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THE CATEGORY OF EXTENSIONS AND IDEMPOTENT
COMPLETION

RAPHAEL BENNETT-TENNENHAUS, JOHANNE HAUGLAND, MADS HUSTAD
SANDOY, AND AMIT SHAH

ABSTRACT. Building on previous work, we study the splitting of idempotents in the
category of extensions E-Ext(C) associated to a pair (C,E) of an additive category
and a biadditive functor to the category of abelian groups. In particular, we show
that idempotents split in E-Ext(C) whenever they do so in C, allowing us to prove
that idempotent completions and extension categories are compatible constructions in
a 2-category-theoretic sense. Furthermore, we show that the exact category obtained
by first taking the idempotent completion of an n-exangulated category (C,E,s), in the
sense of Klapproth—Msapato—Shah, and then considering its category of extensions is
equivalent to the exact category obtained by first passing to the extension category and
then taking the idempotent completion. These two different approaches yield a pair
of 2-functors each taking small n-exangulated categories to small idempotent complete
exact categories. The collection of equivalences that we provide constitutes a 2-natural
transformation between these 2-functors. Similar results with no smallness assumptions
and regarding weak idempotent completions are also proved.

1. Introduction

An additive category is called idempotent complete given that every idempotent morphism
splits (see Definition 2.1), or equivalently if every idempotent admits a kernel (see e.g.
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[Shah, 2023, Prop. 3.10]). The study of idempotent complete categories dates back to
work by Karoubi [Karoubi, 1968|, in which it was shown that an additive category C can
be naturally embedded into an idempotent complete category C, often called its Karoubi
envelope or its idempotent completion (see Definition 2.2 and Proposition 2.3).

The splitting of idempotents plays an important role in contemporary algebraic geo-
metry, homological algebra, representation theory and category theory. Indeed, it is intim-
ately connected to the Krull-Remak—Schmidt property and Krull-Schmidt categories (see
[Chen, Ye, Zhang, 2008, Cor. A.2|, [Krause, 2015, Cor. 4.4|). Krull-Schmidt categories
constitute a particularly nice class of examples of idempotent complete categories. In such
a category, every object decomposes, essentially uniquely, into a finite direct sum of in-
decomposable objects with local endomorphism rings. Splitting of idempotents is often a
crucial standing assumption when approaching representation theory of finite-dimensional
algebras from a categorical or geometrical perspective (see e.g. [Atiyah, 1956, Auslander,
1974, Gabriel, Roiter, 1997, Haugland, 2021, Haugland, 2022, Jgrgensen, 2022, Krause,
2015]). Furthermore, a generalisation of the Krull-Remak—Schmidt property was given
by Azumaya [Azumaya, 1948, Thm. 1|, which has since been used in topological data
analysis in the study of persistence homology (see e.g. [Botnan, Crawley-Boevey, 2020]).

Abelian, or more generally exact, and triangulated categories appear in various areas
of mathematics, including functional analysis and mathematical physics, and are of fun-
damental interest in representation theory and related areas (see e.g. [Kapustin, Kreuzer,
Schlesinger, 2009, Krause, 2022, Prosmans, Schneiders, 2000]). Recently, Nakaoka—Palu
introduced eztriangulated categories as a simultaneous generalisation of exact and trian-
gulated categories [Nakaoka, Palu, 2019|, and showed that extension-closed subcategories
of triangulated categories, which may fail to be triangulated subcategories, carry an ex-
triangulated structure. Herschend-Liu—Nakaoka [Herschend, Liu, Nakaoka, 2021| then
introduced n-ezxangulated categories as a higher-dimensional analogue of extriangulated
categories in the context of higher homological algebra. An n-exangulated category for an
integer n > 1 is a triplet (C,E, s) consisting of an additive category C, a biadditive functor
E: C® x C — Ab (where Ab denotes the category of abelian groups), and a realisation s
of E. Note that a category is 1-exangulated if and only if it is extriangulated [Herschend,
Liu, Nakaoka, 2021, Prop. 4.3]. Important classes of examples of n-exangulated categor-
ies for higher n include n-exact categories |Jasso, 2016] and (n + 2)-angulated categories
[Geiss, Keller, Oppermann, 2013].

Suppose that (C,E, s) is an n-exangulated category. For each pair of objects A, C' € C,
elements of E(C, A) are called E-eztensions. The category of extensions associated to
(C,E,s), denoted by E-Ext(C), has all E-extensions as its objects, and the morphisms
are morphisms of E-extensions; see Subsection 4.1. In a previous article, the authors
showed that this category can be equipped with a natural exact structure X, giving
rise to an exact category (E-Ext(C),X;); see |[Bennett-Tennenhaus, Haugland, Sandgy,
Shah, 2023, Prop. 3.2]. Moreover, we demonstrated that E-Ext(C) encodes important
structural information. As an example, this perspective leads to a full characterisation
of n-exangulated functors between n-exangulated categories; see |[Bennett-Tennenhaus,
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Haugland, Sandgy, Shah, 2023, Thm. A]. In the present paper, we improve the under-
standing of the relationship between an n-exangulated category and its associated category
of extensions by studying the splitting of idempotents. Note that our results in Section
4, and in particular Proposition 1.1 and Theorem 1.2 below, hold more generally for any
pair (C,E) consisting of an additive category C and a biadditive functor E: C® x C — Ab.

Proposition 1.1 asserts that the splitting of idempotents in E-Ext(C) is inherited from
C. This is our first main result, and it plays an important role in the paper and is a key
step in the formulation of Theorem 1.3.

1.1. PROPOSITION. [See Proposition 4.2] If C is idempotent complete, then E-Ext(C) is
also idempotent complete.

As a consequence of Proposition 1.1, we obtain that given certain finiteness assump-
tions on C, the Krull-Remak—-Schmidt property for C implies the same property for
E-Ext(C); see Corollary 4.4, cf. [Drixler, Reiten, Smalg, Solberg, 1999, p. 670|, [Gab-
riel, Nazarova, Roiter, Sergeichuk, 1993, p. 335].

Idempotent completion is a procedure that has been seen to preserve homological struc-
tures. On the one hand, an important result of Balmer—Schlichting [Balmer, Schlichting,
2001] is that the idempotent completion of a triangulated category has a canonical trian-
gulated structure. On the other hand, Biihler [Biihler, 2010] showed that the idempotent
completion of an exact category is again exact. These results were unified to the realm
of extriangulated categories by Msapato [Msapato, 2022]. More generally, it is shown in
[Klapproth, Msapato, Shah, 2022] that if (C,E,s) is an n-exangulated category, then the
idempotent completion C of C admits an n-exangulated structure (E , E,E); see Section 3.

Our second main result, given as Theorem 1.2 below, demonstrates that idempotent
completions and extension categories are compatible constructions. More precisely, the
category obtained by first taking the idempotent completion and then considering its
category of extensions is equivalent to first passing to the extension category and then
taking the idempotent completion.

1.2. THEOREM. [See Theorem 4.9 The category E-Ext(C) is equivalent to the idempotent
completion of the category E-Ext(C).

Proposition 1.1 and Theorem 1.2 are both used in order to obtain the 2-category-
theoretic result Theorem 1.3, which builds a bridge between the 2-categorical frame-
work established in [Bennett-Tennenhaus, Haugland, Sandgy, Shah, 2023| and the results
on the idempotent completion of an n-exangulated category from [Klapproth, Msapato,
Shah, 2022]. To discuss a 2-category of n-exangulated categories, we use notions of
morphisms between n-exangulated categories and of morphisms between such morphisms.
Structure-preserving functors between n-exangulated categories as introduced in [Bennett-
Tennenhaus, Shah, 2021| are known as n-ezangulated functors. We viewed the theory of
n-exangulated categories from a 2-categorical perspective in [Bennett-Tennenhaus, Haug-
land, Sandgy, Shah, 2023| by defining n-ezangulated natural transformations between
n-exangulated functors and establishing the 2-category n-exang of small n-exangulated
categories |[Bennett-Tennenhaus, Haugland, Sandgy, Shah, 2023, Cor. 4.15]. Furthermore,
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we constructed a 2-functor €: n-exang — exact to the category of small exact categor-
ies [Bennett-Tennenhaus, Haugland, Sandgy, Shah, 2023, Thm. D], which sends a 0-cell
(C,E,s) in n-exang to the O-cell (E-Ext(C), X;) in exact; see Definition 5.1. A consequence
of Proposition 1.1 is that £ restricts to a 2-functor &: 1C-n-exang — |C-exact from the 2-
category of small idempotent complete n-exangulated categories to the 2-category of small
idempotent complete exact categories. The last observation needed in order to state The-
orem 1.3 is that taking idempotent completions yields 2-functors ¢: exact — |C-exact and
& n-exang — IC-n-exang; see Theorem 2.8 and Theorem 3.11, respectively.

1.3. THEOREM. |See Corollary 5.4| Consider the diagram

n-exang L exact

J [

IC-n - exang —2 5 IC-exact

of 2-categories and 2-functors. There is a 2-natural transformation G = Qxx consisting
of exact equivalences.

Similar results as above hold also for weak idempotent completions; see Section 6. We
remark that even though Proposition 6.4 is an expected analogue of Proposition 1.1 in
this setup, the method of proof is different and relies on a previous result of the authors
from [Bennett-Tennenhaus, Haugland, Sandey, Shah, 2023|.

1.4. REMARK. We note that Theorem 1.3 follows from a more general result, namely
Theorem 5.2, in which no smallness assumption is required. In this article the term
‘category’ does not require the collections of morphisms to form sets. In other words,
the categories we consider need not be locally small. Just as explained in [Bennett-
Tennenhaus, Haugland, Sandgy, Shah, 2023, Rem. 4.13|, the reason for the restriction to
small categories in Theorem 1.3 (and indeed in this introduction entirely) is to be able
to use the terminology of 2-categories and 2-functors in a way that is consistent with the
existing literature.

STRUCTURE OF THE PAPER. In Section 2 we recall the construction of the idempotent
completion of an exact category and use this to establish the 2-functor © from Theorem
1.3. Analogously, the 2-functor & is defined in Section 3 using the idempotent completion
of an n-exangulated category in the sense of [Klapproth, Msapato, Shah, 2022|. In Section
4 we recall how to form the category of extensions, and prove Proposition 1.1 and Theorem
1.2. In Section 5 we present the definition of the 2-functor % from [Bennett-Tennenhaus,
Haugland, Sandgy, Shah, 2023] and show how the main results of the previous sections
culminate in Theorem 1.3. Section 6 concerns the weak idempotent completion.

CONVENTIONS AND NOTATION. Throughout this paper, let n > 1 denote a positive
integer. Given objects X and Y in a category C, we write C(X,Y’) for the collection of
morphisms from X to Y in C. Functors are always assumed to be covariant. We let Ab
denote the category of abelian groups.
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2. Idempotent completion of exact categories yields a 2-functor

The aim for this section is to explicitly relate the construction of the idempotent comple-
tion of an exact category to a 2-categorical framework, establishing the 2-functor © which
is part of Theorem 1.3 in Section 1. We start by following Biihler [Biihler, 2010, Sec. 6|
in recalling the idempotent completion (or Karoubi envelope). We also refer to Borceux
[Borceux, 1994].

Throughout the section, let C denote an additive category. An idempotent in C is a
morphism e: X — X for some object X € C satisfying e? = e. Splitting of idempotents,
as defined below, plays a central role in this article.

2.1. DEFINITION. (See [Borceuz, 1994, Defs. 6.5.1, 6.5.3].) An idempotente: X — X in
C splits f there exist morphismsr: X —Y and s: Y — X such that sr = e and rs = id, .
The category C is idempotent complete, or has split idempotents, if each idempotent in
C splits.

Even though the additive category C need not have split idempotents, it can always
be embedded into an idempotent complete category. This is due to Karoubi [Karoubi,
1968, Sec. 1.2].

2.2. DEFINITION. (See [Biihler, 2010, Rem. 6.3, Def. 6.4].) Define a category C as fol-
lows. The objects of C are pairs (X,e) for each object X € C and each idempotent
e € End,(X). Given objects (X, ey) and (Y, ey) inC, the collection C((X,ex), (Y,ey)) of
morphisms from (X,ey) to (Y, ey) consists of triplets (ey, f,ey) such that f € C(X,Y)
satisfies fex = f = ey f. The composition of

(ey, frex) € C((X,ex), (Yey)) and (4,9, ey) € C((Y,ey), (Z, 7))
15 given by
(ez:9.ey) o (ey, fiex) = (ez.9f ex)-
It is clear that this composition is associative. The identity id y ., of (X,e) € C is the
morphism (e, e,e). The category C is called the idempotent completion of C.

The category C is additive with biproduct given by
(Xiex) @ (Yiey) = (X @Y ex Dey).

It is also idempotent complete; see [Biihler, 2010, Rem. 6.3| for details. There is a
canonical additive inclusion functor .#,: C — C defined by setting 7, (X) := (X,idy) for
X € C and J,(f) = (idy, f,idy) for f € C(X,Y). This functor is 2-universal among
additive functors from C to idempotent complete categories; see [Biihler, 2010, Prop. 6.10].

Let C7 denote the category of composable morphisms in C, and note that a functor
C — D induces a functor C77 — D~7~. Now suppose (C,X) is an exact category. In
particular, the exact structure X is a collection of objects in C77. One can define an
exact structure X on C by declaring an object in C7 to be in X if it is a direct summand
of an object belonging to the image of X under the functor C*~ — C~~ induced by
S C—C.
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2.3. PROPOSITION. (See [Biihler, 2010, Rem. 6.3, Prop. 6.13].) The pair (C,X) forms
an ezact category, and F: (C,X) — (C,X) is a fully faithful exact functor that reflects
exactness.

Let 7 : C — D be an additive functor. Following [Biihler, 2010, Rem. 6.6], there is an
induced additive functor .Z : C — D given by

F(X,e) = (FX,Fe) and F(ey, fex) = (Fey, Ff, Fey). (1)
We refer to .7 as the completion of F. If F: (C,X) — (D, ) is an exact functor, then
Z (C,X) — (D,Y) is also exact; see the proof of [Biihler, 2010, Prop. 6.13].

In order to view the constructions above in a 2-categorical framework, we recall some
terminology. A 2-category is a collection of 0-cells, 1-cells and 2-cells satisfying certain
axioms; see e.g. [MacLane, 1998, p. 273] or [Johnson, Yau, 2021, Sec. 2.3]. One should
think of O-cells, 1-cells and 2-cells as objects, morphisms between objects and morphisms
between morphisms, respectively. A 2-category has two notions of composition of 2-cells:
vertical and horizontal. Using the setup below, we recall these notions in the case of
natural transformations. We use the Hebrew letters 2 (beth) and 7 (daleth) for natural
transformations of additive functors.

2.4. SETUP. For the rest of this section, we consider additive categories C,D, &, additive
functors .#,9,: C — D and £, # : D — &£, and natural transformations 3 F =9,
2. Y= j‘f and T: ¢ = . as indicated in the diagram

/u:\/“\

C —9v—— D
NN

2.5. DEFINITION. (See [MacLane, 1998, pp. 40, 42].) The vertical composition of 2 and
2’ is the natural transformation ' o, A: . F = A given by (2" o, 2) := 2y for each
X € C. The horizontal composition of 2 and 77 is the natuml transformation T o, A of
the form L% = #YG defined by (To, Ad)y =Ty o (L) for each X € C.

As described in [Biihler, 2010, Rem 6.7], the natural transformation : # = ¢
induces a natural transformation 3: .7 = ¢ as follows. Given (X, ¢) € C, there are the
morphisms (idy, e, e): (X,e) = (X,idy) and (e, e,idy): (X,idy) — (X, e). Put

Qixe =Yle e idy) o (idyy, Dy, idyy) 0 F(idy, e, e) = (Ye, (e) A Fe, Fe)

as indicated in the diagram
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It is straightforward to check that 3 is natural. We refer to 3 as the completion of 2.

2.6. NOTATION. We write Exact for the collection of 0-cells, 1-cells and 2-cells consisting
of exact categories, exact functors and natural transformations, respectively. For i €
{0, 1,2}, we denote the collection of i-cells by Exact;. Given O-cells (C, X') and (D, )), there
is a category Exact((C, X), (D, Y)) with 1-cells of the form (C, X') — (D, )) as objects, and
where morphisms and composition are given by 2-cells and vertical composition. We note
that for an object . in Exact((C, X), (D,Y)), its identity morphism is the identity natural
transformation id;: .7 = % given by { (idz)x =1idzx }yee- There is a 2-category
exact determined by the O-cells in Exact which are small categories. We furthermore write
IC-Exact and IC-exact when restricting to idempotent complete 0-cells in Exact and exact,
respectively, and note that also IC-exact is a 2-category.

A 2-functor between two 2-categories is an assignment of i-cells in the domain cat-
egory to i-cells in the codomain category for i € {1,2, 3}, satisfying some compatibility
conditions; see e.g. [MacLane, 1998, p. 278| or [Johnson, Yau, 2021, Prop. 4.1.8]. We now
begin to construct the 2-functor ¢ used in Theorem 1.3 in Section 1.

2.7. DEFINITION. Let Q = (©,,©,,0,): Exact — IC-Exact be defined by the assignments
O, Exact; — |C-Exact;, where:

O(C,X) = (C,X), QO(F)=F, 0,(2)=2.

If one ignores the set-theoretic issue described in Remark 1.4, then the theorem below
should be interpreted as showing that ©: Exact — IC-Exact is a 2-functor.

2.8. THEOREM. The following statements hold for the assignments @y, Oy and Q,.
(1) The pair (V,,9,) defines a functor Exact — IC-Exact.
(i) The pair (9, D,) defines a functor Exact((C,X), (D,Y)) — IC-Exact((C,X), (D, Y))

whenever (C,X) and (D,)) are exact categories.
(iii) The assignment Q. preserves horizontal composition.

In particular, restricting Q to small categories yields a 2-functor exact — |C-exact.

PROOF. It follows from the discussions above that the assignments are well-defined.
Checking functoriality in (i) is straightforward. The assignment O, is compatible with
vertical and horizontal composition by [Biihler, 2010, Rem. 6.8], and checking 1,&; =id
is straightforward, so (ii) and (iii) hold.

Z
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3. Idempotent completion of n-exangulated categories yields a 2-functor
In this section we describe how taking the idempotent completion of an n-exangulated
category in the sense of [Klapproth, Msapato, Shah, 2022| relates to a 2-categorical frame-
work. This is done by constructing the 2-functor & from Theorem 1.3 in Section 1. We
start by giving an overview of relevant notions and constructions.

Given an additive category C and a biadditive functor E: C®® x C — Ab, an element
a € E(C,A) is called an E-extension. A morphism of E-eztensions from o € E(C, A) to
B € E(D, B) is a pair (a,c) of morphisms a: A — B and ¢: C'— D in C such that

E(C,a)(a) = E(c, A)(B).

Recall from [Herschend, Liu, Nakaoka, 2021, Sec. 2| that an n-exangulated category
(C,E,s) consists of

(i) an additive category C,
(ii) a biadditive functor E: C* x C — Ab, and
(iii) an exact realisation s of IE in the sense of [Herschend, Liu, Nakaoka, 2021, Def. 2.22|,

such that axioms (EA1), (EA2) and (EA2) stated in [Herschend, Liu, Nakaoka, 2021,
Def. 2.32] are satisfied.
The realisation s associates to each E-extension o € E(C, A) a certain homotopy class

s(o) = [X,] =] X, » Xy o » X |

of an (n 4 2)-term complex X, in C with X; = A and X, ; = C. The pair (X,, a) is then
called a (distinguished) n-exangle.
A morphism (X,,a) — (Y,, ) of n-exangles is given by a morphism

(fos -+ n+1):X.—>Y,

of complexes such that (fy, f,,1): @ = ( is a morphism of E-extensions. In this case, the

tuple (fy, ..., fo,1) is said to be a lift of (fy, fri1)-
Suppose throughout this section that (C,E,s) and (D,F,t) are n-exangulated cat-

egories. An additive functor .#: C — D induces a functor #.: C, — C, between the
associated categories of complexes. One can define a new biadditive functor

F(F*®—, F—): C* x C — Ab,

which we will denote by F(.#—, . —).
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3.1. DEFINITION. (See [Bennett-Tennenhaus, Shah, 2021, Def. 2.82].) Let % :C — D
be an additive functor and suppose there is a natural transformation

I'= {F(C,A)}(C,A)eCOPXC: E(-,-)=F(F—-,7-).

We call the pair (#,1'): (C,E,s) — (D,F,t) an n-exangulated functor if, for all A,C € C
and each a € E(C, A), we have that s(or) = [X,] implies t(T' 4 (o)) = [FX,].

It was demonstrated in [Bennett-Tennenhaus, Haugland, Sandey, Shah, 2023, Def. 3.18,
Lem. 3.19| that one can compose n-exangulated functors as follows. Suppose

(#,1): (C,E,s) —» (D,F,t) and (Z,®): (D,F,t) —» (£,G,u)

are n-exangulated functors between n-exangulated categories. The composite is the n-
exangulated functor (£, ®)o (#,I') = (ZL%,P,, 50,I), where ¢, , is the natural
transformation

Pz 5 ={Pcrntcnecrnc: F(F -, F-) = G(LTF -, LT —).

For I' as above and for o € E(C, A), we will usually write I'(cv) instead of I, 4 ().
Furthermore, we use the simplified notation aza (resp. d®«) for the E-extension

E(C,a)(a) € E(C, B) (resp. E(d, A)(«) € E(D, A))

for morphisms a: A — Band d: D — C'in C.

As proved in [Klapproth, Msapato, Shah, 2022|, the idempotent completion C of an
n-exangulated category (C,E,s) admits a canonical n-exangulated structure. We use the
notation (8,@,%) for the n-exangulated category obtained from this construction, and
recall the definition of the biadditive functor E: C® x C — Ab and the realisation § of E
below. In the case n = 1, the construction was given by Msapato [Msapato, 2022].

3.2. DEFINITION.N(See [Klapproth, Msapato, Shah, 2022, Def. 4.4].) For objects (A, e,)
and (C,en) from C, we let

E((C’ BC)’ (A7 GA)) = { (€A7 a, GC) ‘ (S E(C’ A) and (eA)Eoz =& = (GC)EQ } .

For morphisms (eg,a,e,): (A,e,) — (B,ep) and (eq,d,ep): (D, ep) = (C,ep) in C we
put

E((‘QC’ da eD)> (er a, eA)) . E((C? 66’)7 (A> eA)) — E(<D> eD)v (B? eB))
(eAv «, 60) — (€B7 ]E(d7 a)(a)7 6D)'

The set E((C,e), (A, e,)) has an abelian group structure given by

(€A7 «, 60) + (eAa O/v 60) = (€A7 Q + O/a 60)7
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and Definition 3.2 indeed gives a biadditive functor E: C® x C — Ab; see [Klapproth,
Msapato, Shah, 2022, Rem. 4.5].

Given a complex X, in C and an idempotent morphism e,: X, — X, of complexes,
we follow [Klapproth, Msapato, Shah, 2022, Def. 4.15] and the discussion immediately
thereafter in using the notation (X,,e,) to denote the complex
(e, €9dy,€1)

(X,,€) oo > (X, e

n-n

(81»€1d07€0)

(n+1> n+1dn’ n)
) — (X ennn)

(XO; 60)

in C, where the maps d;: X; — X, are the differentials of the complex X,. The realisa-
tion § of [E is then defined as follows.

3.3. DEFINITION. (See Q(lapproth, Msapato, Shah, 2022, Def. 4.20].) Let (e 4, eq) be
an arbitrary element of E((C,en), (A, ey)). Since a € E(C, A), one may choose X, so
that

s(a)=X,|]=A— X, — - — X, —C].

One may also lift (e4,en): @ — a to an idempotent endomorphism e, of the n-exangle
(X,,a) by [Klapproth, Msapato, Shah, 2022, Cor. 4.13]. Using this, we define § by setting
5(eq, o e0) = [(X,, )]

To see that the assignment § from Definition 3.3 does not rely on the choices involved,
see |[Klapproth, Msapato, Shah, 2022, Rem. 4.21|. By [Klapproth, Msapato, Shah, 2022,
Thm. A, the triplet (C,E,§) is an n-exangulated category and the inclusion

(j(bFC) (C ]E ) (87E7§>
is an n-exangulated functor, where the natural transformation

is given by o +— (id 4, o, id) for o € E(C, A).

Now suppose (#,I"): (C,E,s) — (D,F,t) is an n-exangulated functor. Recall that
there is an induced additive functor .Z: C — D as defined in 1. Our next aim is to
show that one obtains an n-exangulated functor (Z,T): (C,E,s) — (D,F, ) between the
idempotent completions. We first need to define a natural transformation

~ ~ —~ —~

IE(—,—-)=F(ZF-,.7-).

3.4. DEFINITION. Set I := {F , where

((Crep),(Asen)) }((C,ec) (Ae,))eCPxC

~

F((C,ec),(A,eA)): E((C,ec), (A ey)) — ]F( 7(C, 60),J(A, )
(ea,a,eq) > (Fey, T(a), Feg).

Note that (Fey, I'(a), Zeq) indeed lies in IF( (C.eq), Z(A,e,)), because naturality
of I' yields (Fe,)l'(a) = T'((e4)s) = T'(a) and (Fec)'T(a) = T((ec) a) = I'(a).
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3.5. WARNING. Since I': E(—, —) = F(.%, —,.%# —) is a natural transformation, one might
wonder if the definition of T' above agrees with the description of the completion of a nat-
ural transformation of additive functors from Section 2. However, the biadditive functors
E and F(.% —, % —) are not necessarily additive functors C*® x C — Ab, so we cannot form
the completions of them as in Section 2. Thus, when we use notation of the form T for
a natural transformation of biadditive functors, it always refers to the construction from
Definition 3.4.

3.6. LEMMA. The pair (?,f) is an n-exangulated functor (C,E,5) — (D,F,1).

~

PROOF. Given a pair of objects (A,e,), (C,en) € C, the map F((C’ECL(A’%
3.4 is a homomorphism of abelian groups as I (c,4) 1s one. It follows from the naturality

of T that T is a natural transformation E(—, —) = F(.Z -, .Z ).

Consider now an E-extension (e 4, a, e) € E((C,ep), (A, e,)). Following the definition
of 5, we have §(e 4, o, e) = [(X,, e,)], where s(a) = [X,] and the idempotent e, : X, — X,
is a lift of (e4,en): @ — a. Notice that ¢(I'(a)) = [#X,] as (F,I') is n-exangulated.
Moreover Fce,: FX, — FX, is an idempotent lifting (Fe,, Feo): ['(a) = ['(a). We
hence see that €(T'(e 4, a, e.)) is given by the class

) from Definition

[(FA, Fey) Dol gy ge) Zneaha) | ot 5o ge ),

which is [.Z (X, e,)]. This finishes the proof.
To consider n-exangulated categories as 0-cells in a 2-category, we use the notion of a
morphism between n-exangulated functors. This is captured by the following definition.

3.7. DEFINITION. (See [Bennett-Tennenhaus, Haugland, Sandoy, Shah, 2023, Def. 4.1].)
Suppose that (F,1") and (4, A) are n-exangulated functors of the form (C,E,s) — (D, F, t).
An n-exangulated natural transformation (#,I') = (¢, A) is a natural transformation
A F = 9 of additive functors such that, for all A,C € C and each o € E(C, A), the

pair (A 4,Aq) satisfies
(R)sI'(@) = (A0)"Ae). (2)

Notice that equation 2 means that (2 4, 2) is a morphism I'(a) — A(«) of F-extensions.

For a natural transformation 2: .% = ¢ of additive functors .#,%: C — D, recall that
the completion A: .Z = & is given by Ax. = (Ge. (Ge) Ay Fe, Fe) for (X,e) € C. The
proposition below shows that the completion of an n-exangulated natural transformation
is again n-exangulated.

3.8. LEMMA. Suppose : (F,I') = (¢, A) is n-exzangulated. Then 3 is an n-ezangulated
natural transformation (F,1') = (4, A).

PROOF. Consider an E-extension (e, a, e.,) € E((C,en), (A, e,)). Using that (e,)za = o,
we get (Fe,)el'(a) = T'(ar) by the naturality of I'. Similarly A(a) = (Ze)"A(a). Since
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2 is n-exangulated, we have (2,):I'(a) = (2)"A(a), while naturality of 2 yields the
equality (Yeq)ae = AcZFe. Combining these observations gives

(ea)r(Qa)e(Fen)sl(a) = (Fe)p(3a)sT (@) = (Fen)s(Ac) Ma) = (30) (Gea)pa)

= (20)"Ma) = (Ae) (@ep) Ma) = (QpFec) Ma) = (AeF eq) (Ge) Ma).

Hence, we have that
(3(Ae )l (e, a,e0) = e (definition)

geA,(%eA) (:IA) (Fe, )el(a), Fep) (Definition 3.2)
) (as above)

(

definition),

as required.
We now introduce n-exangulated analogues of the collections described in Notation 2.6.

3.9. NOTATION. See [Bennett-Tennenhaus, Haugland, Sandgy, Shah, 2023, Not. 4.14].
We write n - Exang for the collection of O-cells, 1-cells and 2-cells consisting of n-exangulated
categories, n-exangulated functors and n-exangulated natural transformations between
these functors, respectively. Restricting O-cells in n - Exang to small n-exangulated cat-
egories yields the 2-category n - exang; see [Bennett-Tennenhaus, Haugland, Sandgy, Shah,
2023, Cor. 4.15]. We furthermore write IC-n- Exang and IC-n - exang when only consider-
ing idempotent complete O-cells in n - Exang and n - exang, respectively, and note that also
IC-n-exang is a 2-category. As before, we use a subscript ¢ € {0, 1,2} to denote i-cells in
the collections described above.

We conclude this section by constructing the 2-functor & used in Theorem 1.3 in
Section 1.

3.10. DEFINITION. Let & = (o, &, ): n-Exang — 1C-n-Exang be defined by the
assignments &, : n- Exang, — 1C-n - Exang;, where:

&)(C.E,5) == (C,E,5), %,(FT):=(FT), &(3):=3
The result below is an n-exangulated analogue of Theorem 2.8.
3.11. THEOREM. The following statements hold for the assignments &, &, and d,.
(1) The pair (&, &) defines a functor n-Exang — IC-n - Exang.
(ii) The pair (&, ) defines a functor
n-Exang((C,E,s), (D,F, t)) = IC-n-Exang((C,E,5), (D, F,1))
whenever (C,E,s) and (D, F,t) are n-ezangulated categories.
(iii) The assignment &y preserves horizontal composition.

In particular, restricting & to small categories yields a 2-functor n-exang — 1C-n - exang.
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PRrROOF. It follows from the discussion and results above, in particular Lemmas 3.6 and
3.8, that the assignments are well-defined. The rest of this proof is similar to the proof
of Theorem 2.8. Functoriality in (i) is straightforward to check. For (iii), note that n-
exangulated natural transformations are closed under horizontal composition by [Bennett-
Tennenhaus, Haugland, Sandgy, Shah, 2023, Prop. 4.8|, and then again apply [Biihler,
2010, Rem. 6.8]. Lastly, for (ii), notice first that n-Exang((C,E,s), (D,F,t)), and hence
also IC-n - Exang((C,E,3), (D, T, 1)), is indeed a category by [Bennett-Tennenhaus, Haug-
land, Sandgy, Shah, 2023, Prop. 4.12]. Part (ii) then follows from |Biihler, 2010, Rem. 6.8]
and noting that, for an n-exangulated functor (#,T'), the identity id s 1) is just idz (see
[Bennett-Tennenhaus, Haugland, Sandgy, Shah, 2023, Def. 4.3]).

4. The category of extensions and idempotent completion

We assume throughout Section 4 that C is an additive category and that
E:C” xC — Ab

is a biadditive functor. Note in particular that any n-exangulated category (C,E,s) gives
rise to such a pair (C,IE) by ignoring the realisation s. In Subsection 4.1 we recall the
definition of the category E-Ext(C) of extensions associated to (C,E), before proving
Proposition 1.1 from Section 1. Building on this result, our ultimate goal is to show that,
for the biadditive functor E: C® x C — Ab from Definition 3.2, the category E-Ext(C)
of extensions of the idempotent completion is equivalent to the idempotent completion
E-Ext(C) of E-Ext(C). These two categories are described explicitly in Subsection 4.5
and Subsection 4.7, respectively, culminating in a proof of Theorem 1.2 from Section 1.
In Example 4.10 we provide an algebraic example exhibiting an application of Theorem
4.9.

4.1. THE CATEGORY OF EXTENSIONS. The category of extensions associated to (C,E)
is denoted by E-Ext(C). The objects of E-Ext(C) are E-extensions, and the morphisms
are morphisms of E-extensions. Recall from Section 3 that this means that an object is
an element o € E(C, A) for some objects A,C € C, while a morphism from « € E(C, A)
to 8 € E(D, B) is given by a pair (a,c) of morphisms a: A — B and ¢: C — D in C
satisfying a,a = ¢*p.

As shown in [Bennett-Tennenhaus, Haugland, Sandgy, Shah, 2023, Prop. 3.2|, one can
define an exact structure Ay on E-Ext(C) as follows. Let o € E(C, A), g € E(D, B) and
v € E(G, E) be objects in E-Ext(C). A sequence

a,c b,d
NECT NPT

of composable morphisms in E-Ext(C) lies in the class &} if and only if the morphisms a
and c in C are both sections with b = coker a and d = coker c.

By definition, a category is idempotent complete provided any idempotent endomorph-
ism splits. Note also that a morphism of E-extensions (e, e.): a — « for o € E(C, A) is
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an idempotent in E-Ext(C) if and only if both e, : A - Aand e, : C — C are idempotents
in C. Hence, Proposition 1.1 follows from Proposition 4.2. The authors are grateful to
Dixy Msapato for pointing out [Msapato, 2022, Lem. 3.23|, which motivated the proof of
the result below.

4.2. PROPOSITION. Let o € E(C, A) and suppose (e, eq) € Endg 0 () is an idem-
potent. Then e, and ey split in C if and only if (€4, ep) splits in E-Ext(C).

PROOF. (=) Assume that e, and e, split in C. As e, splits, there exist morphisms
r:A — B and s: B — A such that sr = e, and rs = idz. Similarly, there exist
u: C' = D and v: D — C with vu = e, and uv = idp, because e, splits. Consider the
E-extension ryv*a € E(D, B). We see that (s,v): rzv*a — « is a morphism in E-Ext(C),
as

sp(reva) = v (sr)pa = v5(eq)ga = v (ec)fa = v*(vu) a = (vuv)Fa = vha.

Analogously, one can show that (r,u): a — rzv®« is a morphism of E-extensions. Notice
that (s,v)o(r,u) = (e4,e.) and (r,u) o (s,v) = (idg,id ), which is the identity on rpv*a.
This gives a splitting of (e, e.), as required.

(<) If (ey, e) splits, then there exist § € E(D, B) and morphisms (r,u): a — § and
(s,v): f — ain E-Ext(C) such that (s,v)o(r,u) = (e4, ec) and (r,u) o (s,v) = (idg, idp).
These equations yield splittings of e, and e~ in C.

We finish this subsection by deducing Corollary 4.4, showing that given certain as-
sumptions on C, the Krull-Remak—Schmidt property for C implies the same property for
E-Ext(C). In order to see this, we first recall some terminology.

For the rest of Subsection 4.1, let R be a commutative ring. The additive category C
is said to be R-linear if C(X,Y) is an R-module for all XY € C, and we have

(Ag)f = Mgf) = g(Af)

for all A € R and all composable morphisms f and g in C. When C is R-linear, the
bifunctor E is R-bilinear provided that each abelian group E(C, A) has the structure of
an R-module, and we have E(\c,a) = AE(c, a) = E(c, Aa) for all A € R and any morphisms
a and ¢ in C. Recall that an R-linear category C is called Hom-finite (over R) if each
R-module C(X,Y) has finite length (see e.g. [Krause, 2015, Sec. 5]).

4.3. PROPOSITION. If C is R-linear and E is R-bilinear, then E-Ext(C) is also R-linear.
If in addition C is Hom-finite, then so is E-Ext(C).

PROOF. Fix objects a and § in E-Ext(C), say where a € E(C,A) and € E(D, B).
Given a morphism (a,c): a — f in E-Ext(C), we have

(Aa)gor = E(idg, Aa)(a) = AE(idg, a)(e) = AE(c,id4)(8) = E(Ac,id)(8) = (Ac)"B

as E is R-bilinear. This means that (Aa, Ac): @ — [ is a morphism in E-Ext(C), and we
take this to be the action of A on (a,c). Using that C is R-linear, it is straightforward to
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check that the Hom-sets of E-Ext(C) are R-modules under this multiplication. Consider
another morphism (b,d): 8 — v in E-Ext(C). Since C is R-linear, we have

(b, d)(Aa, Ac) = (b(Aa),d(Ac)) = (A(ba), A(dc)) = ((Ab)a, (Ad), c) = (Ab, Ad)(a, ),

which is the action of A on (b, d) o (a,c). This proves that E-Ext(C) is R-linear.

The arguments above show that the collection of morphisms av — (3 in E-Ext(C) defines
an R-submodule of the direct sum C(A, B) ® C(C, D). The length of this submodule is
bounded above by the sum of the lengths of C(A, B) and C(C, D), proving the second
assertion.

Recall that C is said to be a Krull-Schmidt category if every object decomposes into
a finite direct sum of objects with local endomorphism rings.

4.4. COROLLARY. Suppose that C is R-linear, Hom-finite and Krull-Schmidt, and that E
is R-bilinear. Then E-Ext(C) is also R-linear, Hom-finite and Krull-Schmidt.

PROOF. Note that an R-linear Hom-finite category is Krull-Schmidt if and only if it is
idempotent complete; see e.g. |[Chen, Ye, Zhang, 2008, Cor. A.2| or [Shah, 2023, Thm. 6.1].
Using this, the result now follows by combining Proposition 1.1 and Proposition 4.3.

4.5. THE CATEGORY OF EXTENSIONS OF THE IDEMPOTENT COMPLETION. As recalled
in Definition 3.2, there is a biadditive functor E: C” x C — Ab defined canonically from
E where C is the idempotent completion of C. As in Subsection 4.1 we can consider the
category E-Ext(C) of extensions associated to (C,E). We give an explicit description of
E-Ext(C) and the exact structure X below.

Objects: The objects of E-Ext(C) are of the form (e4,a,es) € E((C,ep), (A e,)) for
(Cyep) and (A,e,) in C. In particular, the morphisms e,: A — A and e.: C — C in C
are idempotents, and a € E(C, A) is an E-extension satisfying (e,)za = o = (e a.

Morphisms: A morphism (e, o, e;) — (eg, 3, ep) in E-Ext(C) is a pair

((637 a, 6A)? (€D7 = eC))a

where (eg,a,e,): (A,e4) — (B,ep) and (ep,c,ec): (Creq) = (D, ep) are morphisms in
C and (eg,a,ey)z(eq, 0, e0) = (ep,c,eg)*(ep, B,ep). This means that (a,c): a = fis a
morphism of E-extensions, ae, = a = ega and ce, = ¢ = epc.

Composition: Composition in E—Ext(é) is defined component-wise. Explicitly, the com-
pOSitiOIl of ((er a, eA)v (6D7 Cy GC’)) and ((eEa b7 63)7 (66’7 d7 eD)) is ((€E7 bCL, eA)v (er dC, 60)).

Identity morphisms: The identity on (e 4, a, e.) in E-Ext(C) is ((e4, €4, €4), (ecr o €c)).

Preadditivity: The addition of morphisms is component-wise. Explicitly, the addition of
((637 a, 6A)7 (eDv Gy eC)) and ((eBa alv eA)v (6D7 Cla eC)) is ((er a+ a’,v 6A)7 (€D7 ¢+ Cl? 60)).

Exact structure: The collection X consists of kernel-cokernel pairs

<€A7Oé,€c) ((eraveA)v(eDvC7eC))> (637676D) ((6E7b763)v(6G’d’6D))> (6E77,€G>
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in E-Ext(C) such that (eg,a,e,) and (e, ¢, e,) are sections with
(eg,b,ep) = coker(eg,a,e,) and (eq, d, ep) = coker(ep, ¢, eq).

These conditions are equivalent to the sequences

(A, e,) M (B,ep) M (E,ep),

(8D7cv eC) (eG>d7 eD)

(C’ 60) (D’ eD) (G’ 6G’)

being split exact in C.
We have an immediate corollary of Proposition 1.1.
4.6. COROLLARY. The ezact category (E-Ext(C), X.) is idempotent complete.

4.7. THE IDEMPOTENT COMPLETION OF THE CATEGORY OF EXTENSIONS. In contrast
to what is done in Subsection 4.5, we may first consider the category of extensions associ-
ated to (C,E), which forms part of an exact category (E-Ext(C), A;). Then we may take
the idempotent complgﬁon, resulting in an idempotent complete exact category that we

denote by (m), X ); see Proposition 2.3. We proceed with an explicit description
of E-Ext(C) and the exact structure Xj.

Objects: The objects of E-Ext(C) are of the form (a, (4, eq)), where a € E(C, A) and
(e4,€0): @ — ais an idempotent morphism of E-extensions. This means thate,: A — A
and e : C'— C are idempotents in C and that (e,)za = (es)5a.

Morphisms: A morphism (a, (e4,e0)) — (B, (eg,ep)) in E-Ext(C) is given by a triple
((eg,ep), (a,c),(e4,€en)), where (a,c): a — [ is a morphism of E-extensions and we have
(a’ C)(eAv 60) = (a’ C) = (€B> GD)(aa C)'

Composition: The composition of two composable morphisms ((eg,ep), (a,c), (€4,€0))
and <(€E> eG)> (b? d)? (637 eD)) in m) 18 <<€E7 eG)? (ba? dc)? (eAv eC))'

Identity morphisms: The identity on (a, (e4, e.)) in W) is

((easec), (earec), (easec))-

Preadditivity: Let ((eg,ep), (a,c), (e4,€e-)) and ((eg,ep), (@', ), (e4,€-)) be morphisms
from (a, (ea,ec)) to (B, (ep,ep)) in E-Ext(C). The addition of these two morphisms is
given by ((eg,ep), (a+d’,c+ ), (ey,e0)).

Exact structure: The elements in & are direct summands of images of elements in X
under the functor 7 ¢ E-Ext(C) — E-Ext(C); see the discussion before Proposition
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2.3. In other words, they are direct summands of kernel-cokernel pairs in m) of the
form

(o, (id, 1)) ——= (8, (idp, idp)) —= (7, (idg, idg)),
where
p = ((idB’ idD)v <a7 C)’ (idAv idC))u q = ((idE7 idG)? (b’ d)7 (idB’ idD))

(a;¢)

b,d
and « >B(’)

> v is an element of Aj;.

4.8. WARNING. Even if (o, (ey,e.)) is an object in E-Ext(C), the E-extension a €
E(C, A) does not necessarily satisfy (e,)za = a or (e)*a = a. For example, if o # 0,
then (o, (0,0)) is an object in E-Ext(C), but Opcv = 0% = 0 # «. In particular, this means
that the objects of m) are not canonically in one-to-one correspondence with those
of E-Ext(C).

Warning 4.8 tells us that we cannot expect the categories E-Ext(C) and IE—_EXT(E) to
be wsomorphic in general. Despite this, we prove that they are always equivalent. In the
following, we use the Hebrew letters B (mem), & (shin) and ¥ (tsadi). Note that the
functor W ) that we define in the proof of Theorem 4.9 below will be used to construct
a natural transformation in Section 5, which is the reason for our choice of notation.

4.9. THEOREM. The exact categories (E-Ext(C), X.) and (WCI),}(}) are equivalent.
PROOF. We establish an exact functor @ ¢ : (E-Ext(C), X)) — (m), X,) and an
exact quasi-inverse 3 (IETX‘E(CI), X,) — (E-Ext(C), x).
Define & ¢ ) by
W(C,E)(efb Q, 60) = (Oé, (eAv 60))

on objects and
W(C,E)((eBa a,ey), (ep,c,eq)) = ((eg, ep), (a,c), (€4, e0))

on morphisms. By our explicit description of E-Ext(C) and m) in Subsection 4.5
and Subsection 4.7, respectively, we see that W(CJE) is a well-defined additive functor.
Define 3¢ ) by

E(C,]E)<a7 (ea,ec)) = (eq, (e4)p, €0)

on objects and
3(c,]E)((eBa ep)s (a,¢),(ea,e0)) = ((ep,a,ey), (ep, ¢ eq))

on morphisms. Note that E(C,IE) is well-defined on objects, since

(eC)E(eA)]Ea = (eA)]E(eC)]Ea = (ea)z(es)g = (€4)z.
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It is straightforward to check that 3(0,15) is well-defined on morphisms, and that it is an
additive functor. B ~
The composite 3¢ z) oW ¢ ) is the identity functor idg g, of E-Ext(C), as (e4)za = a

whenever (e, a, e.) € E-Ext(C). For each object (a, (e4, eq)) in E-Ext(C), set

B o

a,(ey,eq)) = ((€A7 60)7 (BA’ 60)7 (GA’ 60»: (a’ (GA’ eC’)) - ((eA)IEav (6A7 60)).

This is an isomorphism in m) Checking that

me={n } ide s W, 0N
(a,(eq0e0)) (ar(e 4 s00))EEERT) f-Ext(C) (C,E) (C.E)

is natural is straightforward.
It remains to show that W(QE) and E(C,IE) are exact functors. Recall that the direct sum

of two objects (X, ey) and (Y, ey ) in C is given by
(X,ex) @ (V) = (X @ Y,ex@ey) = (X0, (5.0 )).
We first check that @ . is exact. Let

(eA,a,eC) ((6B’a7eA)a(eD7cveC))> <€BvB7€D) ((eE’b’eB)7(€G7d76D))> (€E7% eG) (3)

be an arbitrary element of &%. The underlying sequences of 3 are split exact in C, so
we may without loss of generality assume that B=A® E, ez =e, Pey, D=CDG,
ep = 0@ egn (a,¢) = (), () and (b,d) = ((0¢x ), (0 ¢c)). Applying ¥ to 3 then
yields the sequence

(av (eAv eC)) A (57 (eA @ €g; €c ® eG)) % (77 (eEv eG))v (4>
where

r

(80 ) (5 ) (8 6D leasee)),
s = ((emrea) (00 ), (0 ), (50 ). (6w ).
We claim that 4 is a direct summand of the sequence
(Oéa (idA’ idC)) % (67 (idAEBEv idCEBG)) L (77 (idE7 idG))7 (5)
where

t= ((idAeaE7 idC@G)? ((i%A )? (i%c ))7 (idA7 idC))a
U= ((idE7 idG)? ((0 idp )7 (0 idg ))7 (idAGBEv idC@G))'
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Notice first that (('94), (¢ )) is a morphism a — 3 of E-extensions, since
0 0

(40),0 = (%) leaea = (P = (58 = ()2 2 ) 5= (46),

Similarly, the pair ((0idg ), (0idg)) is a morphism f — v in E-Ext(C). In particular,
this yields that 5 is indeed a sequence in IE—ETt(C/) To verify that 4 is a direct summand
of 5, notice that there is a section induced by the morphisms ((id 4, id), (e4, ), (€4, €c)),
((idagm,idosc), (€4 ® ep 0 B eq), (64  eg, ec ® eg)) and ((idg, idg), (eg, €q), (e, €a))-

Thus, to finish the proof that w(C,]E) is exact, it suffices to show that 5 lies in Aj;. For
this, it is in turn enough to verify that

(") (%) ((0345), (01d5))

5 >y (6)
lies in X;. By the arguments above, we already know that 6 is a sequence of morphisms
in E-Ext(C). As its underlying sequences are split exact in C, we have that 6 lies in A.

We now show that 3 ;) is exact. Let

(OC, (6A7 60)) — (67 (eBa eD)) — (’77 (eE’ 6G>> (7)
be a conflation in %. Consequently, we have that 7 is a direct summand of a sequence
(o, (idy,ide)) —— (A, (idg,idp ) —— (7, (idg,ide)), (8)

which is the image under % ) of a kernel-cokernel pair

!/ / b/ d/
R/ NP UL B o)
in Xy Apply 3 to 8 to obtain
(idA/,O/,idC/) —> (idB/,B/,idD/) —> (idEl,/y,, ldG/) (].0)

We claim that 10 lies in A. Since 9 belongs to Aj, its underlying sequences are split
exact in C. As .#,: C — C is an additive functor, the sequences

(idB/7 a//7 idA/) (idE/, b/7 idBl)

(idpy, ¢, idg) (idgr, d',id )

(Ola idC’)

~

(D',id,)

» (G',idey)

are thus split exact in C, and so 10 lies in X

Since 7 is a direct summand of 8, we know that B, 7 is a direct summand of
3cr8=10€ ;. Thus, by [Biihler, 2010, Cor. 2.18|, we deduce that 37 belongs
to A%, and hence 3 ;) is an exact functor.

We finish this section by demonstrating the use of Theorem 4.9 in a concrete example.



RAPHAEL BENNETT-TENNENHAUS, JOHANNE HAUGLAND, MADS HUSTAD SAND@®Y, AND
20 AMIT SHAH

4.10. EXAMPLE. Let R be a unital ring. For integers m,n > 0, let Mat,, ,(R) denote
the set of m x n matrices which, when m,n > 0, have entries in R. Note that Mat,, ,(R)
consists of a single empty column vector of length m, and Mat,, (R) consists of an empty
length n row vector. By declaring the image of Mat, ,(R) x Mat, , (R) — Mat, ,(R) to
be the zero matrix, there is a function Mat,, (R) x Mat,, ,(R) — Mat, ,(R) defined for
any integers [, m,n > 0 that extends matrix multiplication. When [ = 0, the codomain
of this function contains a unique element as noted above. Therefore, in this case, this
function has the effect of changing the length of the empty length m row vector to length
n. Similarly, if n = 0, then the corresponding function changes the length m column
vector to length [.

Let M be the category of rectangular matrices over R, defined as follows. Objects
of M are rectangular matrices X € Mat,, ,(R) for m,n > 0, and a morphism from
X € Mat,, ,(R) to Y € Mat, (R) is defined by a pair of matrices (4, B) € Mat, (1) x
Mat, (1) such that BX = Y A. Composition is defined by component-wise matrix
multiplication. The identity of an object X € Mat,, ,(R) is the pair (I, I,,) of identity
matrices.

The category M is preadditive, where the addition of morphisms is given component-
wise. Furthermore, M is in fact additive, where the direct sum X @Y of X € Mat,, .(R)
and Y € Mat, (R) is given by the block matrix in Mat,, ., ,(R) formed by taking X
and Y in the diagonal blocks and 0 elsewhere. That is,

X 0
vor=(49).
If m = 0, then X is an empty row and X @& Y is found by inserting n columns, all with
entries equal to 0, to the left of Y. Likewise: if n = 0, one inserts 0-rows above Y’; if
p = 0, one inserts 0-columns to the right of X; and if ¢ = 0, one inserts 0-rows below X.
The zero object of M is the unique element of Mat,, ,(R).

For integers m,m > 0, recall that R™ = R™ as left (or, in fact, right) R-modules
if and only if AB = I, and BA = I, for some (4, B) € Mat,, ,(R) x Mat,, , (R). In
this case, let us write m ~ n. The ring R is said to have the invariant basis number
(IBN) property provided that m ~ n implies m = n; see [Rotman, 2009, p. 60]. Any
one-sided noetherian ring has the IBN property [Rotman, 2009, Thm. 3.24], as does any
commutative ring [Rotman, 2009, Prop. 2.37|. The endomorphism ring of a vector space
of countably infinite dimension does not have the IBN property [Rotman, 2009, Exa. 2.36].

For what remains of Example 4.10, we assume that R has the IBN property. We now
use Theorem 4.9 to compute the idempotent completion M. Consider first the category
C of finitely generated free R-modules, and let E: C® x C — Ab be the biadditive functor
given by the Hom-bifunctor C(—, —). Using that any finitely generated free R-module is
isomorphic to R" for some n > 0, it is straightforward to check that M is equivalent to
the category E-Ext(C) of extensions, because R has the IBN property.

Applying Theorem 4.9 now gives M ~ E-Ext(C). Observing that E = C(—, —), it fol-
lows from [Bennett-Tennenhaus, Haugland, Sandgy, Shah, 2023, Exa. 3.3] that E-Ext(C)
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is equivalent to the arrow category C™ of C, i.e. the category whose objects and morph-
isms are given by morphisms and commutative squares in C, respectively. For simplicity,
assume from here that R is commutative. It is well-known that the idempotent comple-
tion of C is the category P of finitely generated projective R-modules; see e.g. [Borceux,
Dejean, 1986, Exa. 2]. We can thus conclude that M is equivalent to the arrow category
P

5. 2-categorical compatibility

The aim of this section is to prove Theorem 1.3 in Section 1, which asserts that the con-
structions and results we have exhibited so far are compatible in a 2-categorical frame-
work. We start by recalling the definition of the 2-functor % from [Bennett-Tennenhaus,
Haugland, Sandgy, Shah, 2023|.

Given an n-exangulated functor (#,1"): (C,E,s) — (D, F,t), it follows from [Bennett-
Tennenhaus, Haugland, Sandgy, Shah, 2023, Prop. 3.11, Thm. 3.17] that there is a cor-
responding exact functor

Erry: (B-Ext(C), Xy) — (F-Ext(D), X,).

This functor is defined by & 7 () = I'(a) on objects and by &z (a,c) = (Fa, Fc) on
morphisms. In addition, given an n-exangulated natural transformation

A (Z#. 1) = (¢49,\) of n-exangulated functors (#,1"),(4,A): (C,E,s) — (D,F, 1),
one can define a natural transformation
(A): 7 = Ega given by (), = (4, 3¢) for a € E(C, A).

See [Bennett-Tennenhaus, Haugland, Sandgy, Shah, 2023, Thm. 4.19].

5.1. DEFINITION. (See [Bennett-Tennenhaus, Haugland, Sandgy, Shah, 2023, Def. 4.20].)
Let % = (%, %, %) n-Exang — Exact be defined by the assignments <, : n-Exang, —
Exact;, where:

%(C, E,8) = (B-Ext(C), X;), ©,(F,T) =&z p), ©2(3):=(3).

It was shown in [Bennett-Tennenhaus, Haugland, Sandgy, Shah, 2023, Thm. 4.22] that
% defines a functor n - Exang — Exact that satisfies the properties of a 2-functor, and thus
restricts to a genuine 2-functor n-exang — exact. Proposition 1.1 allow us to restrict
to idempotent complete categories. By abuse of notation, we write £ for this restriction,
where it should be noted that & is not the completion of the functor £ in the sense of
Section 2 (see 1). We have

& = (B, &y, &) |C-n-Exang — 1C-Exact,



RAPHAEL BENNETT-TENNENHAUS, JOHANNE HAUGLAND, MADS HUSTAD SAND@®Y, AND
22 AMIT SHAH

where the assignment ; is defined as the restriction of 2, for ¢ € {0,1,2} and satisfies
the same properties. Again, we obtain a 2-functor &: IC-n-exang — |C-exact when
restricting 0-cells to small categories.

We frequently use that any n-exangulated category (C, E, s) gives rise to the pair (C,E)
of an additive category equipped with a biadditive functor by forgetting the realisation s.
In particular, for each (C,E,s) € n-Exang,, there is an exact equivalence

Wier: (E-Ext(C), &) — (E-Ext(C), Ap),

which was defined in the proof of Theorem 4.9. Furthermore, recall that the functors ©
and & were defined in Definitions 2.7 and 3.10, respectively.

5.2. THEOREM. The collection & of evact equivalences Wy for (C,E,s) € n-Exang,
defines a natural transformation & = O as indicated in the diagram

n - Exang — % Exact

o T

IC-n - Exang T |C-Exact.
PROOF. In order to demonstrate the naturality of &, we must show that
~ W(C E) —_—
(E-Ext(C), X L) ———— (E-Ext(C), &)

¢z, r)l 87,1

(F-Bx(D), &,) — 22 (FBxi(D), %)

commutes in IC-Exact for any n-exangulated functor (#,T'): (C,E,s) — (D, F,t). That
is, we need to show that é" ¥ cr and ¥ pp é"~~ are equal as functors
E-Ext(C) — W).
To this end, let (e4, a, e.) be an object in E-Ext(C). On the one hand, we have that
é% W(C,E) (ea, v e0) = (50(54‘,1“)(047 (easec)) = ([(a), (Feu, Fee)),
while on the other hand

Uiorézmea @ ec) =Upm(Fey,a), Feo) = (L), (Feq, Fec)).

Hence, the functors %W(QE) and @ p )& agree on objects. Consider next a morph-

(71
1sm ((eBu a, eA)7 (GD, ) 60)) : (eA7 a, 60) - (eBu 67 eD) in E_EXt(C> We have

é% w(C,]E) ((ep,a,eq), (ep,c,ec))

é’a(;-l“/)((eB?€D) (a’ C)a (eAveC))

(Fep, Fep), (Fa, Fe),(Feq, Fe))
Yo ((9263,9@ Fey), (Fep, Fe,Fey))
7o

y 1")((637 a, eA)a (eDa ¢, 60))'
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The next result says that & satisfies the defining property of a 2-natural transformation
between 2-functors; see [Johnson, Yau, 2021, Prop. 4.2.11].

5.3. PROPOSITION. Let A: (% ,T') = (¢4,A) be an n-exangulated natural transformation
between n-exangulated functors (F,1),(4,A): (C,E,s) — (D,F,t). Then the square

(O)(F,1) oWy
(V2x)(3) 0y, idpy

— W(D,IF) o (Gd)(F,T)
|, o G#E)
== Wy o (Zh)(Y,A)

(C.E)

() (G, A) oW

commutes in |C-Exact(E-Ext(C), F-Ext(D)).

PROOF. Note first that we have the horizontal equalities by Theorem 5.2. Consider an
arbitrary object (e4, a, ) € E((C,ep), (A e,)) in E-Ext(C) = (Z)(C, E,s). On the one
hand, ((V%)(3) 0, idy )i, a,, 18 equal to

(cm) At

(a7
(O‘=(6Avec))
(a7

(eA,ec))

B

5) (eAa ec) 5(g,A)(€A> ec) <:>a5)(y~,r)(€m ec), ‘ﬂﬁ(y,r) (easec))
(%eA, Gec),(Geq) Aa Feq, (Geo) dc Feg), (Fey, Fec)).

On the other hand, (idW(D O (5)(3)) ¢, e, Is equal to

(idwmm)(§+)(f¢,A)(eA,a,ec) oW ) ((58)(3)) (e, )

= W(DF <S>(e QL€ )

A’ C
=W pp)((Gen, (Gey) Ay Fey, Fey), (Geo, (Geo) Ac Feq, Fec))
= ((Yes,Geo),(Gey) s Fey, (Geo) Ac Feo), (Fey, Feo)),

which finishes the proof.

Restricting to small categories, Theorem 5.2 and Proposition 5.3 yield the following
corollary, demonstrating that idempotent completions and extension categories are com-
patible constructions in a 2-category-theoretic sense.

5.4. COROLLARY. There is a 2-natural transformation & : Gd = Q& of 2-functors from
n-exang to |C-exact consisting of exact equivalences.



RAPHAEL BENNETT-TENNENHAUS, JOHANNE HAUGLAND, MADS HUSTAD SAND@®Y, AND
24 AMIT SHAH

6. The weak idempotent completion

The aim of this section is to relate our main results to the construction of weak idem-
potent completions. Note that the definitions and results in Section 6 rely on concepts
and notation which should be recalled from previous sections. Many of the proofs in
the weakly idempotent complete case are straightforward modifications of those for the
idempotent completion. However, we remark that our proof of the key result Proposi-
tion 6.4 differs significantly from the proof of Proposition 1.1 and relies on a result from
[Bennett-Tennenhaus, Haugland, Sandgy, Shah, 2023].

Recall that an additive category C is said to be weakly idempotent complete if every
retraction has a kernel or, equivalently, if every section has a cokernel; see [Biihler, 2010,
Lem. 7.1, Def. 7.2]. Every idempotent complete category is weakly idempotent complete;
see e.g. |Borceux, 1994, Prop. 6.5.4] and [Thomason, Trobaugh, 1990, Lem. A.6.2]. For
more detail on weak idempotent completions, see e.g. [Klapproth, Msapato, Shah, 2022,
Sec. 2.2].

6.1. DEFINITION. (See [Klapproth, Msapato, Shah, 2022, Def. 2.10].) The weak idem-

potent completion C of C is the full subcategory of C that consists of all objects (X,e) for
which idy — e splits in C.

Note that C is an additive subcategory of C and that there is a canonical additive inclu-
sion functor #;: C — C defined by J#,(X) = (X,idy) for X € C and #(f) = (idy, f,idy)
for f € C(X,Y). This functor is 2-universal among additive functors from C to weakly
idempotent complete categories; see [Klapproth, Msapato, Shah, 2022, Prop. 2.13]. The
functor .%,: C — C factors through .#; via the canonical inclusion functor .Z,: C—C,
which is the identity on objects and morphisms. In other words, there is a commutative

diagram
g ~
C < C
(11)
de N\ S e
C

of additive categories and functors.
Suppose that (C, X ) is an exact category. One defines an exact structure X on C as

follows. An object of C~~ is in X if it is a direct summand of an ob ject in the image of X
under the functor C2~ — C~~ induced by J;: C — C. In particular, a kernel-cokernel
pair lies in X" if and only if it is a kernel-cokernel pair in X in which all three terms lie in
C.

Proposition 6.2 below shows that (C X ) is a fully eract subcategory of (C,X). This

means that C is extension-closed in (C,X) and that X coincides with the inherited exact
structure; see [Biihler, 2010, Lem. 10.20, Def. 10.21].

6.2. PROPOSITION. The pair (5, 2/\?\) is a fully exact subcategory of (C,X). The inclusion
Ho: (C,X) — (C,X) is a fully faithful exact functor that reflects exactness.
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5 &y 7b’
PROOF. Suppose that (A, e,) M (B,ey) (ec,b,ep) (

(C,X) with (A,e,), (C, eq) € C. By [Klapproth, Msapato, Shah, 2022, Prop. 5.1], there
is an object (D, ep) € C and an isomorphism

C,eq) is a conflation in

(4,e2) 2 (B o) LCEE (Ce)

e

(Aye,) S220%a), (p oy Larhen) o )

(12)

in the category K3 CiAe)(Cer)) defined in [Herschend, Liu, Nakaoka, 2021, Def. 2.17|. By
€ah\&heo
[Herschend Liu, Nakdoka 2021, Lem. 4.1], the morphism (ep, 7, ep) is an isomorphism in

C, so Cis extension-closed. Since a sequence lies in X if and only if it lies in X’ and has all
terms in C, the inherited exact structure (see [Biihler, 2010, Lem. 10.20]) coincides with
X This shows that (C X ) is a fully exact subcategory of (C X).

As a consequence, we observe that Z: (C X ) (C,X) from 11 is an exact functor.
One sees directly that J#;: (C,X) — C, X ) is fully faithful and exact. That it reflects

NN

exactness follows from .Z.: (C,X') — (C, X) reflecting exactness (see Proposition 2.3) and
the commutative diagram 11.

Suppose that (D,Y) is also an exact category. Let #,9: (C,X) — (D, Y) be exact
functors and consider a natural transformatlon A7 = g The completlons Z and G
restrict to give exact functors .7, ¥ : (C, X ) (D V). Moreover, 2 restricts to a natural

transformation R N -
(X0 S (x.e)ec

We write WIC-Exact and WIC-exact for the restrictions to weakly idempotent complete
0-cells in Exact and exact, respectively, and note that WIC-exact is a 2-category.

6.3. DEFINITION. Let { = (g, Oy, Oy): Exact — WIC-Exact be defined by the assign-
ments <, Exact, - WIC-Exact;, where:

Oo(C.X) = (C,X), O1(F) =T, 0p(2):=2

These assignments are well-defined by the discussion above. As a consequence of

/\

Theorem 2.8, we see that <) satisfies the properties of a 2-functor, because .# and 2 are
just restrictions of .:# and 2, respectively. Thus, one deduces an analogue of Theorem
2.8.

Throughout the rest of this section, suppose that (C, E, s) is an n-exangulated category.
The next result is an analogue of Proposition 1.1, but interestingly the proof is very
different.

6.4. PROPOSITION. If C is weakly idempotent complete, then E-Ext(C) is also weakly
tdempotent complete.
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PROOF. Let (a,c): @ — 8 be a morphism in E-Ext(C) for o € E(C, A) and g € E(D, B).
Suppose that this morphism is a section. Thus, there is a retraction (r,s): f§ — « in
E-Ext(C) satisfying (ra, sc) = (r,s) o (a,c) = id, = (id4,id,). In particular, this implies
that a and ¢ are sections in C.

Since C is weakly idempotent complete, these morphisms each admit a cokernel,
which we denote by b = cokera and d = cokerc. We have that (b,d) is a cokernel of
(a,c) in E-Ext(C) by [Bennett-Tennenhaus, Haugland, Sandgy, Shah, 2023, Lem. 3.1|, so
E-Ext(C) is weakly idempotent complete.

It was shown in [Klapproth, Msapato, Shah, 2022, Sec. 5| that the weak idempotent

completion C of C gdmits an n-exangulated structure because it is an extension- closed
subcategory of (C,E,%) in the sense of [Herschend, Liu, Nakaoka, 2022, Def. 4.1].

denote the corresponding n-exangulated category by (C IE 5). We now recall how E and
5 are defined.

6.5. DEFINITION. (See [Klapproth, Msapato Shah, 2022, Def. 5.3].) The biadditive func-
tor E: C® x C — Ab is the restriction of E to C® x C. The ezact realzsatwn 5 ofE 15
defined as follows. Suppose that (e,, . eq) € E((C, €c); (A e,)) is an E-extension. Then
S(ey,a,e0) = [ o] for some (n + 2)-term complex X, inC by [Klapproth, Msapato, Shah,
2022, Prop. 5.1]. Thus, it is declared that s(e 4, o, en) = [X ].

Proposition 6.4 has the following immediate corollary.
6.6. COROLLARY. (E-Ext(C), X.) is a weakly idempotent complete exact category.
Recall from the proof of Theorem 4.9 that we have an exact equivalence
Wes: (E-Ext(0), &) » (E-Ext(C), X))

with quasi-inverse 3. ) for each n-exangulated category (C,E,s) by forgetting the real-
isation s. It follows from Proposition 4.2 that @ ) restricts to a functor

Wew: (E-Ext(C), &) — (E-Ext(C), ;).
To see this, let (ey, o, e.) € IE((C, ec), (A, ey)). Consider W(QE)(eA, a,eq) = (o, (e4,€0)).
Note that id, — (e4,€e-): @ = « is a morphism of E-extensions since (e, e.) is an ele-
ment of EndE_Ext<C)(oz). We must show that id, — (e4, e.) = (id4 — ea id — e.) splits in
E-Ext(C). This follows from Proposition 4.2, as (A,e,), (C,eq) € C means that id , — e,
and id, — e, split in C.
A similar argument as above shows that 3. ;) restricts to a functor

E(CJE): (E-Ext(C), X;) — (E-Ext( ),XE).
Note that W(IC,E) and 3(/0,@) are mutually quasi-inverse as they are restrictions of @

and 3¢ . Since it is straightforward to check that W('CE) and 3('071@ preserve the exact
structures, we have the following.
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6.7. THEOREM. There is an ezact equivalence W(CE (E-Ext(C), X)) — (E—Ext(C),P/(;E)
given by the restriction of W(CE

Suppose that (#,T'): (C E,s) — (D, F t) is an n-exangulated functor. One can define
a natural transformation I': E(—, —) = F(Z —, . Z —) by setting

A~

F((c,ec),(A,eA)) (eq,a,eq) = (Fey, I'(a), Feq).

Notice that T is just a restriction of I'. We claim that the pair (.# Z, f) is an n-exangulated
functor (CA , I/EE,A) (2/?\ F ). To verify this, assume that (e ,, a, e,) = [5(\ ], which implies
Sley,a,e0) = [X ]. This s ylelds t(T(ey, a,en) = [;a?C(X\.)], as (7,1 is n-exangulated by
Lemma 3.6. Since .Z ( ,) is a complex in D, we obtain

o~ —~

t(C(e are0) = [Fe(X,)] = [Fe(X,)]

as required.

Let 2: (#,I') = (4,A) be an n-exangulated natural transformation between n-
exangulated functors (#,1),(9,MN): (C,E,s) — (D,F,t). Using that the completion

3 (Z.1) = (9,

is an n-exangulated natural transformation by Lemma 3.8, the same holds for the restric-
tion 2: (F#,T) = (4, A).

We write WIC-n - Exang for the collections obtained by only considering weakly idem-
potent complete O-cells in n - Exang. Based on the discussion above, we may thus define

A= (A, M &) n-Exang — WIC-n-Exang

using assignments #,: n- Exang, — WIC- n - Exang;, where:

#(CE5s) = (CEZ), #(F1):=(ZT), #3):=2.

It is straightforward to check that the analogue of Theorem 3.11 holds for &.
As an application of Proposition 6.4, we can restrict £ to weakly idempotent complete
categories. This restriction is denoted by

& = (8, Dy, Gy): WIC-n- Exang — WIC-Exact,

where &, is the restriction of =, for i € {0,1,2} and satisfies the same properties. The
proof of Theorem 5.2 yields the next theorem. Similarly, analogues of Proposition 5.3 and
Corollary 5.4 follow.
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6.8. THEOREM. The collection &' of exact equivalences W(/CJE) for (C,E,s) € n-Exang,
defines a natural transformation &l = {Hex.

By [Klapproth, Msapato, Shah, 2022, Prop. 4.36|, there is an n-exangulated functor
(F:,T0): (C,E,s) — (C,E,5), where I's(a) = (id 4, a,1d,,) for a € E(C, A). Similarly, it is
shown in [Klapproth, Msapato, Shah, 2022, Thm. 5.5] that (£, Az): (C,E,s) — (CA,]E,?)
is n-exangulated, where A;(a) = (idy, «v,id). Diagram 11 can be augmented to a com-

mutative diagram
(e Te)

(C,E,s

) » (C,E,3)
13
wm\ /«%@a (13)

in n-Exang, where ©,(eg, 5,¢ep) = (eg, 5,¢ep) for (e, B,ep) € I/F‘E((D,eD), (B,eg)). Us-
ing the functor #: n- Exang — Exact, the diagram 13 induces the commutative diagram

(C.E3)

(s, Te)

(E-Ext(C), X;) » (E-Ext(C), &,)
g(ﬁ%A R /‘”@%@c)
(E-Ext(C), A.)

E

in Exact.

Building on the work in Section 6, it is straightforward to check that we obtain The-
orem 6.9 below. We note that there is a similar commutative diagram involving the exact
equivalence 3¢ ;) and its restriction S

6.9. THEOREM. The diagram

E( A )

(E-Ext(C), X,)

| I |

<%{E—Ext
(E-Ext(C), X,) ——~ (E-Ext(C), X,

in Exact s commutative.

References

M. Atiyah. On the Krull-Schmidt theorem with application to sheaves. Bull. Soc. Math.
France, 84:307-317, 1956.

M. Auslander. Representation theory of Artin algebras. I. Comm. Algebra, 1:177-268,
1974.



THE CATEGORY OF EXTENSIONS AND IDEMPOTENT COMPLETION 29

G. Azumaya. On generalized semi-primary rings and Krull-Remak-Schmidt’s theorem.
Jpn. J. Math., 19:525-547, 1948.

P. Balmer and M. Schlichting. Idempotent completion of triangulated categories. J. Al-
gebra, 236(2):819-834, 2001.

R. Bennett-Tennenhaus, J. Haugland, M. H. Sandgy, and A. Shah. The category of
extensions and a characterisation of n-exangulated functors. Math. Z., 305(3):44,
2023.

R. Bennett-Tennenhaus and A. Shah. Transport of structure in higher homological algebra.
J. Algebra, 574:514-549, 2021.

F. Borceux. Handbook of categorical algebra. 1. Basic category theory, volume 50 of En-
cyclopedia of Mathematics and its Applications. Cambridge Univ. Press, Cambridge,
1994.

F. Borceux and D. Dejean. Cauchy completion in category theory. Cah. Topol. Géom.
Différ. Catég., 27(2):133-146, 1986.

M. B. Botnan and W. Crawley-Boevey. Decomposition of persistence modules. Proc.
Amer. Math. Soc., 148(11):4581-4596, 2020.

T. Biihler. Exact categories. Expo. Math., 28(1):1-69, 2010.

X.-W. Chen, Y. Ye, and P. Zhang. Algebras of derived dimension zero. Comm. Algebra,
36(1):1-10, 2008.

P. Dréxler, I. Reiten, S. O. Smalg, and ). Solberg. Fzact categories and vector space
categories. Trans. Amer. Math. Soc., 351(2):647-682, 1999. With an appendix by B.
Keller.

P. Gabriel, L. A. Nazarova, A. V. Roiter, V. V. Sergeichuk, and D. Vossieck. Tame and
wild subspace problems. Ukrain. Mat. Zh., 45(3):313-352, 1993.

P. Gabriel and A. V. Roiter. Representations of finite-dimensional algebras. Springer-
Verlag, Berlin, 1997. Translated from the Russian, With a chapter by B. Keller,
Reprint of the 1992 English translation.

C. Geiss, B. Keller, and S. Oppermann. n-angulated categories. J. Reine Angew. Math.,
675:101-120, 2013.

J. Haugland. The Grothendieck group of an n-exangulated category. Appl. Categ. Struc-
tures, 29(3):431-446, 2021.

J. Haugland. Auslander-Reiten triangles and Grothendieck groups of triangulated categor-
ies. Algebr. Represent. Theory, 25(6):1379-1387, 2022.



RAPHAEL BENNETT-TENNENHAUS, JOHANNE HAUGLAND, MADS HUSTAD SAND@®Y, AND
30 AMIT SHAH

M. Herschend, Y. Liu, and H. Nakaoka. n-exangulated categories (I): Definitions and
fundamental properties. J. Algebra, 570:531-586, 2021.

M. Herschend, Y. Liu, and H. Nakaoka. n-ezangulated categories (I11): Constructions from
n-cluster tilting subcategories. J. Algebra, 594:636-684, 2022.

G. Jasso. n-abelian and n-ezxact categories. Math. Z., 283(3-4):703-759, 2016.
N. Johnson and D. Yau. 2-dimensional categories. Oxford Univ. Press, Oxford, 2021.

P. Jgrgensen. Abelian subcategories of triangulated categories induced by simple minded
systems. Math. Z., 301(1):565-592, 2022.

A. Kapustin, M. Kreuzer, and K.-G. Schlesinger, editors. Homological mirror symmetry,
volume 757 of Lecture Notes in Physics. Springer-Verlag, Berlin, 2009. New devel-
opments and perspectives.

M. Karoubi. Algebres de Clifford et K -théorie. Ann. Sci. Ecole Norm. Sup. (4), 1:161-270,
1968.

C. Klapproth, D. Msapato, and A. Shah. Idempotent completions of n-exangulated cat-
egories. Preprint, 2022. https://arxiv.org/abs/2207.04023v4.

H. Krause. Krull-Schmidt categories and projective covers. Expo. Math., 33(4):535-549,
2015.

H. Krause. Homological theory of representations, volume 195 of Cambridge Studies in
Advanced Mathematics. Cambridge University Press, Cambridge, 2022.

S. Mac Lane. Categories for the working mathematician, volume 5 of Grad. Texts in Math.
Springer-Verlag, New York, second edition, 1998.

D. Msapato. The Karoubi envelope and weak idempotent completion of an extriangulated
category. Appl. Categ. Structures, 30(3):499-535, 2022.

H. Nakaoka and Y. Palu. Extriangulated categories, Hovey twin cotorsion pairs and model
structures. Cah. Topol. Géom. Différ. Catég., 60(2):117-193, 2019.

F. Prosmans and J.-P. Schneiders. A homological study of bornological spaces. Prépublic-
ations Mathématiques de I’Université Paris 13, 00-21, 2000.

J. J. Rotman. An introduction to homological algebra. Universitext. Springer, New York,
second edition, 2009.

A. Shah. Krull-Remak-Schmidt decompositions in Hom-finite additive categories. Expo.
Math., 41(1):220-237, 2023.


https://arxiv.org/abs/2207.04023v4

THE CATEGORY OF EXTENSIONS AND IDEMPOTENT COMPLETION 31

R. W. Thomason and T. Trobaugh. Higher algebraic K -theory of schemes and of derived
categories. In The Grothendieck Festschrift, Vol. III, volume 88 of Progr. Math.,
pages 247-435. Birkhduser Boston, Boston, MA, 1990.

Department of Mathematics
Aarhus University
8000 Aarhus C

Denmark

Department of Mathematical Sciences

NTNU

NO-7491 Trondheim

Norway

Email: raphaelbennetttennenhaus@gmail.com
johanne.haugland@ntnu.no
mads.sandoy@ntnu.no
amit.shah@math.au.dk



	Introduction
	Idempotent completion of exact categories yields a 2-functor
	Idempotent completion of n-exangulated categories yields a 2-functor
	The category of extensions and idempotent completion
	2-categorical compatibility
	The weak idempotent completion

