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Abstract. One approach to construct a model structure on Cy(A), the category of N-
complexes over an abelian category A, is to start with a complete hereditary cotorsion pair
(F,C) in A and then introduce Hovey pairs on Cx(A). There are three important pairs of
cotorsion pairs in the literature, particularly in [2] and [33]. In this paper, we employ a differ-
ent technique by considering A as a Grothendieck category to introduce these Hovey pairs. For
these pairs of cotorsion pairs, we omit the hereditary conditions, the conditions of having enough
F-objects—essential conditions in [33]-as well as the condition of being closed under direct limits
for the class F. As a result, we can construct Hovey pairs on categories that do not necessarily
have enough F-objects or where the class of objects is not closed under direct limits such as the
category of Cartesian modules over small categories and the category of quasi-coherent sheaves
on a scheme X.
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1 Introduction

A model category, often referred to as a Quillen model category, serves as a framework for
conducting homotopy theory. Quillen introduced the concept to formalize the parallels between
homotopy theory and homological algebra. His definition was primarily motivated by key ex-
amples such as the category of topological spaces, simplicial sets, and chain complexes. The
fundamental issue that model categories address is as follows:

Given a category, one often has certain maps (weak equivalences) that are not isomorphisms,
but one would like to consider them to be isomorphisms. One can always formally invert the
weak equivalences, but in this case one loses control of the morphisms in the quotient category. If
the weak equivalences are part of a model structure, however, then the morphisms in the quotient
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category from X to Y are simply homotopy classes of maps from a cofibrant replacement of X
to a fibrant replacement of Y. Because this idea of inverting weak equivalences is so central in
mathematics, model categories are extremely important.

In 2002, Hovey discovered a connection between the concept of cotorsion pairs and model
structures on abelian categories. This connection was expressed through a correspondence be-
tween two cotorsion pairs, referred to as Hovey pairs, and the model structure on abelian cate-
gories (Hovey’s Theorem [23]). The concept of cotorsion pairs (or cotorsion theory) was invented
by Salce in [30] in the category of abelian groups and was rediscovered by Enochs and coauthors
in the 1990’s. In short, a cotorsion pair in an abelian category A is a pair (F,C) of classes of
objects of A each of which is the orthogonal complement of the other with respect to the Ext
functor. The study of cotorsion pairs is especially relevant to the study of covers and envelopes,
particularly in the proof of the flat cover conjecture [6].

Given that the category of chain complexes plays a crucial role in homological algebra,
introducing a model structure on this category is fundamental and significant. If A is an abelian
category, the category C(.A) (the category of complexes on A) will also be an abelian category.
Therefore, Hovey’s theorem allows us to construct new model structures on this category by
introducing new Hovey pairs. Many papers have been published in this area, including [3,5, 8,
11,12,17-20,31,35].

As a generalization of the concept of complexes, the notion of N-complexes was introduced
by Mayer [28] in the his study of simplicial complexes and its homological theory was studied by
Kapranov and Dubois-Violette in [14,27]. In recent years, many authors have generalized key
concepts in homology, such as derived categories and homotopy categories, for N-complexes,
see [2,4,21,24-26,33], and [34]. By an N-complex X, we mean a sequence --- — X"~ 1 — X" —
X"l ... such that composition of any N consecutive maps gives the zero map in A.

Gillespie introduced cotorsion pairs in [17-19], some of which formed Hovey pairs on chain
complexes (N = 2). As a result, new model structures on this category were presented. His
approach was to construct cotorsion pairs on C(.A) from a hereditary cotorsion pair (F,C) in
the abelian category A with enough F-objects and enough C-objects. Utilizing this idea, Yang
and Cao introduced a series of these cotorsion pairs on the category of N-complexes in 2017. In
the introduction of these cotorsion pairs, two conditions-completeness and hereditary property
were essential in order to construct Hovey pairs in Cy(.A). In 2020, Bahiraei considered the
Grothendieck category G, endowed with a faithful functor U : G — Set instead of the Abelian
category A, which possesses enough F-objects and C-objects. He employed a different technique
to construct cotorsion pairs in Cn(G) based on two cotorsion pairs cogenerated by a set in G.
This construction eliminated the hereditary condition from the paper by Yang and Cao, making
their results a special case of Bahiraei’s findings. Building on these results, he was able to regard
G as the category of quasi-coherent sheaves on a scheme, which may not necessarily have enough
JF-objects. However, he did not investigate which of these cotorsion pairs form Hovey pairs.

There are three important pairs of cotorsion pairs introduced in both [2] and [33]. In this
paper, we aim to investigate which of these cotorsion pairs form Hovey pairs. These cotorsion
pairs were previously shown to be Hovey pairs by Yang and Cao in [30, Corollary 3.14, Theorem
4.10] under the conditions of being complete and hereditary for the cotorsion pair (F,C). We
employ a different technique to generalize their results. In fact, for these pairs of cotorsion
pairs, we omit the hereditary conditions, the conditions of having enough F-objects as well as
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the condition of being closed under direct limits for the class F. More precisely:

Theorem 1. Let (F,C) be a cotorsion pair cogenerated by a set in a concrete Grothendieck
category G endowed with a faithful functor U : G — Set and such that F contains a generator G
of G. Then the pairs

(1) (Cn(F),Cn(F)*) and (exFn, (exFn)L) and
(1) (+Cn(C),CN(C)) and (*(exCy),exCy)

are Hovey pairs. If furthermore F is closed under taking kernel of epimorphisms, then the pairs
(Fn,dgCn) and (dgFn,Cn) are a Hovey pair.

We will also examine categories that do not satisfy the conditions of the theorems by Yang
and Cao, but for which our theorems can be applied. The main focus of our paper is on
categories of Cartesian modules over small categories and categories of quasi-coherent sheaves
on a scheme X. The paper is organized as follows: In Section 2, we recall some general concepts
related to N-complexes and provide any background information needed throughout this paper.
Our main result appears in Section 3 as Theorem 4. This result generalizes [33, Theorem 3.13]
and [33, Propositions 4.8 and 4.9]. Finally, in Section 4, we will examine examples to show our
framework and highlight the differences between our work and that of Yang and Cao.

2 Preliminaries

2.1 The category of N-complexes

Let C be an additive category. We fix a positive integer N > 2. An N-complex is a diagram

difl dl di+l
Xyt Xyl X

with X* € C and morphisms d € Home(X?, X*T1) satisfy d¥ = 0. That is, composing any
N-consecutive maps gives 0. A morphism between N-complexes is a commutative diagram

gi=1 di Jit1
Xy Xyl X

lfz if'ﬂrl
LN i B o Y
We denote by Cn(C) the category of unbounded N-complexes on C.

Remark 1. [t is easy to check that if A is an abelian category then Cn(A) is again abelian.

For any object M of C and any j and 1 <¢ < N, let

G—i+1 P2 -t
X

Df(M):wHOHXJ'—HfiX X1 X i 0

be an N-complex satisfying X" = M and dy = 1/ forall j —i+1<n < j.
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Notation 1. For 0 < r < N and ¢ € Z, we define
X,y = A dx
: : i i i
In this notation d{1} = d' and d{o} =ly,.

Definition 1. A morphism f : X — Y of N-complexes is called null-homotopic if there exists
s' € Home(X?, Y=N+1) such that

N—-1 (N )
i i—(N=1—5) it+j 7i
fr= v.v-15 dx gy
=0

We denote by Ky (C) the homotopy category of unbounded N -complexes on C.

Remark 2. Let Sy(C) be the collection of short exact sequences in Cn(C) with split short exact
sequences in each degree. It is shown in [24] that (Cn(C),Sn(C)) is a Frobenius category and
its stable category is the homotopy category Kn(C) of C. So Ky (C) is a triangulated category,
see [2/, Theorem 2.3].

it . d ot
Definition 2. Let X be an N-complex of objects of C as - —— X' —2 X1 X o ... We
define

71(X) i= Ker(dig™ ™"+ d),  BL(X) = Tm(dig ! - dig")
CL(X) := Coker(dx ' -~ dx "), HL(X) := Z;(X)/Byy_,(X)
Therefore in each degree we have N — 1 cycle and clearly 7% (X) = X"

Definition 3. Let X € Cy(C). We say X is N-ezact if H.(X) = 0 for each i € Z and all
r=1,2,...,N—1. We denote the full subcategory of Cn(C) consisting of all N-exact complezes
by En -

Definition 4. A morphism f: X — Y in Kx(C) is called a quasi-isomorphism if the induced
morphism HL(f) : H.(X) — HL(Y) is an isomorphism for any i and r. The derived category
Dn(C) of N-complexes is defined by the quotient category Kn(C)/En -

2.2 Cotorsion pair

Definition 5. A pair of classes (F,C) in abelian category A is a cotorsion pair if the following
conditions hold:

1. ExtY(F,C) =0 for all F € F and C €C.
2. If Ext4(F,X) =0 for all F € F, then X €C.
3. If Ext4(Y,C) =0 for all C € C, then Y € F.

We think of a cotorsion pair (F,C) as being “orthogonal with respect to Extil. This is often
expressed with the notation 1+ = C and F = C.
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Definition 6. A cotorsion pair (F,C) in A is called complete if it has enough projectives and
enough injectives. That is, for every A € A, there exist exact sequences

0—-Y W -—->A4—-0 and 0=-A—=Y =W -0,

where WW' e F and Y,Y' € C.

Definition 7. A cotorsion pair (F,C) in A is cogenerated by a set if there is a set S C F such
that S+ =C.

We note that if S is any class of objects of D and if S* = B and D = B, then (D, B) is a
cotorsion pair that is cogenerated by S.

Definition 8. A cotorsion pair (F,C) in A is called hereditary if for alln > 1 and all F € F
and C € C we have Ext’y(F,C) = 0.

Definition 9. Let (F,C) be a cotorsion pair.
(1) If F is closed under kernels of epimorphisms, then F is called resolving.

(2) If C is closed under cokernels of monomorphisms, then C is called coresolving.
The following lemma is well known:
Lemma 1. Let A be an abelian category and (F,C) a cotorsion pair.

(1) Assume A has enough injectives and C is coresolving. Then (F,C) is hereditary.

(2) Assume A has enough projectives and F is resolving. Then (F,C) is hereditary.

Lemma 2. Let (F,C) be a cotorsion pair cogenerated by a set in a Grothendieck category G
such that F contains a generator G of G. Then the following are equivalent:

(1) F is resolving and C is coresolving.

(2) Extg(F,C) =0 for anyn >0 and any F € F and C € C.

Proof. (1) = (2): We will prove it by induction on n. Obviously Extg(F,C) = 0 for all F € F
and C' € C. Suppose that k& > 0 and Extg(F, C)=0forall Fe Fand C €C. Let F € F and
C € C be arbitrary but fix. Consider the short exact sequence 0 - C — I — D — 0 where [ is
injective. Note that I € C, hence D € C. Now apply the functor Homg(F, —) we have the exact
sequence

- Ext§(F, D) — Extgt (F,C) — ExtE™ (F,1) — -

But by induction hypothesis and I is injective we have Ext&(F, D) = 0 and EXtZ—H(F, I)=0.
So we are done.
(2) = (1) is easy.
O

Definition 10. A cotorsion pair (F,C) in A is said to be perfect if every object X of A has an
F-cover and a C-envelope.

It is clear by its definition that a perfect cotorsion pair (A, B) is complete. The converse
holds when A is closed under direct limits [16, Corollary 2.3.7].
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2.3 Hill lemma

Let G be a Grothendieck category endowed with a faithful functor U : G — Set, where Set
denotes the category of sets. By abuse of notation, we write z € G instead of z € U(G), for
any object G in G. Analogously, |G| will denote the cardinality of U(G). We will also assume
that there exists an infinite regular cardinal A such that for each G € G and any set S C U(G)
(which we will write as S C G for convenience) with |S| < A, there is a subobject X C G such
that S € X C G and |X| < A. So in our setting if G = Qco(X), the category of quasi-coherent
sheaves on a scheme X, then U(F') = UyepF(v), where V is a fixed open affine cover of X. Note
that the existence of such cardinal in Qco(X) is proved in [9, Proposition 3.3]. In the category
of R-modules, we can consider a cardinal A that is larger than both Xy and |R].

Definition 11. Let k be an infinite reqular cardinal.

(1) A poset is called k-directed provided that every subset of cardinality smaller than k has an
upper bound. A diagram whose scheme is a k-directed poset is called a k-directed diagram,
and its colimit is called a k-directed colimit.

(2) An object X € G is called k-presentable if the functor Homg(X,—) : G — Ab preserves
k-directed colimits. An object X € G is called k-generated whenever Homg (X, —) preserves
k-directed colimits of monomorphisms.

By [1, Example 1.14 and Example 1.68] one can see that
| X| <A & X is A-presentable <« X is A\-generated

Definition 12. Let S be a class of objects of G. An object X € G is called S-filtered if there
exists a well-ordered direct system (Xa,iqp|e < B < o) indexed by an ordinal number o such
that

(a) Xo=0 and X, = X,

(b) For each limit ordinal pn < o, the colimit of system (Xa,iqp|la < f < p) is precisely X,,,
the colimit morphisms being iqy @ Xo — X,

(¢c) iap is a monomorphism in G for each o < < o,
(d) Cokerigat1 € S for each a < o

The direct system (X, i0p8) is then called an S-filtration of X. The class of all S-filtered
objects in G is denoted by Filt-S.

The Hill Lemma is a way of creating a plentiful supply of a module with a given filtration,
where these submodules have nice properties, see [22] and [15]. In the following we state the
Hill Lemma for Grothendieck category which is known as the generalized Hill Lemma, see [31,
Theorem 2.1].

Theorem 2. Let G be as above and k be a regular infinite cardinal such that k > A. Suppose
that S is a set of k-presentable objects and X is an object possessing an S-filtration (X, | a < o)
for some ordinal o. Then there is a complete sublattice L of (P(c),U,N) and ¢ : L — Subobj(X)
which assigns to each S € L a subobject £(S) of X, such that the following hold:
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(H1) For each oo < o we have a = {vy | v < a} € L and (o) = X,.
(H2) If (Si)ier is a family of elements of L, then £(US;) = > £(S;) and £(NS;) = NL(S;).
(H3) If S,T € L are such that S C T, then the object N = ¢(T')/4(S) € Filt-S.

(H4) For each r-presentable subobject Y C X, there is S € L of cardinal < k( so U(S) is
k-presentable by (H3)) such that'Y C £(S) C X.

Let H = {£(S)|S € L}. We call H as the Hill Class of subobjects of X relative to .

Corollary 1. If N € H and M is a k-presentable subobject of X, then there exists P € H such
that N + M C P and P/N is k-presentable.

Proof. By using Theorem 2 (H4), we can find S € £ of cardinal < k such that M C ¢(95).
Denoting W = £(S), P = N+ W and combining (H2) and (H3) of Theorem 2 with [31, Corollary
A.5], we observe that P € H and P/N is k-presentable. O

Theorem 3. Let k be an uncountable regular cardinal such that k > X. Let (F,C) be a cotorsion
pair in G such that F contains a family of A-presentable generators of G. Then the following
conditions are equivalent:

(1) The cotorsion pair (F,C) is cogenerated by a class of k-presentable objects in G.

(2) Every object in F is F"-filtered, where F* is the class of all k-presentable objects in F.
Proof. We refer to [11, Theorem 2.1]. O

We need the following lemma. The idea of the proof is taken from [2, Lemma 2.14]. We
provide here the argument for the reader’s convenience.

Lemma 3. Let k be a reqular infinite cardinal such that k > X. Let X and Y be N-complezes
such that X C Y. For each i € Z, let M be a k-presentable subobject of Y. Then there exists
N-complex T such that X C T CY and for eachi € Z, M' + X* C T* and the object T*/X" is
k-presentable.

Proof. We use the zig-zag technique to construct T. First, consider the particular case X = 0.
We will construct T as the union of an increasing sequence of N-subcomplexes

CpCCiCCyC---

of Y where M C C}, |CL| < k for all i,n € Z. Then if T = UyezChn, then T CY with [T < &
and M® C T for each i € Z. In this case clearly M’ C T% and |T| < &, since |C,| < k. Let
Co = (C}) be such that Cj = M + S N1 df{jvj\i;f(M’*N*k) Then Cj is an N-subcomplex of
Y and clearly M* C Cf and |Cy| < k. Having constructed C,, with |C,| < &, we construct
C,4+1 with C,, C C,41 such that |Cp 41| < k.

By our assumption on , consider a subobject ™ Nt C Y=N+7 forall 1 <r < N —1. Now
define C/,,, = C}, + 5 + Eiv:_ll dZV]\E;f(Si*N*k) for all i € Z. Clearly C,, C C,,41. Hence we
have the desire T C Y.

Incase X #0let Y =Y /X and M* = (M + X*)/X*. According to the previous part, there
is an N-complex T C Y, and for each i € Z, M? C T%, and the object T’ is k-presentable. Then
T = T/X for an N-subcomplex X C T C Y, and T clearly has the required properties. O
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3 Hovey pairs in the category of N-complexes

In this section, we show that the cotorsion pairs introduced by Bahiraei in [2, Corollary 3.12]
form Hovey pairs. Yang and Cao in [33, Corollary 3.14, Theorem 4.10] proved that these pairs
of cotorsion pairs form hovey pairs when (F,C) is a complete hereditary cotorsion pair in the
abelian category A. We have omitted hereditary condition and the conditions of having enough
JF-objects and C-objects here. Moreover, the requirement that the class F is closed under direct
limits is not necessary in our theorem. To begin, we will first recall the classes and cotorsion
pairs from [2].

Definition 13. Let (F,C) be a cotorsion pair in G. Let Ex be a class of N-exact complexes.
We will consider the following subclasses of Cn(G):

(1) The class of Cn(F) complezes (resp. Cn(C) complexes), consisting of all X € Cn(G) such
that X € F (resp. X' € C) for each i.

(2) The class of F-N-complez, that we denote by j-v'N, consisting of all X € En such that
Z¢(X) € F for all r,i.

(3) The class of C-N-complez, that we denote by C~N, consisting of all X € En such that
Zi(X) € C for all r,i.

(4) The class of dg-F-N-complezes, that we denote by dng, consisting of all X € Cn(F)
such that Homyg gy (X, C) = 0 whenever C € Cy.

(4) The class of dg-C-N -complexes, that we denote by dgCy, consisting of all X € Cn(C) such
that Homg gy (F, X) = 0 whenever F € Fy.

(5) The class exy(F) = Cn(F)NEn(resp. exn(C) = Cn(C)NEN).

In the following, we will introduce Hovey pairs in the category of N-complexes by using these
classes. We will reiterate that these pairs were introduced by Yang and Cao in [33], but here we
have omitted the hereditary condition. Additionally, the examination of how these pairs form
complete cotorsion pairs in a more general context is shown in the article [2]. However, for the
convenience of the reader, we will present it here in our case and then show that these pairs
form Hovey pairs. The technique used in the article [2] to prove the completeness of cotorsion
pairs is the use of Hill Lemma.

Theorem 4. Let (F,C) be a cotorsion pair cogenerated by a set in a concrete Grothendieck
category G as above and such that F contains a generator G of G. Then the induced pairs

(1) (Fn,dgCx) and (dgFn,Cy)
(2) (Cn(F),Cn(F)") and (“Cn(C),Cn(C))
(3) (exFy, (exFn)L) and (f(exCy), exCy)

are complete cotorsion pairs.
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Proof. Let us see (1). By [2, Corollary 3.7] we have induced cotorsion pairs (Fy,dgCx) and
(dgFn,Cn). By [2, Proposition 3.11] and [23, corollary 6.6] we have the completeness of the pair
(dgf N,g ~)- In order to show that (f N, dg(? ~) is complete, we first prove that it is cogenerated
by a set. To this point by Theorem 3 it is enough to show that each N-complex F & F N is
F ~-filtered(for some x > X regular uncountable) i.e. we construct a filtration (F, | a < o) for
F such that F,1/F, € ]T_]’f, Let F = (F') € Fn. By definition F is an N-exact complex and
Z!(F) € Ffori€ Zand 1 <r < N — 1. Moreover, we have Z4;(F) = F' € F. By assumption
Zi(F) has F*- filtration M, , = (Mff | @ < o,) foreach i € Z, 1 <r < N. Using Hill Lemma,
we obtain the corresponding families H*" for these filtrations.

Now, we recursively construct a filtration (F,, € Fn | « < o) for F with the property that,
for each a < 0,i € Z and 1 < r < N, the object Z.(F,) belongs to H*". First, put Fo = 0. If «
is a limit ordinal and Fp is already defined for each § < a, we simply put F, = |J g<a Fp- This
is again an N-exact complex and, by the properties of Hill families, we have Zi.(F,) € H"" for
alli € Zand 1 <r < N. We proceed to the crucial isolated step. Let F, be defined and assume
that F,, # F (otherwise, we set 0 = a and we are done). Put Gy = F,,.

For each i € Z, fix some M} € HN such that G§ C M{, MJ/GY is x-presentable and, if
possible, Gé - MS. Assuming that M is defined for some nonnegative integer n and all i € Z,
and M. /G} is k-presentable, the objects (M} N Z:(F))/ZL(F,) are k-presentable as well for all
1 <r < N —1. Hence we can find ZE e Hir 1 <7 < N, such that M NZL(F) C ngrland
Z\ | ZL(F ) is again s-presentable. We define M7, ; € H*" in such a way that MU' Zi" C

r=1
M}, and M} /M is r-presentable. This is possible by the properties of the Hill family #*".
Consequently, thLl/Gf) is k-presentable. For each i € Z, put M* = Uo2, M. Then M'/G} is
r-presentable. Moreover, M N ZL(F) = (>, Zi" e H" for each i € Zand 1 <r < N —1 and
M= ML € HMWN.

Now, we use [2, Lemma 2.14] to obtain an N-exact complex G such that Gy C G; C F, the
quotient Gb' / Gbg is k-presentable and M? C Gb! for each i € Z. We go back to the beginning of
the previous paragraph and repeat the process with Gy replaced by Gi. Using [2, Lemma 2.14],
we obtain Gg and so on. Finally, we define Fo 1 = UZOZO G,,. This is an N-exact complex and,
for all i € Z, Z¢(Fo41) = Fat1 N ZL(F) is the union of elements of the type M* N Z:(F) € H";
thus Zi(Fa41) is an element from H*" for all i € Z and 1 < r < N. Moreover, F__ /F} is
k-presentable.

This finishes the construction of the filtration (F, | @ < o). Finally, we observe that,
for each a < o, the quotient F,11/F, belongs to ]?]’i, here Z!(Foy1)/Z:(F,) € F since
Zi(Fo),Z (Foy1) € HW foralli€ Zand 1 <7 < N.

Now we will prove (2). By [33, Proposition 4.1] (Cn(F),Cx(F)*) and (FCx(C),Cn(C)) are
cotorsion pairs. If (F,C) is cogenerated by {X,}ne, then (*Cyn(C),Cx(C)) is cogenerated by
the set {D4(X,) | i € Z,n € Io}. Therefore by [23, Corollary 6.6] it is complete. Finally we
have to check that (Cn(F),Cn(F )L) is cogenerated by a set. This will be done by showing that
every N-complex X € Cy(F) is Cn(F)"-filtered. The argument to see this is similar to the case
(1) to prove that every N-complex X in Fn is F ~-filtered. We have just to replace [2, Lemma
2.14] by Lemma 3 in the previous argument.

Let us see (3). By [2, Corollary 3.8] (ezFu, (exFy)t) and (+(exCy),exCy) are cotorsion
pairs. To see that the first one is complete it is enough to show that every complex in exFy is
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exF ~-filtered. Again this is achieved by following the same argument of the case (1) to see that
every N-complex X in Fy is Fpy-filtered. Finally, if (F,C) is cogenerated by {X, }ner, then
(*(exCn), exCy) is cogenerated by

S={Di@)|i€Z, 1<r<N-1}U{D\(X,)|i€Z, 1<r<N-1,nel}
See the proof of [2, Proposition 3.20] for more details. O]

Corollary 2. Let (F,C) be a complete cotorsion pair in the concrete Grothendieck category G
as above and such that F contains a generator G of G. If F is closed under direct limits then
the induced pairs

(1) (Fn,dgCx) and (dgFn,Cn)
(2) (Cn(F),Cn(F)*) and
(3) (exFy, (exFn)t)

are perfect cotorsion pairs.

Proof. By [10, Theorem 2.6] we know that if A is a class of objects of a Grothendieck category C
closed under direct sums, extensions and well ordered direct limits and such that the generator
of C is in A and (A, A1) is cogenerated by a set, then every object M in C has an A-cover and
an A*-envelope. Here we can notice that since F is closed under direct limits, then all classes
.7-"N, dg]-N"N, Cn(F), and e:rfN are also closed under direct limits. So we are done. O

In the next step we will see that the induced cotorsion pairs in Theorem 4 give rise to an
abelian model structure in Cx(G) which the homotopy category of this model structure is equal
to Dy (G). We recall the definition of Hovey pair in Cy(G).

Definition 14. Let G be a Grothendieck category. Suppose that (A,B) and (F,C) are two
complete cotorsion pairs in Cn(G). We say that they are compatible (we refer to these two
cotorsion pairs as a Hovey Pair) if B=CNEyN and F = ANEN where Ey is the class of all
N-ezact complexes in Cy(G).

Now we introduce our main theorem:
Theorem 5. Let (F,C) be a cotorsion pair as in Theorem 4. Then the pairs
(1) (Cn(F),Cn(F)*) and (exFn, (exFn)L) and
(1) (*Cn(C),Cn(C)) and (*(exCy),exCy)

are Hovey pairs. If furthermore F is closed under taking kernel of epimorphisms, then the pairs
(Fn,dgCn) and (dgFn,Cn) are a Hovey pair.
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Proof. We only prove (1) and the proof of (2) is dual. By definition exfjx =Cn(F)Nén. We
will see that Cxn(F)* = (exFy)L NEn. Since dgFy C Cn(F) and (dgFn,Cy) is a cotorsion
pair, we see that Cy(F)+ C ng?NL, hence Cy(F)*+ C Cy. So in particular, Cy(F)+ C Ey.
Now since exFn C Cn(F) we get that Cn(F)* C exj-:NL. Therefore, Cy(F)*+ C .eachL NEN.

~ 1
Conversely, assume that X € exFy~ NEx. By Theorem 4 the pair (Cy (F), Cn(F)*) is complete,
so there exists a short exact sequence in Cy(G)

0 X—=Y—-F—0

with Y € (CN(]:)J‘ and F € Cy(F). But X and Y are N-exact and Ey is a thick subcategory
of Cn(G) so F € Cy(F)NEx = exFy. So the short exact sequence splits and therefore X is a
direct summand of Y. Since Cy(F)* is closed under direct summands we get that X € Cy(F)*.

For the last part, we first claim that Extg(F,C) =0 foralln > 0, F € F and C € C. Clearly
Extg(F,C) = 0. Given any exact sequence

0-C—-X—-Y—>F—=0

in Exté(F ,C'). Since F contains a generator of G we have the exact sequence 0 - K — G —
F — 0 and by assumption K € F (Since F is closed under kernels of epimorphisms). So
Exté(K, C) =0, hence 0 - C - M — K — 0 splits. But this means that 0 - C — M —
G — F — 0 (and therefore 0 - C — X — Y — F — 0) represents the zero element in
Exté (F,C). Proceeding inductively in this way we get our claim. So by Lemma 2 we can say
that F is resolving and C is coresolving. Now by [33, Lemma 3.9] and Definition 13 one can see
that .FN C dgFnNEN and CN - dgCN NEN. Now let X € dgFn NEN (resp Y € dgCN NEN).
Then by [33, Lemma 3.4(i)] (resp. [33, Lemma 3.4(ii)]) we have X € Fy (resp. Y € Cy). So
The induced cotorsion pairs (Fy,dgCy) and (dgFn,Cy) are a Hovey pair.

O]

Note that the previous results are improved versions of [33, Theorem 4.10] and [33, Theo-
rem 3.13]. Essentially we do not assume that the cotorsion pair (F,C) is complete hereditary.
Moreover we also do not assume closure under direct limits in our class F. (See the proof
of [33, Proposition 4.4] and [32, Corollary 2.7]). As we shall see in the next section, these
improvement are crucial in finding new abelian model structures in Cx(G) with respect to a
various classes that are not in general closed under arbitrary direct limits. By using Theorem 5
and [23, Theorem 2.2] we have the following corollaries:

Corollary 3. Let (F,C) be a cotorsion pair cogenerated by a set in a concrete Grothendieck
category G and such that F contains a generator G of G. The Hovey pair (Cn(F),Cn(F)h)
and (exFn, (exFn)L) induce an abelian model structure in Cn(G). In this model structure the
weak equivalences are the homology isomorphisms, the cofibrations (resp. trivial cofibrations)
are the monomorphisms with cokernels in Cx (F) (resp, exFn ), and the fibrations (resp. trivial
fibrations) are the epimorphisms whose kernels are in (exFy)L) (resp. Cn(F)*).

Corollary 4. Let (F,C) be a cotorsion pair cogenerated by a set in a concrete Grothendieck
category G and such that F contains a generator G of G and F is closed under kernels of
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epimorphisms. The Hovey pair (fN,dgCNN) and (dng,(?N) induce an abelian model structure
in Cn(G). In this model structure the weak equivalences are the homology isomorphisms, the
cofibrations (resp. trivial cofibrations) are the monomorphisms with cokernels in dgFn (reip,
FN ), and the fibrations (resp. trivial fibrations) are the epimorphisms whose kernels are in dgCn

(resp. Cn ).

4 Examples

In this section, we will examine examples where, with the help of cotorsion pairs that do not
satisfy the hereditary condition or where the class of objects is not closed under direct limits, a
model structure can be constructed on the category of N-complexes.

4.1 Category of R-modules

Let R be a ring and G be the category of R-modules. Let (F,C) be a cotorsion pair cogenerated
by a set such that F is closed under kernels of epimorphisms. Let M € G = Mod-R. The
projective dimension of M relative to C, which is denoted by Pd¢ (M) is defined as follow:

Pdc(M) = min{n > 0 | Ext},(M,C) = 0 for any j >n and C € C}

We denote by Pg" the class of modules of finite projective dimension < n relative to C. By [7,

Theorem 2.2, Corollary 2.7] (Pgn, PgnL) is cogenerated by a set and PCS” is closed under kernels
of epimorphisms. So by Corollaries 3 and 4 we have two model structures on Cy(R) which the
homotopy category of each model structure is Dy (R) the derived category of N-complexes of
R-modules.

Note that in case we consider (F,C) = (Prj-R, Mod-R) where Prj-R is the class of all projec-
tive R-modules, the model structure of Corollary 4 applies in the study of the so-called Finistic
Dimension Conjectures.

4.2 Cartesian modules on small categories

A ringed category (X,Ox) is a pair such that X is a small category and Ox is a presheaf of
commutative rings on X. Then, the category of presheaves of Ox-modules on X can be defined.
Note that a (not necessarily commutative) ring may be regarded as a special case of a small
preadditive category so the category of modules over a preadditive category naturally arises.

Let C be a small category and consider a representation R : C — Add to be a pseudofunctor
from C to the category of small preadditive categories (see [13, Definition 3.1]. For each (« :
¢ — d) € Mor(C) we denote by

o : (RP,Ab) S (R, ADb) : o
the change of base adjunction induced by R,.

Definition 15. A representation R of a small category C is right (resp., left) flat if, for any
a € C, the functor R, is right (resp., left) flat.
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A right R-module M = (M., M,) consist of the following data:
(1) for all ¢ € ObC,a right R.-module M, : R¥ — Ab;
(2) for any morphism « : ¢ — d in C,a homomorphism M, : M, — a*M,
Furthermore,we suppose that the following axioms hold:

(3) Given two morphism « : ¢ — d, f: d — e in C, then we have the following commutative

diagram:
M, —M s oy
iMﬁa J/a*MB
* Ha,pidare * Q%
(504) M, —— o 3* M,

(4) 6c*xidp, =idpy,, for all ¢ € ObC. where 14 g * idpz, and d. * idyy, are horizontal pastings.

(5) Given two right R-modules M and N,a morphism ¢ : M — N consists of a family of
morphisms {¢. : M. = N¢}econe in (R(c)°P, Ab),such that the following square commutes
for any morphism « : ¢ — d in C:

iMa
a*pq

Oé*Md —_— a*Nd

We denote by Mod-R the category of right R-modules. Notice that one can define analogously
the category R-Mod of left R-modules. If M € Mod-R then we define [M| =" o0 | Ml

Definition 16. Given a representation R : C — Add of a small category C, the category of
cartesian modules Modegr(R) is the full subcategory of Mod-R whose objects are the modules M
such that, for any given morphism « : ¢ — d in C, the adjoint morphism (My)! : an(M.) — My
to the structural morphism My, : M. — o*(My) is an isomorphism.

Theorem 6. Let C be a small category and R : C — Add be a right flat representation. Then,
the category Mode(R) is Grothendieck.

Proof. We refer to [13, Theorem 3.23]. O

In the rest of the paper, we focus on the special case where R is a flat presheaf of rings
on the small category C. In this context, we can view R as a representation R : C — Add.
This perspective allows us to utilize the properties of flat presheaves while studying Cartesian
modules. Our aim is to show that the category of Cartesian modules, as discussed in subsection
2.3, fits within our setting. Specifically, by Theorem 6, we established that Modcat(R) is a
Grothendieck category. Thus, it suffices to verify the existence of an infinite regular cardinal
A such that for each M € Modeart(R) and any set S C M with |S| < A, there is a subobject
M’ C M such that S € M’ C M and |M’| < X\. We will see this fact in Proposition 1. To this
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end, we need to understand the concept of Cartesian modules on a quiver. A quiver @ = (V, E)
is a directed graph where V is the set of vertices and F is the set of edges. A quiver ) may
be though as a category in which the objects of () are the vertices of ) and the morphisms are
the paths of (). On the other hand, for any small category C there exists a quiver Q)¢ whose
vertices are the objects of C, and whose edges are the morphisms of C. We refer to this quiver as
the associated quiver to C. The category of Cartesian modules on a quiver includes Cartesian
R-modules as a full subcategory. As mentioned earlier, our objective is to prove Proposition 1.
Since Enochs and Estrada established this proposition for Cartesian modules on quivers in [9],
we first need to define this category before we can achieve our goal in this setting.

4.2.1 Cartesian modules on quivers:

Let Q = (V, E) be a quiver and R be a presheaf from @ in the category of commutative rings,
that is, for each vertex v € V we have a ring R(v) and for an edge a : v — w we have a ring
homomorphism R(a’?) : R(w) — R(v).

We shall say that we have an R-module M when we have R(v)-modules M (v) and a morphism
M(a®P) : M(w) — M(v) for each edge a : v — w that is R(v)-linear. The R-module M is said
to be a Cartesian ()-module if for each edge a : v — w as above the morphism

R(v) @pew) M(w) = M(v)

given by 7, ® my, — 1, M (a’?)(m,,) where r, € R(v) and m,, € M(w) is an R(v)-isomorphism.

We denote by @QMod g, (R) the category of Cartesian @Q-modules and this category is abelian
when R is such that for an edge v — w, R(v) is a flat R(w)-module. It is also shown in [9] that
QModcgt(R) is a Grothendieck category. If M € @Modcgai(R) then the cardinality of M is
defined as |M| = | Uyey M (v)].

Remark 3. Let C be any small category with associated quiver Qc = (V, E). It is clear that the
category Modegri(R) is a full subcategory of the category QcModcgr(R) . In case that M C N
in QeModgy(R) and N is a Cartesian R-module, then M will be automatically a Cartesian
R-module as well. This easy observation is crutial in proving our main result in the next
Proposition.

Proposition 1. Let C be any small category with associated quiver Q¢ = (V,E) and M a
Cartesian R-module. Let \ be an infinite cardinal such that A > |R(v)| for all v and such that
A > maz{|E|,|V|}. Let X, C M(v) be subsets with |Xy| < A for allv. Then there is a Cartesian
R-submodule M' C M with M'(v) pure for all v, with X, € M'(v) for all v and such that
IM'| < A

Proof. The proof of [9, Proposition 3.3] gives a Cartesian Q¢-submodules M’ of M satisfying
the desired properties. Now by Remark 3, as M is Cartesian, M’ will be also Cartesian R-
module. O

With the fix A as above and G = Modcg,,t(R) we can apply Theorem 4 and Corollary 4 to
it. Indeed, we have the following corollary:
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Corollary 5. Let (A, B) be a cotorsion pair cogenerated by a set in Modcg(R) and such that
A contains a generator of Modcg+(R) and A is closed under kernels of epimorphisms. The
Hovey pair (Fy,dgCy) and (dgFn,Cx) induces an abelian model structure in Cy(Modcam(R)).
The corresponding homotopy category to this model structure is Dy(Modcg(R)), the derived
category of N-complexes of Modcg(R).

4.3 Category of quasi-coherent sheaves

Let X be an arbitrary scheme and Qco(X) be the category of quasi-coherent sheaves on X. It is
well-known that Qco(X) is a Grothendieck category. On the other hand, by [9, Proposition 3.3]
there exists such a cardinal A as we described before so Qco(X) exactly fulfills the requirements
of Theorems and note that Qco(X) does necessarily not have enough projectives, but it does
have enough flat objects. Let F be the class of all flat quasi-coherent sheaves. By [29] in case
that X is quasi-compact and semi separated, we can say that F contains a generator of Qco(X).
In addition, by [9, Section 4] we see that (F,F') is cogenerated by a set. It is easy to check
that F is closed under kernels of epimorphisms, so by Corollary 4 we have the following;:

Corollary 6. There is a model structure on Cn(Qco(X)), where weak equivalences are homol-
ogy isomorphisms, the cofibrations (resp. trivial cofibrations) are the monomorphisms whose
cokernels are dg-flat N-complezes (resp. flat N-complexes). The fibrations (resp. trivial fi-
brations) are the epimorphisms whose kernels are dg-cotorsion N-complezes (resp. Cotorsion
N-complexes). The associated homotopy category is Dy(Qco(X)), the derived category of N-
complexes of Qco(X)

Remark 4. We can also apply Corollary 3 to construct a model structure on Cy(Qco(X)),
whose homotopy category is Dy (Qco(X)), the derived category of N-complexes of Qco(X). We
can also proceed in the same way and apply Corollaries 3 and 4 by considering F the class
of (non-necessary finite dimensional) vector bundles and the class of ‘restriced’ Drinfeld vector
bundles (see [8] for definition and terminology) on suitable schemes. These classes are not in
general closed under direct limits and in all cases we get model structures compatible with the
usal tensor product of N-complezes.
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