F' : BK* — BK* is determined by a group homomor-
phism ¢! : K* — K*, and monoidality ensures that any natural transforma-
tion must correspond to the identity element in K*. Notice that the composi-
tion of monoidal functors F o F' corresponds to ¢ o ¢ In follows then
that the Picard groupoid of Fung (B?K*, B*K*) is given by Iso(K*), which
correspond to the invertible elements in the monoid Hom (K*, K*). O

Examples of symmetric monoidal bicategories satisfying the assumption
of Lemma are Algi! and Vect¥, In general cases, we have the following

Lemma 6.5. Let C be a symmetric monoidal bicategory such that Pic(C) is
monoidally equivalent to B*K*. Then any monoidal SO(2)-action on Pic(C)
is trivializable.

Proof. Since we have equivalences of monoidal bicategories I15(SO(2)) ~
BZ and Autg(Pic(C)) ~ Iso(K*), monoidal actions correspond to monoidal
2-functors BZ — Iso(KK*): here we regard BZ as a symmetric monoidal bi-
category with a single object, and the group Iso(K*) as a discrete symmetric
monoidal bicategory, i.e. all 1- and 2-cells are identities. Monoidality im-
plies that the single object of BZ is sent to the identity isomorphism of K*,
which correspond to the identity functor on Pic(C). This forces the func-
tor to be trivial on objects. It is clear that the action is also trivial on 1-
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and 2-morphisms. Since there are no nontrivial morphisms in Iso(K*), the
monoidal structure on the action p must also be trivial. [

Finally, we need the following

Lemma 6.6. Let C be a symmetric monoidal bicategory, and let ps be the
SO(2)-action on # (C') by the Serre automorphism as in Example
Since this action is monoidal, it induces an action on Pic(# (C'?)) = Pic(C)
by Lemmal6.3] We have then an equivalence of monoidal bicategories

Pic ((#(C™))5°®) = Pic(C)°®. (78)

Proof. Theorem [.3]allows us to compute the two bicategories of homotopy
fixed points explicitly: we see that both bicategories have invertible objects
X of C, together with the choice of a trivialization of the Serre automorphism
as objects. The 1-morphisms of both bicategories are given by 1-equivalences
between invertible objects of C, so that the diagram in equation (¢7) com-
mutes, while 2-morphisms are given by 2-isomorphisms in C. [l

The implication of the above lemmas is the following: when C is a sym-
metric monoidal bicategory with Pic(C) = B?K*, the action of the Serre-
automorphism on framed, invertible field theories with values in C is trivial-
izable. Thus all framed invertible 2d TQFTs with values in C can be turned
into orientable ones.

7. Comments on Homotopy Orbits

So far, we have constructed an SO(2)-action on the bicategory F ;. We
have shown how the action on [F.¢; induces an action on the bicategory
of symmetric monoidal functors Fung(F.fq,C), and that via the (framed)
Cobordism Hypothesis the induced action on # (C!®) for framed manifolds
agrees with the action of the Serre automorphism. As a consequence, we are
able to provide an equivalence of bicategories

Fung (T4, C)%°® — ¢ (C™)50@ (79)

in Corollary [5.9] We could then in principle deduce the Cobordism Hy-
pothesis for oriented manifolds from /9, once we provide an equivalence of
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bicategories
Fung (F.zq,C)°°® = Fung(Cobg o, C). (80)

The above equivalence can be proven directly by using a presentation of the
oriented bordism bicategory via generators and relations, given in [SP0O9],
and the notion of a Calabi-Yau object internal to a bicategory. The details
appear in [Hes17/].

Here, we want instead to comment on an alternative approach. Namely, in
order to provide an equivalence as in (80)), it suffices to identify the oriented
bordism bicategory with the colimit of the SO(2)-action on F;,. Indeed,
recall that one may define a (G-action on a bicategory C to be a trifunctor
p : Bll1(G) — Bicat with p(x) = C. The tricategorical colimit of this
functor will then be the bicategory of co-invariants or homotopy orbits of the
G-action, denoted by C;. By Definition of the tricategorical colimit, and the
fact that colimits are sent to limits by the Hom functor, we then obtain an
equivalence of bicategories

Fung(Cg, D) = Fung(C, D)C. (81)
The following conjecture is then natural:

Conjecture 7.1. The bicategory of co-invariants of the SO(2)-action on F ;4
is monoidally equivalent to the oriented bordism bicategory, i.e. we have a
monoidal equivalence

(Fera)so(e) = Coby'y g - (82)
Furthermore, the colimit is compatible with the monoidal structure.

Remark 7.2. We believe that this is not an isolated phenomenon, in the
sense that any higher bordism category equipped with additional tangential
structure should be obtained by taking an appropriate colimit of a G-action
on the framed bordism category.

Given Conjecture[7.1]and Equation[81] we obtain the following sequence
of monoidal equivalences

Fun®(Cob‘2)f1’0, C)= Fun@((Fcfd)SO(Q)a C

83
= Fun®(]Fcfd,C)SO(2) ~ e%/(cfd)SO(z)' (83)
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Hence Conjecture implies the Cobordism Hypothesis for oriented 2-
manifolds. Notice that the chain of equivalences in[83]is natural in C.

On the other hand, the Cobordism Hypothesis for oriented manifolds in 2-
dimensions implies Conjecture [7.1]. Indeed, by using a tricategorical version
of the Yoneda Lemma, as developed for instance in [Buh135l], the chain of
equivalences

Fung (Cobg’ 4,C) 2 2 (C™)50®)
= Fung (Cobl, 4,C)%0® (84)
= Fung ((Fefa)so2), C)

implies that Coby', ; is equivalent to (F.zq)s0(2), due to the uniqueness of
representable objects.
We summarize the above arguments in the following

Lemma 7.3. The Cobordism Hypothesis for oriented 2-dimensional mani-
folds is equivalent to Conjecture

It would then be of great interest to develop concrete constructions of ho-
motopy co-invariants of actions of groups on bicategories, in the same spirit
of [HSV17] and the present work, in order to verify directly the equivalence
in Conjecture and to extend the above arguments to general tangential
G-structures.

XY(XY) 2o bar: | vy yry(XY)s D00 Sy ans vy ys Xe XY (XY)S XYV ey | yype ye  WXTYYexr L v xeyye

114

idx evy idye xy (xv)e o idy evy idy-

114

idiay oy idia yy idy evy idy (x y)e

Xyxy)y ——— Xy\Xy) —— . XX* XY (XY) XX 5 1
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Figure 1: Diagram for the proof of Lemma2.10)
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