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1. Introduction

Koszul algebras were introduced by S. Priddy in [27], motivated by the article [20] published by
J.-L. Koszul in the 50s. They have been extensively studied in the last years, in particular due to
their applications in representation theory (cf. [3,4]), algebraic geometry (cf. [14]), quantum groups
(c¢f. [22]), and combinatorics (cf. [18]), to mention a few. These algebras are necessarily quadratic,
ie. they are of the form T(V)/(R), with R C V®2, R. Berger generalized in [5] the notion of Koszul
algebras (cf. also [17]) to the case of homogeneous algebras, i.e. algebras given by T(V)/(R), with
RC V®N for N > 2. They were called generalized Koszul, or N-Koszul if the mention to the degree of
the relations was to be indicated, and the case N =2 of the definition introduced by Berger coincides
with the one given by Priddy. The general definition shares a lot of good properties with the one
given by Priddy, justifying the terminology (see for example [5,8]). In particular, the Yoneda algebra
of an N-Koszul algebra is finitely generated (in degrees 1 and 2), and its structure is easily computed
from that of the original algebra. We would like to point out that the new class of algebras satisfying
the Koszul property of Berger lacks however of other interesting properties, e.g. they are not closed
under taking duals, or under considering graded Ore extensions, the Yoneda algebra of an N-Koszul
algebra is not formal for N > 3, etc.

On the other hand, several examples of not necessarily homogeneous algebras which arise in the
practice and which share some of the interesting properties of generalized Koszul algebras lead to
the question if there is an analogous definition of Koszul-like algebra for more general situations. In
this article we propose such a definition for the case of a finitely generated nonnegatively graded
connected algebra which is generated in degree 1 and has a finite number of relations, i.e. algebras
of the form T(V)/(R), where V is a finite dimensional vector space, which we consider to be in
degree 1, and R € T(V)>> is a finite dimensional graded vector space. They will be called multi-
Koszul. Our main goal is to provide such a class of algebras, which are in some sense the closest
possible to the generalized Koszul algebras, for which the Yoneda algebra is in fact finitely generated
and its structure is directly deduced from that of the original algebra.

The new definition may seem however to be too restrictive (e.g. see Remark 3.24, and Corol-
lary 5.17), and despite the fact that it is probably not the most general possible and reasonable
extension of the Koszul property for such algebras, all the nice properties satisfied by it (e.g. Theo-
rem 3.17, Propositions 3.7, 3.12 and 3.21, Remarks 3.22 and 3.25, and Corollary 3.23) make us believe
that any sensible such general definition of Koszul-like algebra in the general context of graded alge-
bras, if it exists, should necessarily include our definition as a special case.

This work is partially inspired on the PhD thesis of the second author, but it considers a more
general setting of graded algebras.

The contents of the article are as follows. We start by recalling in Section 2 several well-known
definitions and results about the category of graded modules over a nonnegatively graded connected
algebra.

Section 3 is devoted to the definition of multi-Koszul algebras and to prove some properties
for this family of algebras. The first main result, Proposition 3.12 (see also Proposition 3.15) gives
a (co)homological description of multi-Koszul algebras in term of their Tor (or Ext) groups, which
yields a left-right symmetry of the definition. Then, Theorem 3.17 relates the multi-Koszul property
for an algebra A to the (generalized) Koszul property of some homogeneous algebras associated to A.
Moreover, we also study the associated Yoneda algebra and prove in Corollary 3.23 that multi-Koszul
algebras are /C, algebras, in the sense defined by T. Cassidy and B. Shelton in [13]. We further obtain
a description of the Ay-algebra structure of the corresponding Yoneda algebra (see Remarks 3.22
and 3.25).

Following the ideas of Berger in [5], in Section 4 we construct an A-bimodule resolution of a
multi-Koszul algebra, which can be used in the computation of the Hochschild (co)homology groups
of the algebra.

Finally, in Section 5 we concentrate on the special case of having relations in only two degrees.
We find necessary and sufficient conditions on some (fixed) sequences of vector subspaces of the ten-
sor powers of the base space V to get the multi-Koszul property, following the lines of the analysis
done in the case of (generalized) Koszul algebras by Berger (see [5, Section 2], but cf. also [2]). Some



198 E. Herscovich, A. Rey / Journal of Algebra 376 (2013) 196-227

of these subspaces together with their conditions are the ones already found in the homogeneous
case, but these are not equivalent to the multi-Koszul definition, and in fact new sequences of vec-
tor subspaces satisfying more complicated conditions are introduced in order to obtain the desired
definition.

We remark that the notion of multi-Koszul algebras for algebras having relations in two degrees
is completely different from the notion of (p, q)-Koszul rings given in [10]. On the other hand, it is
easily seen that any multi-Koszul algebra with relations in degrees 2 and d > 2 satisfies the 2-d-Koszul
property defined in [16].

Throughout this article k will denote a field, and all vector spaces will be over k. Moreover, V will
always be a finite dimensional vector space, and A a nonnegatively graded connected (associative)
algebra over k (with unit), to which we will usually just refer as an algebra, with irrelevant ideal
A-0 = @,-oAn. The vector space spanned by a set of elements {vs: s € S}, for some index set S,
will be denoted by spang(vs: s € S) and the ideal I generated by a set of elements {os: s € S} of
an algebra A will be denoted by («s: s € S). We will however also write the former vector space
as (vs: s € S) to simplify the notation, when we believe that it clearly denotes a vector space, but if
necessary we shall stress that we mean the vector space spanned by those elements, and not the ideal
generated by them, to avoid confusion. All unadorned tensor products ® will be considered over k,
unless otherwise stated. We shall typically denote the vector space V®" by V™, for n € Z, where we
follow the convention V™ =0, if n <0, and V@ =k, and an elementary tensor v{ ® --- ® v, € V®
will be usually written by vq...vy.

2. Preliminaries and basic properties

In this section we shall recall some basic facts about the category of (bounded below) Z-graded
modules over a nonnegatively graded connected algebra. We refer to [11, Exp. 15], or [6] for all the
proofs of the mentioned results.

Throughout this section, A will always denote a nonnegatively graded connected algebra of the
form A = EBmeNO Am, and we shall follow the typical convention A, =0, for m < 0. A Z-graded left
(resp., right) A-module M = &, My is a Z-graded vector space together with a left (resp., right)
action of A on M such that ApMp € Mp4n (resp. M Ap € M4 ), and we shall sometimes refer to
them simply as left (resp., right) A-modules. Moreover, since we will mostly deal with left modules,
we will usually omit the adjective and call them just modules (or graded modules), if it is clear from
the context, but we will restore it if it is necessary. We will denote by A-grMod the abelian category
of Z-graded left A-modules, where the morphisms are the A-linear maps preserving the grading.
The space of morphisms in this category between two graded A-modules M and M’ will be denoted
by homa (M, M’). This category is provided with a shift functor (—)[1] defined by (M[1])n = Mp41,
where the underlying A-module structure of M[1] is the same as the one of M, and the action of the
morphisms is trivial. We shall also denote (—)[d] the d-th iteration of the shift functor. The A-module
M is said to be left bounded, or also bounded below, if there exists an integer ng such that M, =0 for
all n < np. Notice that the graded left A-modules which are left bounded form a full exact subcategory
of A-grMod.

If M is a graded left A-module, we may consider the graded right A-module M*, called the
graded dual, which has n-th homogeneous component (M_,)*, where (—)* denotes the usual dual
vector space operation, and if « € Ay, and f € (M*),,, then f-o € (M*)in = (M_pm_p)* is defined by
(f -a)(x) = f(x - x), for all x € M_p;_,,. There exists an obvious definition if we start with a graded
right A-module. We will also consider the analogous graded dual construction (—)* in the category
of graded vector spaces. Given graded A-modules N and N’, we recall the following notation:

Homa (N, N') = @5 homu (N, N'[d]).
deZ

We remark that, if N is finitely generated, then Homa (N, N') = Homx (N, N'), where the last mor-
phism space is the usual one for A-modules by forgetting the gradings (see [24, Cor. 2.4.4]).
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We say that an object M in A-grMod is s-concentrated in degrees Iy, ...,[s if there exist integers
I <--- <Is and vector subspaces of M, My, ..., My, such that M =M, @ --- @ M,,. An object M in
A-grMod is called s-pure in degrees lq,...,[s if there exist integers I; < --- <[; and graded vector

subspaces My, ..., M;; of M where each M, is concentrated in degree I;, such that M = AM, +--- +
AM;, and M;, N (AM), +---+ AM;,_,)=0for all i=2,...,s. In this case, there exists an isomorphism
of graded vector spaces k ® 4 M ~ @le M;,. If s=1 we simply say that M is a concentrated (resp.,
pure) module (cf. [5]).

In both cases, the integers Iy, ...,Is such that My, ..., M), are nonzero are uniquely determined
whenever M is a nontrivial module. It is clear that every module which is s-concentrated in degrees
li,...,ls is s-pure in degrees [y, ...,l;, and that every module s-concentrated in degrees I1,...,[s is

isomorphic to a direct sum of shifts l<[—l1]dimM’1 @ - ®k[—I]9™Mis a5 graded vector spaces.
The following result is the graded version of the Nakayama Lemma.

Lemma 2.1. Let M be a left bounded Z-graded left A-module. Ifk ® 4 M = 0 then M is also trivial.
Proof. See [6, Lemme 1.3] (see also [11, Exp. 15, Prop. 6]). O

The A-module M is said to be graded-free if it is isomorphic to a direct sum of shifts A[—I;] of A.
We remark that a bounded below Z-graded A-module M is graded-free if and only if its underlying
module (i.e. forgetting the grading) is free, if and only if it is projective (as a graded module or not),
if and only if Tor’.“(k, M) =0, for all e > 1 (or just e =1). This will follow from the comments on
projective covers. Furthermore, it is easy to see that the graded dual of a projective graded left (resp.,
right) A-module is an injective graded right (resp., left) A-module (see [11, Exp. 15, Prop. 1]).

A surjective morphism f: M — M’ in A-grMod is called essential if for each morphism g: N — M
in A-grMod such that f o g is surjective, then g is also surjective. As an application of the Nakayama
Lemma we have the following result which characterizes essential surjective maps.

Lemma 2.2. Let f : M — M’ be a morphism in the category A-grMod.

(i) Suppose that M’ is left bounded and that f is surjective and essential. Then 1, ®4 f is bijective. Moreover,
if M is also left bounded, the converse holds.
(ii) /’;\ssume that f is surjective and M is pure in degree I. Then f is essential if and only if f; : M; — M] is
ijective.

Proof. For the first item, see [6, Lemme 1.5] (see also [11, Exp. 15, Prop. 7]). For the second one, see
[5, Prop. 24]. O

In fact, the last item of the previous lemma may be generalized as follows.

Proposition 2.3. Let f € homs (M, M’) be a surjective morphism. If M is s-pure in degrees Iy, ..., ls, then M’
is also s-pure in degrees 11, ..., Is. Moreover, f is essential if and only if the induced morphisms f, : M;, — M,/i

are injective for 1 <i <s.

Proof. Let m’ € M’ and m € M be such that f(m) =m’. Since M is s-pure in degrees Iy, ..., s, there
exist oj € A and m; € My, for 1 <i<s such that m=)";_; o;ym;. Therefore, m’ = >"}_; o; f (m;), where
fm) e M,’i. Thus, M’ is s-pure in degrees Iq,...,ls. By Lemma 2.2, f is essential if and only if the
induced k-linear map

1k®AfZI<®AM—>k®AM/

is bijective. However, since M and M’ are s-pure then k®4 M and k®4 M’ are canonically isomorphic
tok@My +---+k®M;, and k® M,/1 4+ 4+ k® M/S, respectively. Thus, the restrictions to each degree

of 1, ®4 f become f}, : M}, — MI/.- for1<i<s. O
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Let M be a nontrivial object in A-grMod. A projective cover of M is a pair (P, f) such that
P € A-grMod is projective and f: P — M is an essential surjective morphism. We remark that ev-
ery left bounded Z-graded A-module M has a projective cover, which is unique up to (noncanonical)
isomorphism (cf. [11, Exp. 15, Théo. 2]). Moreover, given M a bounded below A-module, a projec-
tive cover may be explicitly constructed as follows. Since M # 0, the Nakayama Lemma tells us that
M/(A~o-M)>~k®4 M is a nontrivial graded vector space. Consider a section s of the canonical pro-
jection M — M/(A~o - M) ~k ®4 M. Now, we define P = A ® (k ®4 M) together with the A-linear
map f:P— M given by f(e¢ ® v) =as(v), for ¢ € A and v e k ®4 M. Using the previous lemma one
directly gets that (P, f) is a projective cover of M.

We recall that a (graded) projective resolution (P,,d,) of a graded A-module M is minimal if
do : Pp — M is a projective cover (or equivalently, it is essential) and each of the maps P; — Ker(dj_1)
induced by d; is also essential, for all i € N. We want to remark the important fact that, by iterating
the process of considering projective covers for bounded below modules, one may easily prove that
any bounded below graded A-module has a minimal projective resolution (see [6, Théo. 1.11]). If
the A-module M has a minimal projective resolution (P,,d,), for any other projective resolution
(Q.,d,) of M, there exists an isomorphism of (augmented) complexes Q, ~ P, & H,, where H,
is acyclic (see [6, Prop. 2.2]). Additionally, the minimality assumption on the projective resolution
implies that the differential of the induced complex k ® 4 P, vanishes (see [11, Exp. 15, Prop. 10], or
[6, Prop. 2.3]), so if (P,,d,) denotes such a minimal projective resolution, one also easily gets that
Pe>~A ®Torﬁ‘ (k, M). Combining the results of the two previous sentences, it is trivial to see that if
(Q.,d,) is a projective resolution of a graded A-module M having a minimal projective resolution,
then the former is minimal if and only if the induced differential of k ®4 Q. vanishes. Projective
resolutions in this context formed of finitely generated modules are often referred to as pure projective
resolutions.

If N is left bounded, let (P,,d,) be a (minimal) graded projective resolution of N. As usual, we
denote

Exty (N, N') = H' (Homa(P.. N')).
exty (N,N') = H'(homy (P, N')).

Note that exti‘ (N,N) = Ext;(N ,N")o and that if the projective resolution of N is composed of finitely
generated projective A-modules, there is a canonical identification Ext§ (N, N’) ~ Ext} (N, N'). More-
over, using a very simple duality argument one can see that, if M is a bounded below graded left
A-module, then there is a canonical isomorphism of graded vector spaces

Extly (M, k) =~ Torf (k, M)¥, (21)

for all i € Ny (see [6, Eq. (2.15)], but ¢f. also [11, Exp. 15, Prop. 2]).

We end this section by stating the beginning of the minimal projective resolution of the trivial
left A-module k for any nonnegatively graded connected algebra A. The analogous statements for the
trivial right A-module k are immediate. We know that the minimal projective resolution of the trivial
(left) A-module k starts as

AQV L A% ko,

where §p is the augmentation of the algebra A, V >~ A.o/(A~o - A~p) is a vector space spanned
by a minimal set of (homogeneous) generators of A, and §; is the restriction of the product of A
(see [11, Exp. 15, end of Section 7]). This implies that A is in fact a quotient of the tensor al-
gebra T(V). Furthermore, if we set A =T(V)/I, for I a homogeneous ideal, it is also well-known
(and follows easily from the definition) that Ker(§1) >~ I/(I ® V) (as graded vector spaces). This is
a consequence of the easy fact that §; is the map (T(V) ® V)/(I ® V) — T(V)/I induced by the
canonical inclusion T(V) ® V < T(V). Hence, there is an isomorphism of graded vector spaces
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k®aKer(§1) ~1/(T(V)=0®I1+1® T(V)-0). A space of relations R of A is defined to be a graded
vector subspace of I which is isomorphic to I/(T(V)sg -1+ 1-T(V)-o) under the canonical pro-
jection. Notice that its Hilbert series is thus uniquely determined, and the same holds for its first
nonvanishing homogeneous component. It is trivially verified that the ideal of T(V) generated by R
coincides with I. Hence, if R is a space of relations of A, we have an isomorphism of graded vector
spaces k ®4 Ker(81) >~ R (see [15, Lemma 1], for complete expressions of the graded vector spaces
Torf‘ (k, k), for « € Ng, in terms of I and the irrelevant ideal T(V).o). Hence, A ® R — Ker(81) is a
projective cover, and the beginning of the minimal projective resolution of the trivial A-module k is
of the form

AR AV L A% ko,
where §; is induced by the usual map ¢ ® vi...vp—> avi...vh—1 Q V.
3. Multi-Koszul algebras

From now on, A will always denote a finitely generated nonnegatively graded connected algebra
generated in degree 1. This means that there exists a finite dimensional vector space V considered to
be in degree 1 and a surjective morphism of graded algebras of the form T(V) — A, so A~T(V)/I,
where I C T(V) is a homogeneous ideal of T (V). To avoid redundancy we will always assume that the
vector space V is canonically isomorphic to A~g/(A~o - A>o) (as graded vector spaces). Let us denote
by R a space of relations of A. We remark that in this situation, it may be equivalently defined as
follows: for each n > 2, let R, be a subspace of I, such that it is supplementary to I,_1QV +V ®I,_1.
The graded vector space R = @@2 Ry is clearly a space of relations of A. We may thus suppose that
A=T(V)/(R), for RC T(V)>, a graded vector subspace. We will further assume that A has a finite
number of relations, i.e. that R is finite dimensional, so there exists a finite subset S of N5 such that
R=&;.5Rs and R; C V. We shall say that such an algebra A =T(V)/I is S-multi-homogeneous, if
we want to stress the degrees of the space of relations of A.

We remark however that the set S € N3, may not be completely determined by A. If A =
T(V)/(R) is S-multi-homogeneous, so R = P, s Rs, we could consider any §’ 2 S included in N3»,
and by writing R = @ Ry, where Ry =0 for s' € '\ S, we may also say that A is S§’-multi-
homogeneous. Nonetheless, it is easy to see that the family of all subsets S € N3, such that A is
S-multi-homogeneous contains a unique minimal element S given by all s € N>, such that Rg # 0.

The previous considerations tell us that, under the previous assumptions, we may then work in
the following concrete setting. We consider a graded algebra A of the form T(V)/(R), where V is a
finite dimensional vector space, considered to be concentrated in degree 1, and R = @, s Rs, where
RsCV® and S N3 is a finite subset. We shall suppose from now on that A satisfies these hy-
potheses, unless otherwise stated. However, we will sometimes repeat (some of) the assumptions for
emphasis.

Note that the fact that R is a space of relations of A implies the following minimality condition:

s—t
RsN (Z Y VPR ® V<H—f>> =0. (31)

seS j=0

Conversely, given R = @, s Rs satisfying (3.1), where R C V® and S C N> is a finite subset, then
R is a relation space of the algebra T(V)/(R).

The two-sided graded ideal I = @, ; I» generated by R in the tensor algebra T(V) may be ex-
plicitly presented as

n—s

In = ZZ V(j) ® Rs ® V(n_s_j).
seS j=0
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The homogeneous components of the algebra A are thus given by the vector spaces A, =V ®/I,,
for n € Ny, and zero for n < 0.
For each s € N3, we consider the map ns : Ng — Ny of the form

ns(2) =sl, ng2l+1)=sl+ 1.
Notice that ng(t + 2) =ng(t) + s, for all t € Ny, and

1, if t is even,

ng(t+1) —ng(t) =
st +1) = ns(t) {5—1, if t is odd.

We shall use these elementary properties, specially in Section 5, without further mention.
If s € S, we will denote

ng(i)—s
= m v R, @ VO
Jj=0

fori>2, and J} = V®, for i =0,1. We remark that the minimality condition (3.1) implies that
EnviVeg ]f,/ @ Vms=ny@=iy — 0, for all different 5,5 € S, j=0,...,ns(i) —ng (i’), and i,i’ € N>,
such that ny (i") < ns(i).

Moreover, we define

li=Ep i

sesS
ifi>2 and J;=V® ifi=0,1. Note that J, =R.

Definition 3.1. Let A be an S-multi-homogeneous algebra with space of relations R = @, s Rs,
Rs CV®, and S a finite subset of N>;. We suppose the usual minimality condition on R. The left
multi-Koszul complex (K(A).,8,) of A is defined by K(A)o=A, K(A)1=A®V and K(A)i=A® J;
for i > 2, together with the differential §, where 81 is induced by the multiplication on A, and, for
i>2,

8i:A® Ji—> A® Ji
is given by the restriction of the map &;: A ® (D, VD) — A® (P, V™), where

QVj Vi @V vj o, ifiiseven,

Si(a®v-~--v- .)={
J1 Jns (i) . T I ifii
s Vi ® Vi) Vi s if i is odd,

for s € S. Notice that §;(A® J;) CA® J;_;, for i >3 and s € S. It is clear that §;;1 0 §; =0, for
i € N. We may also consider this complex together with the augmentation 8y : K(A)g — k given by
the augmentation of the algebra A, which we may depict as follows

e K(A) S K(A) g — - — K(A) 25 K(A) 2 k— 0.

Note also that the left multi-Koszul complex of A is composed of graded-free left A-modules, and the
differentials are A-linear maps preserving the degree.
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We say that A is left multi-Koszul if the (augmented) left multi-Koszul complex of A provides a
projective resolution of the trivial left A-module k, and in this case we may call the complex the left
multi-Koszul resolution for A.

We remark that the left multi-Koszul complex of A coincides with the minimal projective reso-
lution of the left module k seen at the end of Section 2 up to homological degree 2. It is clear that
the left multi-Koszul resolution for A is minimal (because the induced differential of the complex
k®4 K(A), vanishes) and projective. It is straightforward to see that an algebra is left multi-Koszul if
and only if its left multi-Koszul complex defined above is acyclic in positive homological degrees.

Remark 3.2. Since an algebra A may be regarded to be S-multi-homogeneous for different subsets
S € N3, one may wonder whether the definition of left multi-Koszul algebra actually depends on
the subset S. It is however trivially verified that this is not the case, i.e. if A is regarded as S-multi-
homogeneous and also S’-multi-homogeneous, then it is left S-multi-Koszul if and only if it is left
S’-multi-Koszul. The same phenomenon also occurs for the definition of right multi-Koszul property
presented in the following remark.

Remark 3.3. There is also an analogous definition of right multi-Koszul complex and hence of right multi-
Koszul algebra. Using the same notation as in the previous definition, the right multi-Koszul complex
(K(A),,8,) of A is defined by K(A); = A, K(A)1 =V ®A and K(A); = J; ® A, for i > 2, together with
the differential 5, where §; is induced by the multiplication on A, and, for i > 2,

§:JiQA—> Ji_1®A
is given by the restriction of the map §/: (D5 VD) ® A — (@yes V™) ® A, where

Viny " Vis ® Vj_y - vja, ifiiseven,

Si(v; .---V'®Ol)={
iNY Ing(i) J1 X T .
s Vi Vi ® Vi &y if i is odd,

for s € S. We will also consider this complex together with the augmentation & : K(A); — k given by
the augmentation of the algebra A.

Notice that the right multi-Koszul complex of A coincides with the left multi-Koszul complex
of A°P, and with the minimal projective resolution of the right module k mentioned at the end of
Section 2 up to homological degree 2.

We say that A is right multi-Koszul if the (augmented) right multi-Koszul complex of A provides
a projective resolution of the trivial right A-module k, and in this case we may call the complex the
right multi-Koszul resolution for A.

It is easy to check that the right multi-Koszul resolution for A is minimal (because the induced
differential of the complex K(A), ®4 k vanishes) and projective, and that an algebra is right multi-
Koszul if and only if its right multi-Koszul complex defined above is acyclic in positive homological
degrees.

Remark 3.4. Note that the previous definition of left or right multi-Koszul property coincides with the
corresponding one given in [7, Section 5], if the algebra is homogeneous, and in principle not to the
one given in [5, Definition 2.10]. Nonetheless, using [7, Prop. 3], one immediately deduces that for a
homogeneous algebra both definitions are equivalent, implying that such an algebra is multi-Koszul if
and only if it is generalized Koszul, and in fact the left (resp., right) multi-Koszul complex coincides
with the (generalized) left (resp., right) Koszul complex defined by Priddy if the algebra is quadratic
and by Berger if the algebra is homogeneous.

Remark 3.5. Notice that, for d € N.», if A is a left {2, d}-multi-Koszul algebra for the previous defini-
tion, then it is in particular a 2-d-Koszul algebra in the sense defined in [16]. The converse however
does not hold (see the algebra B in [12], which is not {2, 3}-multi-Koszul).
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Since the length of a minimal projective resolution of k gives the global dimension of A, the
following proposition is immediate.

Proposition 3.6. Let A =T (V)/(R) be an S-multi-homogeneous algebra (with S a finite subset of N2) such
that R = @, R satisfies the minimality condition. If the global dimension of A is 2, then A is S-multi-
Koszul.

We also have the following result, which shows a way to produce (an infinite number of) examples
of multi-Koszul algebras.

Proposition 3.7. Let {B°: s € S}, where S C N3, be a finite collection of nonnegatively graded connected
algebras such that B® is s-Koszul, for each s € S. Then, the free product (i.e. the coproduct in the category of
graded algebras) A =] [, B® of the collection {B*: s € S} is a multi-Koszul algebra.

Proof. Let us suppose that BS = T(Vs)/(Rs), for s € S, is an s-Koszul algebra, where Rs C V(S) By the
definition of the free product of the collection {B*: s € S}, we may consider that A =T(V)/(R), where
V =@,cs Vs, and R = @, Rs. The canonical inclusion B® < A is a morphism of graded algebras,
and it makes A a free graded (left or right) BS-module.

On the one hand, it is clear that, if s€ S,

ns(i)—s ns(—-s . .
ﬂ v @Ry @ vshO=s—) — m Vs(l) ®Rs ® Vs(ns(z)fsfj),
j=0 j=0

for i > 2. We recall that J; = @ g Ji. Moreover, J1 =V =@ Vs, and Jo =k. In fact, if (K(B)., 7)
denotes the Koszul complex of BS, which is acyclic in positive homological degrees by assumption,
then K(B%)e = B* ® J3. Since A is free as a B’-module, we have that A ®ps K(B%)e = A ® J3 is
also acyclic in positive homological degrees. This can be proved as follows. We consider the con-
vergent spectral sequence of change of base E2 5= Tor (A Hq(K(B*)s)) = Hp1q(A ®ps K(B®),) (see
[28, Application 5.7.8], where we have used the fact that K(B%), is a bounded below complex of free
modules). The exactness of the Koszul complex of B* and the freeness of the BS-module A imply that
Elz,.q =0 if (p,q) # (0, 0). In consequence, H, (A ®ps K(B%),) =0, for n > 1.

Since the multi-Koszul complex (K(A).,8,) of the algebra A can be decomposed as K(A), =
Dics A ®ps K(B®),, for @ > 1, and 8, = P58, for e > 2, the exactness of A ®ps K(B*), in posi-
tive homological degrees tells us that K(A), is acyclic in homological degrees greater than or equal
to 2. On the other hand, the exactness of the multi-Koszul complex in homological degree 1 is auto-
matically satisfied for a nonnegatively graded connected algebra. We have thus that K(A), is exact in
positive homological degrees, so A is multi-Koszul. O

Let A=T(V)/(Rys) and B =T(W)/(Rp) be such that A is a-Koszul, B is b-Koszul, where we
consider V and W to be subspaces of a fixed vector space U, and the minimality condition for
Ry ® Ry, C T(U) is satisfied. Consider the {a, b}-homogeneous algebra C = T(V U W)/(Rg, Rp). One
may wonder if the previous result could be weakened in order to obtain that C is also multi-Koszul.
As expected, the answer is no, as we may see in the following example.

Example 3.8. Consider the algebras A = k(x,z)/(xz) and B = k(x,y)/(y?x). It is direct that A is
2-Koszul (see [26, Ch. 2, Cor. 4.3]), B is 3-Koszul (see [5, Prop. 3.8]) and that the minimality condition
for the algebra C =k(x, y, z)/(xz, y*x) is not (left) multi-Koszul since k ®c Ker(8;) = spany (y?xz) ];.

A similar example can be also obtained for V = W in the previous notation. Consider the algebras
A=k(x,y)/{xy) and B =k(x, y)/(y*x), which are respectively 2-Koszul and 3-Koszul (by [26, Ch. 2,
Cor. 4.3], and [5, Prop. 3.8], respectively). The minimality condition for spany(xy, y?x) C k(x, y) is
satisfied. Since k ®c Ker(8y) = span, (xy?x, y?xy) and J3 =0, the algebra C = k{x, y)/(xy, y>x) is not
left multi-Koszul.
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Regarding some of the several different equivalent definitions of the (generalized) Koszul property
for homogeneous algebras, one may wonder for instance if an S-multi-homogeneous algebra is left
multi-Koszul if and only if the trivial A-module k has a minimal projective resolution (P,,d,) whose
i-th projective P; is pure in degrees {ns(i): s € S}, for all i € Ny (c¢f. [5, Prop. 2.13]). Unfortunately,
this proposal is different from Definition 3.1 (e.g. Example 3.9), and it leads to several undesirable
situations. For instance, if one only asks that the i-th projective P; of the minimal projective resolu-
tion of the trivial A-module k is pure in degrees {ns(i): s € S}, for all i € Ny, the differentials of such
a minimal projective resolution may become rather complicated, since the relations may interact in
complicated ways. Furthermore, this (alternative) definition would not be yield to a proper general-
ization of the (generalized) Koszul algebras, if we are willing to have such a definition independent
of the index set S in the sense of Remark 3.2 (see the algebra B of Example 3.10). Moreover, fol-
lowing the ideas of Example 3.10, we see that this alternative definition would also allow lots of bad
behaved algebras containing “non-Koszul components”, even in the generalized sense, and in partic-
ular, the Yoneda algebras obtained from this alternative definition will not be necessarily K, (see
the algebra A of Example 3.10). We next list these examples thus in order to understand better why
Definition 3.1 is in some sense reasonable to avoid the aforementioned phenomena, which we may
regard as pathological.

Example 3.9. Consider the algebra A =k(x, y, z)/(xy, y>z). One may easily compute the minimal pro-
jective resolution of the trivial A-module k of the form

O—>A®(xyzz>5—3>A®<xy,yzz>5—2>A®(x,y,z)8—1>A8—°>k—>0,

where the morphisms §; for i =0, 1,2 are defined as above, and §3(c ® xy%z) = ax ® y2z. Note that
the i-th projective module is pure in degrees n,(i) and ns(i), for all i € Ny. However, the algebra is
not left multi-Koszul, for the condition Ker(8;)/(A~o - Ker(82)) = jg (<] ]:35 fails.

Example 3.10. Consider the algebras B = k(x, y, z)/(x?y, z2x) and C = k(u)/(u*). It is easy to check
that C is 4-Koszul (by [5, Prop. 3.8]) whereas B is not 3-Koszul (for instance, because z2x%y is a
minimal generator of degree 5 of the kernel of the second differential). Let A = B %, C be the free
product of B and C. There exists a minimal graded projective resolution

s AR UMY 5 5> AR UB) > AQW > A®RR—> ARV - A—k— 0,

where V = spany(x, ¥,z u), R = span,(x*y, z2x, u%), W = span,(z*x?y, u°) and the differentials are
the obvious ones. This implies that the i-th projective module is pure in degrees n3(i) and n4(i), for
all i € Ng. However, k ®4 Ker(§,) # ]; D jg‘, so A is not left multi-Koszul.

We note incidentally that, if the algebra B is regarded as an S-multi-homogeneous algebra for
S ={3, 4} (by considering R4 = 0), it satisfies that the trivial left A-module k has a minimal projective
resolution whose i-th projective is pure in degrees n3(i) and n4(i), for all i € Ny.

Before proceeding further we want to make several comments on the left multi-Koszul complex
of an S-multi-homogeneous algebra A. The obvious statements for the right multi-Koszul complex
trivially hold. First, given i € Ny, note that the map of graded vector spaces Jiy; — Ker(é;) given by
the restriction of §;y1 is injective. This can be proved as follows. The cases i = 0,1 are immediate,
so we will suppose that i > 2. In that case, the previous map is the direct sum of the maps ],.S+1 —
Ker(8;) N (A® J}), for s € S, so the kernel of the former is the direct sum of the kernel of the previous
maps for each s € S. Furthermore, the kernel of the restriction of §;;1 to ]f+l is easily seen to be
I3 0 Ung(is1)—ng(i) ® J§)- The first term of this intersection is included in Rs ® v (si=1) "whereas the
second is included in
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s—s'

s'<s j=0

where we have used that ns(i + 1) — ns(i) < s. The intersection of the last two vanishes by the mini-
mality condition (3.1), so a fortiori the kernel of the restriction of §;11 to ]fJr1 vanishes, which in turn
implies the injectivity of the mentioned morphism J;;1 — Ker(5;).

For each i € Ny, let us now consider the map Jiy1 — k ®4 Ker(§;) given by the composition of
Ji+1 — Ker(§;) and the canonical projection Ker(8;) — k ®4 Ker(d;). We claim that this composition is
in fact injective if i is even. This can be proved as follows. By the comments at the end of Section 2,
we know that the mentioned map is in fact an isomorphism for i =0 (and also for i = 1). We shall
suppose thus that i > 2. As before, the mentioned map can be decomposed as the direct sum of
the corresponding maps of the form jf_H — k ®a (Ker(8;) N (A® J?)), for s € S. Hence, it suffices
to prove the injectivity of each of these components. Since i is even, the image of the map J; 1
Ker(8;) N(A® J3) is contained in V ® J}, so one sees that the kernel of ]fH — k®a Ker(8)N(A® J}))
vanishes if and only if J; NKer(8;) =0, which follows from the previous paragraph.

On the other hand, if i > 3 is odd, we may state the following fact about the map Ji;; —
k ®4 Ker(§;). We know that it can be decomposed as the direct sum of the maps of the form
f+1 — k®a (Ker(8;)) N (A® J})), for s € S. It suffices thus to analyse each of these components
separately. For i odd, the image of the map Ji,; — Ker(;) N (A® J}) is now contained in ve-Dg I3,
so one sees that the kernel of jfﬂ — k®4 (Ker(8;) N (A® J})) is nontrivial if and only if there ex-
ists t <s— 2 such that (VO @ ]f) N Ker(8;) # 0, which is equivalent to say that the graded vector
space k ®4 (Ker(s;)) N (A ® ]f)) has nontrivial homogeneous components of degree strictly less than
ng(i+1).

This proves the following result.

Lemma 3.11. Let A be an S-multi-homogeneous algebra, with space of relations R = @, Rs, Rs vV and
S a finite subset of N, and let (K (A),, 8,) be its left multi-Koszul complex. Given i € Ny, the map of graded
vector spaces J;+1 — Ker($;) given by the restriction of 8;.1 is injective. Consider now the map of graded vector
space given by the composition of the previous morphism and the canonical projection Ker(8;) — k ® 4 Ker(5;).
Ifiisevenori=1,itis injective, and if i is odd and i > 3, it is injective if and only if the graded vector space
k ®a4 (Ker(8;) N (A® J3;)) has no nontrivial homogeneous components of degree strictly less than ns(i + 1),
forallseS.

The corresponding formulation of the lemma for the right multi-Koszul complex of A is obvious,
and we shall refer to the lemma whether we are considering the left or the right version. We may
use the previous lemma in fact to prove the first main result of this section (cf. [7, Prop. 3]):

Proposition 3.12. Let A be an S-multi-homogeneous algebra with space of relations R = @5 Rs, Rs Ve,
and S a finite subset of N>,. Then A is left (resp., right) multi-Koszul if and only if there is an isomorphism of
graded vector spaces Tor{‘ (k, k) >~ J;, foralli € Np.

Proof. We shall prove the statement for the left multi-Koszul property, since the right one is anal-
ogous. Moreover, we will only show the “if” part, since the converse follows immediately from the
minimality of the (left) multi-Koszul complex.

Assume the existence of the isomorphism of graded vector spaces in the statement. We will
prove that the left multi-Koszul complex is in fact a minimal projective resolution of the trivial left
A-module k. In fact, we will show that K(A), is a minimal projective resolution of k up to homo-
logical degree i, for all i € N. Since the former coincides with such a minimal projective resolution
up to homological degree 2, we suppose that the statement is true for i > 2. By the comments on
the construction of projective covers in Section 2 and the assumption Tor;“+l(k, k) ~ Jiyq1, there is
an essential surjective morphism of graded A-modules h; : A ® Ji+1 — Ker(d;) inducing an isomor-
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phism J;;1 — k ®4 Ker(§;). We will consider two cases. If i = 2, the previous lemma tells us that the
composition

J3 = Ker(82) — k ®4 Ker(87),

where the first map is the restriction of §3, is injective. Hence, the composition of this map with the
inverse of 1, ®4 hy is an injective endomorphism of graded vector spaces of J3, so an isomorphism,
since the latter has finite dimension. This in turn implies that 83 is in fact a projective cover of Ker(s,)
by Lemma 2.2.

We now assume that i > 3. In this case, since the morphism §; is a direct sum of its components
A® J; > A® J;_,, for each s € S, we see that the projective cover of Ker(§;) is the direct sum of
the projective covers of each component A® J{ — A® J;_,, for s €S, ie. it is the direct sum of
the graded-free A-modules A ® k ®4 (Ker(8;) N (A ® J})), for s € S. By induction on s we easily see
that, for all s € S, the graded vector space k ®4 (Ker(;) N (A ® J;)) has no nontrivial homogeneous
components of degree strictly less than ns(i + 1) and contains ]f+l' so by the assumption on the Tor
group it coincides with ]fﬂ. We may now proceed as in the case i =2, since by the previous lemma
the composition

Jit1 = Ker(8;) — k ®4 Ker(6;),

where the first map is the restriction of §;1, is injective. Hence, the composition of this map with the
inverse of 1; ®4 h; is an injective endomorphism of graded vector spaces of J;;1, so an isomorphism,
since the latter has finite dimension. This in turn implies that §;;1 is in fact a projective cover of
Ker(8;). The proposition is thus proved. O

We have thus the following direct consequence.

Corollary 3.13. Let A be an S-multi-homogeneous algebra with space of relations R = @, Rs, Rs € Ve,
and S a finite subset of N». Then, A is left S-multi-Koszul if and only if it is right S-multi-Koszul.

By the previous result, we shall usually say that an algebra A is left S-multi-Koszul, right S-multi-
Koszul, S-multi-Koszul or simply multi-Koszul indiscriminately.

We may restate the previous results in a slightly different manner. Consider the k-linear endomor-
phism of T(V) given by

e T (1)=1,
e T(WIQW2R - @Wp)=Wp®---Q Wy ® Wy,

for wy,...,wp, € V and n > 1, which is an anti-isomorphism of algebras, so it induces an algebra
anti-isomorphism

T(V)
N =
{(T(R))

o

In other words, it induces an isomorphism between the (usual) opposite algebra A°P of A and A° =
T(V)/(T(R)).

If the relation space R satisfies the minimality condition, then the relation space t(R) also satisfies
it. We shall say that A° is the opposite S-multi-homogeneous algebra of A.

Corollary 3.14. The algebra A° is S-multi-Koszul if and only if A is S-multi-Koszul.
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Proof. It is an immediate consequence of Corollary 3.13. O

We now have the following immediate consequence of Proposition 3.12 and the isomorphism (2.1)
for the Yoneda algebra of a multi-homogeneous algebra.

Proposition 3.15. For an S-muiti-homogeneous algebra A with space of relations R = @, Rs, Rs € Ve,
and S a finite subset of N, the following statements are equivalent:

(i) A is multi-Koszul,
(ii) Extly(k, k) =~ J¥, forall i € No.

We note that the multi-Koszul resolution for a multi-Koszul algebra A is composed of finitely
generated projective A-modules, for each vector space J; is finite dimensional, so, by the comments
at the end of Section 2, there is a canonical identification Ext% (k, k) ~ Ext5 (k, k).

We want now to relate the multi-Koszul property of a multi-homogeneous algebras with the gener-
alized Koszul property of some associated homogeneous algebras. We will need the following auxiliary
result in the sequel.

Lemma 3.16. Let A be a nonnegatively graded connected algebra, I C A~ be a homogeneous ideal, and

N YENY,

be a sequence of graded (left) A-modules satisfying that f o g = 0. If the sequence

141 1a4/1®
(Aﬂ)@AL—M—i(Aﬂ)@AA44ﬂ—L(Aﬂ)®AN

is exact, then the former sequence is also exact.

Proof. We only need to prove that Ker(f) C Im(g), since the other inclusion follows from f o g =0.
Moreover, it is also clear that it suffices to show that each homogeneous component Ker(f) is in-
cluded in Im(g), for the morphisms are homogeneous of degree zero. Let m € M be a homogeneous
element such that f(m) = 0. This implies that (14,; ® f)(1 ® m) =0. We shall prove that there exists
l € L such that g(l) =m.

The exactness of the second sequence tells us that there exists | € L (homogeneous and of the
same degree as m) such that (14, ® £)(1®)=1®m, ie. 1® (m — g()) =0. Let M’ be the (left)
A-submodule of M generated by m — g(l). Notice that M’ is bounded below, for m — g(l) is homoge-
neous. Hence, we get that (A/I) ®4 M’ =0, and, therefore,

k@aM =(A/A~0) @4 M = (A/A~0) ®as1 (A/I) @4 M' =0.
By the Nakayama Lemma it must be M’ =0, so m = g(l). The lemma is thus proved. O

We shall now state the second main result of this section. As usual, r-pdim, (M) will denote the
projective dimension of the right A-module M.

Theorem 3.17. Let A= T(V)/(R) be an S-multi-homogeneous algebra with space of relations R = @, Rs,
Rs € V®, and S a finite subset of N>». We denote by A* = T(V)/(R;) the associated s-th homogeneous
algebra. The following conditions are equivalent:

(i) A is multi-Koszul.
(ii) Foreachs e S, we have that A® is s-Koszul, r-pdims (A) < 1, and Ker(63) = @5 (Ker(s2) N (A ® Ry)),
where 8, : AQ® R — A ® V is the second differential of the left multi-Koszul complex of A.
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Proof. We shall first prove the implication (i) = (ii). Assume that A is multi-Koszul, i.e. the multi-
Koszul complex K(A), of A is acyclic in positive homological degrees. Since

Ker(82) = Im(83) = @ (Im(83) N (A ® Ry)) = EP (Ker(82) N (A @ Ry)). (32)

seS seS

we get the last condition of item (ii).

We will now show that A’ is s-Koszul and r-pdimgs(A) < 1, for each s € S. Let s € S be a fixed
index. Consider a subcomplex K(A)$ of the (nonaugmented) multi-Koszul complex K(A), of A, given
by K(A); =AQ® J; if e>2, K(A)S = K(A). if «=0,1, provided with the induced differential of
K(A),. It is straightforward to check that the fact that the multi-Koszul complex K(A), of A is acyclic
in positive homological degrees implies that the subcomplex K(A)$ is acyclic in homological degrees
greater than or equal to 3. Moreover, using (3.2) and the exactness of K(A), in homological de-
gree 2 we also get that K(A)$ is acyclic in homological degree 2. As a consequence, we conclude that
K(A)3 is acyclic in homological degrees greater than or equal to 2. Using the evident isomorphism
(K(A), Balk(a)s) =2 A®as (K(A®),, 8]) of complexes of graded (left) A°-modules, and Lemma 3.16, we
get that (K(A%).,d3) is acyclic in homological degrees greater than or equal to 2. Since the Koszul
complex of an s-homogeneous algebra is always acyclic in the first homological degree, we conclude
that (K(A%),, 83) is acyclic in positive homological degrees, so A is s-Koszul.

On the other hand, since A’ is s-Koszul, (K(A%),,85) is a minimal projective resolution of k in
the category of graded A®-modules. We recall that for a bounded below graded right AS-module M,
the minimal projective resolution (P,,d,) of M in the category of graded right AS-modules is of the
form P, = TorfS(M,k) ® A®. Since A is a bounded below (right) A*-module, and (K(A)3, ek (a)s) =
A ®ps (K(A%),, &%) is acyclic in homological degrees greater than or equal to 2, we conclude that A
has a minimal projective resolution in the category of graded right AS-modules of length at most 1,
so r-pdimgs(A) < 1.

We shall now prove the converse implication, i.e. (ii) = (i). Let us suppose that for each s € S,
we have that A® is s-Koszul, r-pdimys (A) < 1 and Ker(8z) = @, (Ker(s2) N (A @ Ry)). Since A is
s-Koszul for each s, the Koszul complex (K(A®)., 83) is a minimal projective resolution of k in the cat-
egory of graded A’-modules. Moreover, the condition r-pdimgs(A) <1 together with the previously
seen isomorphisms (K(A)3, 8elk(a)s) = A ®as (K(A%),,8]) imply that K(A)] is acyclic in homolog-
ical degrees greater than or equal to 2, for each s € S. Since K(A)s = @ 5 K(A); for e > 2, and
80 = @y 8l (), for @ >3, we get that the multi-Koszul complex is acyclic in homological degrees
greater than or equal to 3. Finally, the last condition of (ii) and the exactness of K(A)$ in homological
degree 2 for each s € S imply that

Ker(8,) = ED(Ker(Sz) N(A®Ry)) = EB(Im(Sg) N(A® Rs)) =1m(83),

seS seS

so K(A), is also acyclic in homological degree 2. Again, since the multi-Koszul complex of any con-
nected graded algebra is always acyclic in the first homological degree, we see that (K(A),,d.) is
acyclic in positive homological degrees, so A is multi-Koszul. The theorem is thus proved. O

Remark 3.18. Note that the algebras A’ in the theorem may depend on the choice of the space of rela-
tions R. The abuse of language is however mild, meaning that the statement holds for any such choice.
Moreover, we could have equivalently considered the projective dimension of the corresponding left
module structure of A over A®, for each s € S, and the decomposition property for the differential &
of the right multi-Koszul complex of A.

Remark 3.19. Theorem 3.17 and [5, Thm. 2.11], tell us that if A is an S-multi-Koszul algebra, then,
since each AS is s-Koszul, for s € S, we have the distributivity condition on the triples (E¥, F$, G%) and
(ES, FS, (G"S) for n > ng(j + 2), where
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ES=v U@ 5 F = (Ren_n,j ® V™Y, foreachjeN,
GS — V(n—ng(j+2)+l) ® <R5>25_2 R V<n5(j_2)+]), lf_] iS even,

(G/)s — V(”*ns(j+])) ®Rs ® V(ns(j*1))’ lf] is Odd,
and the so-called extra conditions

s—2
(V(S—U ® Rs) n (Zv(]') ®Rs ® V(S—1—j)> cv6dg ]§
=0

We shall analyse this in more detail in Section 5, for the special case of an algebra with relations in
two degrees.

Let A=T(V)/(R) be a multi-Koszul algebra. As before, we also denote by A* = T(V)/(R;) the
associated s-th homogeneous algebra, which is Koszul by the previous theorem, and we consider the
canonical surjective morphisms of graded algebras s : A5 — A, for s € S. This allows us to consider
any A-module as an AS-module. We furthermore consider the surjective morphisms of graded alge-
bras ps: T(V) — AS.

Let us denote ¢} : J{ — J; the canonical injection of vector spaces. We recall that the (left) multi-
Koszul complex of A is written as K(A)e = (A® Js, 8o)e>0, and analogously, the (left) Koszul complex
of A® is written as K(A%) = (A* ® J§,8%)ex0. They are considered as augmented complexes if fur-
thermore K(A)_1 =k and K(A%)_1 =k, for all s € S, respectively, and in fact 8y : K(A)e — k is a
minimal projective resolution of k in the category of graded (left) A-modules, and for each s € S,
8% : K(A®)s — k is a minimal projective resolution of k in the category of graded (left) A*-modules.

It is well-known that the Koszul complex of the tensor algebra T (V) is of the form K(T(V))o =
T(V), K(T(V))1 =T(V)® V and K(T(V)), =0, if e > 2. The morphism 8; : K(T(V))1 — K(T(V))o
is given by the restriction of the multiplication of T (V). It is considered as an augmented complex if
furthermore K(T(V))_1 =k, giving a minimal projective resolution in the category of graded T(V)-
modules via dg : K(T(V))g — k defined by the augmentation of T (V).

In what follows, given a connected nonnegatively graded algebra A, E(A) = Ext5, (k, k) will denote
the associated Yoneda algebra. It is also a connected nonnegatively graded algebra with the cohomo-
logical degree e and the Yoneda product.

For each s € S, the morphism 75 induces in turn the following morphism I77 : K(A%)e — K(A)e oOf
complexes of (left) AS-modules defined by I7T{ = 75 ® (. It is straightforward to check that it com-
mutes with the differential, and in fact it commutes with the augmentation if we define IT*, = 1.
This in turn induces a morphism p;s : Homgs (K (A)e, k) — Homgs(K(A%),, k) of complexes of vector
spaces (the differentials are zero by minimality of the resolutions (cf. [11, Exp. 15, Prop. 10], or
[6, Prop. 2.4])). Notice that there are canonical isomorphisms Homgs(K(A)e, k) = Homa (K(A),, k) >~
Ext% (k,k) and also Homg(K(A)., k) >~ J;. Analogously, we have (J3)* >~ Hompys(K(A®%)e, k) >~
Ext§s(k, k). In this fashion, we also write ps: Extj (k, k) — Extys(k, k) for the corresponding mor-
phism of graded vector spaces (with the cohomological degree). By using the previous identification,
we see that ps = P, cp, (t3)", so it is surjective.

We claim that in fact the previous morphisms ps are also compatible with the Yoneda product,
so they induce morphisms of graded algebras. This follows from the fact that the product for the
Yoneda algebra of a connected graded algebra B is induced by the (unique up to homotopy) mor-
phism of augmented complexes A4(B) : K(B)e — K(B)s ® K(B), lifting the identity k — k ~k ® k,
for K(B), the augmented complex associated to a projective resolution of the (left) B-module k, by
the formula 0 U 8 = (@ ® B) o A.(B), for o, B homogeneous cocycles of Homg(K(B),, k) represent-
ing cohomology classes in Exty(k, k). If the projective resolution K(B), is minimal, the identification
Homp (K (B)., k) > Ext} (k, k) even simplifies the treatment. In the previous case, by the Comparison
Theorem 2.2.6 and Porism 2.2.7 in [28], we may conclude that the following diagram
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\/

K(A%)e ® K(A%)s

K(A®),

nie;
K(A)e k

e | T

K(A)e ® K(A)s

commutes up to (unique) homotopy, where A, = A,(A) and A = A.(A®). This immediately implies
that ps is compatible with the Yoneda product.

In the same manner, for each s € S, the morphism ps induces a morphism F$ : K(T(V))s —
K(A®), of complexes of (left) A’-modules defined by F{ = ps ® 1, if e = 0,1, and zero for
e > 2. Again, it is clear that it commutes with the differential, and in fact it commutes with
the augmentation if we define F®; = 1j. It induces a morphism g5 : Homr)(K(T(V))e. k) —
Homr vy (K (A®)., k) of complexes of vector spaces (the differentials are zero by minimality of the res-
olutions). There are canonical isomorphisms Homy (K (A®),, k) = Homgs (K (A®%),, k) ~ Ext}s (k, k) ~
(J9* and Homr vy (K(T(V))e, k) Ext;(v)(k k) ~k* @ V*, where V* sits in cohomological degree 1
and k* in cohomological degree zero. Hence, we may also write gs : Ext (k, k) — Ext} (V)(k k) for the
corresponding morphism of graded vector spaces (with the cohomological degree). By the previous
identifications we see that qs is given by the projection on the cohomological degrees less than or
equal to 1, so it is surjective. By the same argument as before (or just regarding the explicit formu-
las for the Yoneda product given in Proposition 3.1 of [9]) we see that g5 is a morphism of graded
algebras.

Remark 3.20. Note that in fact the Yoneda algebra is a functorial construction, where the definition
on the morphisms is as follows (we refer to [21], specially Chapters 1 and 3). Given any morphism
of (augmented) algebras A — A’, it induces a morphism of differential graded coalgebras between
their bar constructions B(A) — B(A’) (induced by the cofreeness property of B(A) and the map of
graded vector spaces B(A) — A’ given by the composition of the canonical projection B(A) — A
and of A — A’), so by taking graded duals we obtain a morphism of differential graded algebras
B(A"Y* — B(A)*, which in turn induces a morphism of graded algebras H*(B(A")*) — H*(B(A)¥), i.e.
a morphism E(A’) — E(A), since the Yoneda algebra of A (resp., A’) coincides with H*(B(A)*) (resp.,
H*(B(A")¥)).

In particular, the morphism 75 : A — A always induces a morphism of differential graded algebras
IT; : B(AY* — B(A%)¥, so a morphism of graded algebras E(A) — E(A®), and we may check that
it trivially coincides with the morphism induced by the previously seen map I7°, by constructing
comparison morphisms from the minimal projective resolutions to the corresponding reduced bar
complexes. The same applies to the morphism ps: T(V) — AS, the induced morphism of differential
graded algebras Fs : B(A%)* — B(T(V))* and the consequent map E(A%) — E(T(V)). Note also the
commutativity Fso ITs = Fy o [Ty, for all s,s" € S.

Even though we may have used these constructions to prove all the previous results, it is however
useful to have the explicit form of the maps induced on the Yoneda algebras coming from the minimal
projective resolutions in order to prove the next proposition.

By the explicit expression of the previous morphisms, it is trivial to check that gs o ps =qg o py,
for all s,s" € S. Let us denote E the inverse limit of the diagram in the category of graded algebras
given by {qs : E(AS) — E(T(V)), for s € S}. By the universal property of E, and the aforementioned
commutativity, there exists a unique morphism of graded algebras ¢ : E(A) — E. However, by the
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explicit expression of the morphisms ps, for s € S, it is easy to see that E(A) is the inverse limit in the
category of graded vector spaces of the system {qs : E(A®) — E(T(V)), for s € S}. Since the forgetful
functor from the category of graded algebras to the category of graded vector spaces preserves inverse
limits, E is also an inverse limit in the category of graded vector spaces, so a fortiori the morphism ¢
is bijective, and hence an isomorphism of graded algebras. This implies the next result.

Proposition 3.21. The algebra E(A) of a multi-Koszul algebra A is the inverse limit in the category of graded
algebras of the system given by {q; : E(A®) — E(T(V)), fors e S}.

Remark 3.22. By the previous result and the explicit characterization of the algebra structure of the
Yoneda algebra of a generalized Koszul algebra given in Proposition 3.1 of [9], we easily get the Yoneda
product of the algebra E(A) for a multi-Koszul algebra.

Again, using the explicit expression of the morphisms ps, and Theorem 4.1 in [17], we also obtain
the following consequence.

Corollary 3.23. The graded algebra E(A) of a multi-Koszul algebra A is generated by E'(A) = Ext}q (k, k) and
E2(A) = Ext? (k, k), i.e. it is K5 (in the sense of Cassidy and Shelton).

Remark 3.24. Contrary to what happens for homogeneous algebras (see [17, Thm. 4.1]), the converse
of the previous corollary does not hold in the case of multi-homogeneous algebras (e.g. see the alge-
bra B in [12], which is not {2, 3}-multi-Koszul).

Remark 3.25. We may also use the previous results to obtain a description of the Ay-algebra struc-
ture of the Yoneda algebra of a multi-Koszul algebra as follows (we also refer to [21]). By the
commutative relation stated at the end of Remark 3.20 there exists a map of differential graded
algebras from B(A)* to the inverse limit in the category of differential graded algebras of the system
given by {Fs : B(A®)* — B(T(V))*, for s € S}. Moreover, by Proposition 3.21, it is in fact a quasi-
isomorphism of differential graded algebras, so it induces a quasi-isomorphism of As-algebras from
E(A) to the A -algebra given by the cohomology of the inverse limit in the category of differen-
tial graded algebras of the system {F;: B(AS)* — B(T(V))*, for s € S}. On the other hand, using the
Merkulov's procedure to obtain a canonical Ay-algebra structure on the homology of a differential
graded algebra (see [23]), it is trivial to see that we may choose the higher multiplications of the in-
verse limit such that m,(a; ® - -- ® ap) = 0 if there are indices 1 <i # j < n satisfying that a; € E% (A%)
and aj € E4(AY) for s, and d;, d; > 1. Furthermore, the restriction of the higher multiplication
my of E(A) to each E(A%)®" is given by the corresponding Merkulov’s construction of the higher
multiplication of E(A®%), for each s € S. By [19, Thm. 6.4 and 6.5], we get that the A,.-algebra E(A) is
generated in degree 1, and we may in fact choose the higher multiplications such that m, vanishes
if n¢ SU{2}, and mg = ms|gasyes, for s € S\ {2}, is given by the usual expression for the case of
generalized s-Koszul algebras given in the second of the mentioned theorems.

4. Multi-Koszul bimodule resolutions

In this section, we shall construct a minimal projective resolution of a multi-Koszul algebra A
in the category of (graded) A-bimodules, adapting the ideas of [5] (see also [9]), which is useful to
compute its Hochschild (co)homology.

As usual, we consider A to be an S-multi-homogeneous algebra, for a finite subset S € N>,. We
will denote the abelian category of Z-graded left bounded A-bimodules with degree preserving bi-
module morphisms by C. Let A* = A ®; AP be the enveloping algebra of A. It is well-known that C
is naturally isomorphic to the category of Z-graded left bounded left A®-modules, so we can use the
results and notations of Section 2 for the graded algebra A®.
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If s e S, we will denote

m-—s
]fﬂ — ﬂ v & Ry ® ym=s—J)
j=0
if m>s, and J, =V, if 0<m <s. Notice that J{ = J5 ;. for all ieNo and s € S.

For s€ S and i > 0 we consider the left A-module I?L,S(A),' =AQ® ]f and the A-linear mor-
phism (8;5); : Kp s(A)i > K s(A)i—1 induced by o ® vi...v;i > - v ® va...v;. It is clear that
(Brs)* =0 and then (Krs(A)e, (61.s)e) iS an s-complex. Analogously, we consider the s-complex
(KR,s(A)e, (8r.s)e), Where K s(A); = J{ ® A, and where the differential (8g,s); : Kg s(A)i = Kg s(A)i-1
is induced by v;i...vi ®a — vi...v2 ® v1 -a. We define K;_g s(A)s as K[ s(A)e ® A=A ® Kg s(A),,
which can be regarded as an s-complex of bimodules either with differential §; ; =38, ® 14 or
6;3,5 =14 ® 8gs. Note also that (SLS and 8;3,3 commute,

We now consider the complex of A-bimodules (Ki—g(A)e, (51—g)s) defined as follows. We set
Ki_r(A)o=AQA, KL_r(A)1=A®V ®A, and K;_g(A); = @ses Kis(A)nyiy @ A, for i > 2, together
with the differential (5.—g)e defined as follows: (§,-g)1(}_;j@j ® v;® a;.) =) ljv;® oz;. —aj®
VjOl;-), for vjeV and «j, a} € A, and, for i > 2, we set (§;—r)i = Y _¢c5(81—R.s)i» Where

T if i odd,

(OL—r,s)i = 3 ) o
N 27:5032,5)1(s;z,s)(sﬂfﬁ, if i even.

It is clear that (8i—g)i41 0 (81—g)i =0, for i >0, so (KL_g(A)e, (51—r)s) is indeed a complex of pure

projective A-bimodules. It can be regarded as an augmented complex for the augmentation (8;_g)o :

K;_r(A)g — A given by the product of the algebra. It is called the multi-Koszul bimodule complex
of A.

Theorem 4.1. Let A be an S-multi-homogeneous algebra with space of relations R = @ ¢ Rs, Rs € vV and
S a finite subset of N>;. The augmented multi-Koszul bimodule complex

(BL—R)2 OL—r) (BL—R)o
—_—

s> KLfR(A)Z e KL,R(A)] —_— KL,R(A)Q A—0 (4.1)

is exact if and only if A is multi-Koszul.

Proof. We suppose that A is multi-Koszul. Applying the functor (—) ®4 k to (4.1), we obtain the
(augmented) complex (K(A).,8.), Which is exact when A is multi-Koszul. Since the A-bimodules
K;_gr(A); are graded-free and left bounded for all i € Ng, Lemma 3.16 implies that the complex (4.1)
is exact.

Assume now that (4.1) is exact. Let us denote by Cg the abelian category of Z-graded left bounded
right A-modules. Since (4.1) is exact, it is a projective resolution of A in Cp, so, taking into account
that A is projective in Cg, the complex (4.1) is homotopically trivial as a complex of objects of graded
right A-modules. Therefore, its image under the functor (—) ®4 k is a fortiori homotopically trivial
(as a complex of vector spaces). Since this image is the left multi-Koszul complex of A, it is exact in
positive degrees, so A is multi-Koszul. O

Remark 4.2. If A is multi-Koszul, since there is an obvious isomorphism of complexes of the form
k®ae K _r(A)e ~k®a K(A),, having in fact vanishing differential, by the comments in the antepenul-
timate paragraph of Section 2 it follows that the complex (4.1) is a minimal projective resolution of
AinC.
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Using the previous complex, since the Hochschild homology groups HH.(A) are isomorphic to
Torf‘e(A,A) (for k is a field), we see that HH,(A) may be computed by He(A ®ac Ki_r(A)e, 14 ®
(8L—R)s)- In the same way, the Hochschild cohomology groups HH*®(A) are isomorphic to Ext%. (A, A),
so HH*(A) can be computed from H®(Homgae(K _g(A)o, A), Hom((§;—g)e, 14)).

5. Multi-Koszul algebras for relations in two degrees

In this section, we concentrate on the special case of having relations in only two degrees. We
will find necessary and sufficient conditions on some sequences of vector subspaces of the tensor
powers of the base space V to obtain the multi-Koszul property, in an analogous manner as the case
of (generalized) Koszul algebras done by Berger. As expected, several of the subspaces analysed and
the conditions involved were already considered by Berger, but new sequences of subspaces satisfying
more involved conditions are introduced in order to obtain the multi-Koszul definition. This section is
somehow long and rather tedious, which seems to be unavoidable to us, since it includes all detailed
computations and analysis of the mentioned lattices, but their importance justifies in our opinion the
extension.

5.1. Preliminaries

We shall proceed as follows. After some preliminaries, we will analyse the construction procedure
of a minimal graded projective resolution of the trivial A-module k. The description of the successive
kernels of the differentials in this resolution will lead us to several “naturally occurring” sequences
of vector subspaces of tensor powers of V, and we will impose necessary and sufficient conditions
on these lattices to get the multi-Koszul property on the algebra A. The situation is summarized
in Theorem 5.15. We advice the reader that we will use the results of Section 2, specially the ones
concerning the construction of projective covers and minimal projective resolutions of bounded below
graded modules.

Next, we state an easy lemma concerning vector spaces that will be used in the sequel without
much mention.

Lemma 5.1. Let V and W be vector spaces such that V is nontrivial. If V. @ W =0, then W = 0. Also, if W
and W' are subspaces of the vector spaces V and V', respectively, then (W @ VYN (V QW) =W @ W'.

From now on, we fix two integers a and b such that 2 <a <b, R, and R, subspaces of V@
and V® | respectively, and R = R, & R,. We also assume that R satisfies the minimality condition
(3.1) which implies that k ®t(v) (R) =~ Rq ® R}, as graded vector spaces. The two-sided ideal I = (R)
generated by R in the tensor algebra T(V) is given by I = &, ., In, where:

I, =0, ifn<a,

n—a

ILh=> V@R, ®V" P ifa<n<b,
j=0
n—a n—b

=) VI@R V" D4 vIWgR,@v™PM ifb<n.
j=0 h=0

We recall the fact already stated at the end of Section 2 that for any nonnegatively graded con-
nected algebra A =T(V)/(R), where V >~ A_o/(A-o - A~0) is a vector space spanned by a minimal
set of (homogeneous) generators of A, and R is a space of relations of A, the minimal projective
resolution of the trivial (left) A-module k begins as

AQRZ AV L A ko,
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where §; is induced by the usual map ¢ ® vq...vy > @Vy...Vh—1 ® V. As previously explained we
will deal with the case where V is concentrated in degree 1 and where R is concentrated in degrees
a and b.

We also recall the definition of the following vector spaces, both concentrated in degree n,

n—a
Ji=VvP®R,@ V™) forn>a,
j=0
n—b ) )
h=vV®R,®V" D forn>b.
j=0

Notice that J2 N (V™™ g J%) =0, for all m > n, by the minimality condition on R.
5.2. Description of Ker(;)

It follows easily from the definition of the map §, that the n-th homogeneous component of its
kernel is

(V-0 @R @& VD @R)N(UI_1®V)
Ker(62)n = ,
Infa ® Ra (&) In—b ® Rb

where the direct sums appearing in the right member are due to the minimality condition on R; ® Ry.
Then

(Ker(52)), =0 ifn<a and (Ker(s)), = =Jo1

so there is an injection ]a+1 — k ®4 Ker(8,) of graded vector spaces, and thus the projective cover of

Ker(8z) should include A ® ]a+1’ and furthermore, by Lemma 3.11, it should also include A ® ]gﬂ. It
may also include other s-pure modules. We shall now analyse this situation in more detail.
It is straightforward to see that for n =a+m with 2 <m <min{a—1,b —a}

m—1

(Ker(sy)), = (V™ ®Ry) (Z v @R, ® VM- n) Svm-Dgja
j=0

Then, for the same indices as before, we have that (Ker(82))n = Am—1 - jgﬂ if and only if

m—1

(V(m) ® R (Z VD @R, ® VM- J)) —ym-D g ]gH’ (5.1)
Jj=0

where as usual the dot denotes the action of the ring A on (Ker(82))g+1 = 73+1-
Note that if (5.1) holds for m=a — 1, then for 2<m <a—1 and 2 <t <m — 2, we have that

(V(m) ® R < Z (]) ® Ra ® V(m—])> C V(m—l) ® jg+1
j

=m-—t

By Lemma 5.1, we get (5.1) for 2<m <a—1.
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Forn=a+t=b+h with 1<h<2a—-b-1, (Ker()), is equal to the image under the map
T(V)QR— A®R of

t—1 h—1
[(VO®R) @ (VP ®Ry)]N (Z VO@R @V + Y VIR, ® v<"‘f’)>,
j=0 j'=0

which contains (VD ® ], ) & (V=D @ Jb_ ). Notice again that the last sum is direct by the
minimality condition on R and Lemma 5.1.
Consider now the following relations

-1
(VO ®Rq) N (Z VP @R, ® v<’—f>> =vi-VeJl,..
j=0
h—1 ) )
(v ®Ry) N (Z VO @Ry ® v<h—i>) =vh-eih . (5.2)
j=0

With similar arguments as before, the second equation of (5.2) holds for 2 < h < b — 1 whenever it
holds for h =b — 1. The relations (5.2) for [=a —1 and h=b — 1 will be called extra conditions and
will be abbreviated by e.c. Note also that the equality in the previous identities is clearly seen to be
equivalent to the inclusion of the left members inside the right ones.

The following standard definition will be generalized afterwards (cf. [25, Ch. I, §4, Axiom 4§]).

Definition 5.2. Given t € N, a sequence (E, F1, ..., F¢) of subspaces of a given vector space is said to
be distributive if

t t
EN <Z F;) =Y (ENF)).
j=1 j=1

Notice that the inclusion of the right member inside the left one always holds.

Proposition 5.3. The e.c. hold if and only iffor2 <m <a—1and 2 <h < b — 1 the triples

m—1
(v“”) ®Ri.Ra@V™, Y VIRR,® v<m—f>>,
j=1

h—1
(v“” ®Rp. R,V Y VIRR,® v<"—f>)
j=1

are distributive and there are inclusions

(V™ @R)N(Ra@V™) V™ DRR, @V,
(VO RR)NRy@ VM) cvI-DoR, V.

Proof. The proof is the same (for each degree a and b) as the one given for homogeneous algebras in
[5, Prop. 2.5]. O
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Lemma5.4.For2 <m<a—-1and 2 <h <b -1, the inclusions
(VW @Re)N(Re@ V™) V™ V@R @V,
(V(h) ®Rp) N (Rp ® V(h)) cvh-VeR, eV
hold if and only if the equalities
(VW @R)N(Ra®V™) =G (VW RN (Ry@V®) =T
are satisfied.

Proof. The proof is the same (for each degree a and b) as the one given for homogeneous algebras in
[5, Lemma 2.6]. O

Definition 5.5. Given t,t' € N, a tuple (E,E’,Fq,..., F:,G1,...,Gy) of subspaces of a given vector
space is said (t, t')-bidistributive if ENE’ =0 and

(E®E) (ZFJJFZQ) Z(EDF)EBZ (E'NGj).

j’=1 j'=1
The last identity may be replaced by the equivalent condition given by the inclusion of the left-hand
member in the right one. Note further that (E, E’, Fy,..., Ft, G1, ..., Gy) is (t, t')-bidistributive if and
only if (E',E,Gq,...,Gy, Fq,..., Fy) is (t', t)-bidistributive.

We have the following simple characterization of the bidistributivity property.

Lemma 5.6. Given a sequence (E,E’, F1,...,F¢,G1,...,Gy) of subspaces of a fixed vector space satisfy-
ing that E N E' = 0, it is (t, t')-bidistributive if and only if the triple (ZE-:] Fi+ 25'/’:1 Gy, E, E') and the
sequences (E, Fq,...,F,G1,...,Gp) and (E', F1,..., Ft,G1, ..., Gyp) are distributive, and there are inclu-
sions
t t t t
Y ENGHCSY (ENFp, > (ENF) <) (ENGy).

=1 j=1 j=1 =1

Proof. Suppose that (E, E’, Fy,..., Ft,G1,...,Gy) is (t,t')-bidistributive. By the obvious inclusion
en(2r ) cwen(Tra)
the bidistributivity property and the fact that E N E’ =0, we see that
t t t
EN (ZFj +ZGJ-/) S (ENF)).
j=1 j=1 j=1

Since the right member of the first inclusion is trivially included in 2321 (ENFj)+ Z?Zl (ENGj), we
get the distributivity of the tuple (E, Fq, ..., Ft, G1, ..., Gy) and also the first of the stated inclusions.
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The distributivity of the other sequence (E’, Fy,..., F¢,G1,...,Gy) and the second inclusion follow
in the same way. It remains to prove that the triple (23'21 Fj+ ZS”=1 Gy, E, E') is also distributive,
which can be shown as follows. The (t, t')-bidistributive property tells us that

(ZF,+ZG]> (E+E') Z(F,nE)+Z GyNE)

j=1 j'=1 j'=1

By the inclusions stated in the lemma and the distributivity of the two already analysed sequences,
we have that the right member of the previous identity coincides with

t t t t
(ZF]'—FZG]'/)QE-F(ZF]'-FZG]'/)ﬂE/,

j=1 j=1 j=1 j=1

so the distributivity of the mentioned triple follows.
The converse is immediate. O

The following proposition gives an equivalence in terms of the bidistributivity and the e.c, to
decide when Ker(8z) is 2-pure in degrees a+1 and b + 1 satisfying that k ®4 Ker(62) = J3 ; © j’gﬂ.
The purpose will be then to generalize this equivalence for the other differentials in the resolution.

Proposmon 5.7. The kernel Ker(8;) is 2-pure in degrees a + 1 and b + 1 satisfying that k ® 4 Ker(82) ~
1 ® ]b+1 if and only if the e.c. hold and, for all n € Ng (or just for n > a), the tuple (E',E",F',G', F",G")
is (2 2)-bidistributive, where:

n—a—1
E=VP9gR, G= Y VIRV,
j=n—2a+1
n—2a n—a—b
F=Y vi@Reviadi S vilgRr,@vrb-i,
j=0 j'=0
n—b—1 ) )
E'=v®PeR, ¢'= > VOReV®tD,
j=n—2b+1
n—a—b n—2b
F/ = Z v Ry ® y == 4 Z v ®Rp ® y (=b=j’)
=0 i'=0

Proof. We recall that V() = 0 for j < 0. Notice also that, for n < b, the bidistributivity of
(E',E",F',G',F”,G") reduces to the distributivity of the triple (E’, F’, G’), where on each subspace
all the summands with Rp, vanish by (tensor) degree reasons, giving thus similar expressions to the
corresponding ones found in [5, Prop. 2.7].

We shall first prove the “if” part of the statement. Note that we have already showed that

(I(er(82))n =Am-_1- ng forn=m+a, with2 <m < minfa —1,b —a},

if and only if (5.1) is satisfied. Fix an integer n > min{a, b — a + 1}, even though the proof also ap-
plies to arbitrary n, and suppose that the e.c. and the bidistributivity condition on the previous tuple



E. Herscovich, A. Rey / Journal of Algebra 376 (2013) 196-227 219

hold. We will use the explicit description of (Ker(s;)), for arbitrary n given at the beginning of this
subsection.
We have that (Ker(82))n € Apn—q ® Rg ® Ap_p ® Ry and the subspace

No= (VP9 @R, ® V™™ ®Ry)
n—a—1 n—b—1
n ( Z v@ ® Ry ® y (—a—1j) + Z V(]'/) ® R, ® V(ﬂ—b—f/))
j=0 J=0
satisfies that

Np
Ing®Re® I pQRy

(Ker(82)),, =
Note that (E'® E"YN(F'+ F” 4+ G’ + G") = Ny, and

E'NF =Ih_4® Rq, E'NF’ =1,_p ®Ry,
ENnG =yvm-eDg j3+], E' NG = ym-b-1 ® -_,ll;+1’ (5.3)

where the first two equations are always satisfied and last two hold because of the e.c. The kernel
(Ker(82)), is then given by

Na Una®Ra+ V"V RJE )@ Unp @Ry + VP V@] )
In—a ® Ra ® In_p ® Ry In—a ® Ra ® In—p ® Ry
~ In—a ® Ra + ve-eh g jg+1 ® In-b ® Ry + ve? ® jg+1
o In—a ® Rq In—b ® Rb
V(I‘l a—1) ® ]a V(nibil) &® __’ll;+1

©® = )
T (v h g g 8 ) NUn-a®Ra) ~ (VO-D=D @ Jb )N (In_p ® Rp)

which is an epimorphic image of

(el ® jg+1 fas) vy ® jgﬂ

. _ ~Ap_a1®J° Anb_1® Jb .
I a1 ® ]g+1 I p1® ]2-“ n—a—1® ja+1 @ An-p-1® Jb+1
This follows from the obvious inclusion I;_s_1 ® J5,; € (V™™D ® J5. )N (In_s ® R), for s =a,b.
\_Ne theg conclude that Ker(8z) is 2-pure in degrees a+ 1 and b + 1, satisfying that k ® 4 Ker(6,) >~

S @b

Conversely, we assume now that Ker(d;) is 2-pure in degrees a+1 and b+ 1 such that k ®4
Ker(8y) =~ a+] 3} ]b+1’ so (Ker(82))n = An—g—1- ]aJrl D An_p_1- ]bJrl This implies the existence of the
following exact sequence

AR Ji,i > A®R —>AQ®V,

for s =a, b, where the last map is induced by &, and the first one is easily seen to be induced by the
differential 83 given in Definition 3.1 of the multi-Koszul complex of A. By Lemma 3.16, this implies
that the following sequence
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T(V)/(R) ® J541 25 T(V)/(Rs) ® Rs - T(V)/{Rs) ® V

is also exact. We note that the morphisms of the previous sequence are those of the Koszul complex of
T(V)/(Rs). This implies that Ker(53) is pure in degree s+ 1, so, by [5, Prop. 2.7], the e.c. corresponding
to s=a, b hold.

We will now prove the bidistributive condition of the tuples in the statement. In order to do so,
consider the following commutative diagram

® va—sDgJs | ® VO=SDRJS  +In s®Rs
s=a.b I, et s=a,b Tn—s®R;s

(@s:u,b V=9I QR)N(In_1®V)
Ps—a.p In—s®Rs

The domain of g is the homogeneous component of degree n of A ® (j3+] &3} ngr]), its codomain
is the component of degree n of Ker(s;) and g is the homogeneous component of the projective
cover, so surjective by the hypotheses. The horizontal epimorphism follows from the trivial inclusions
Ins1®J3,, S (V== g J5.1) N (In—s ® Ry) for s =a,b, and the map f is just the canonical
inclusion. The commutativity of the diagram just follows from the construction of the projective cover
of a module. The surjectivity of g yields the surjectivity of f, so it gives an equality between the
domain of f and its codomain. By the e.c., we have that the last two identities of (5.3) hold, which
together with the equality coming from f, imply the (2, 2)-bidistributivity of the respective tuple. The
proposition is thus proved. O

Remark 5.8. Notice that the spaces of the tuple considered in the previous proposition depend on n.
We will however omit the index to simplify the notation, as in [5].

Remark 5.9. We would like to stress that, contrary to what happens in Proposition 2.7 in [5] for
the case of homogeneous algebras, the hypothesis k ® 4 Ker(8,) ~ _gﬂ &) ]gH cannot be replaced by
the weaker condition Ker(d,) is 2-pure in degrees a + 1 and b + 1 (see the algebra considered in
Example 3.9).

On the other hand, even though we may understand the condition k ® 4 Ker(8;) ~ _g-H ® ]gﬂ as
stating that the obvious morphism from JZ_; & ]gﬂ to k ® Ker(8) is an isomorphism, Lemma 3.11
tells us that we may consider that it states the existence of any isomorphism between both spaces,
for the vector spaces are finite dimensional.

Remark 5.10. By Lemma 5.6, the bidistributivity condition on the previous proposition implies the
following inclusions

mg+a—b—1
(V(ma) ® Ra) n ( Z V(J) R Rb ® V(ma+a—b—])) g V(ma—l) ® jg+] + Imﬂ ® Ra’
j=0

mp+b—a—1
(V(mb) ® Rb) N ( Z V(J) ® Ra ® V(mb+b_a_])) C v(mb_]) ® -_,ngl’
j=0
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for all mg, my € Ny satisfying that b —a+1<mg <b—1, and 1 <mp <a — 1. Notice that the last
inclusion would seem more symmetric if we had also written the subspace I, ® Rq, which vanishes
because I, = 0. Furthermore, it is easily seen that the previous inclusions in fact imply that

ENF'CENF +EnNG, EENG"CENF +E NG,
E// m F/ c E// m F// _"_ E// ﬂ G// E// m G/ - E// m F// _"_ E// m G//
for the vector spaces E’, E”, F/, F”, G’ and G” defined in the previous proposition.

We end this subsection by stating a result which is analogous to the one existing for homogeneous
algebras.

Proposition 5.11. The e.c. hold for A° if and only if A satisfies its e.c.

Proof. The proof is the same (for each degree a and b) as the one given for homogeneous algebras in
[5, Prop. 44]. O

5.3. Description of Ker(§;) fori > 2

From now on we assume that Ker(8y) is 2-pure in degrees a+ 1 and b + 1, with k ® 4 Ker(83) >~
_g-H @ ]S-H' Moreover, consider as before §g to be the augmentation of the algebra and §; : AQV — A
to be the restriction of the product of the algebra. Given i > 3, suppose that &,,...,8;_1 have been
defined in such a way that the canonical injections

5. T 7b 7 b o
&+ Jngti) ® Jnyj) = Ker@j-0) S A® (Jijon) ® Jn,-n)s forall2<j<i,
induce essential surjections gj: A ® (]ﬁam =) jzb(j)) — Ker(8j_1), whose coextensions A ® (]ga(j) ®
b 7 b : ; . 7 b
ngo)) — A_® (Jfai—1) ® Jn,(j_1)) are the differentials §;. Then & : A® (J§ ;) ® Jn i) > A®
(]ﬁa(i_]) 5} Jrl;b(i—h) may be analogously defined as the coextension of g;. Furthermore, the recursive
procedure yields that, if i > 2,

. 7 b - b
8i: A® (Jyi © Inyiy) = A® Ity ® Tnyiiony)

is a direct sum of two components 7 @ 6,4’. where & : A ® jfls(i) - A® j;s(i_l), for s =a, b, because
each of the morphisms g; satisfies the same property, is induced by the map

avj Vi, ® Vi vy o, ifiis even,
AQVj -+ Vj > ies
(i) . Y I
s AVj; @ Vi Vi i if i is odd.

Remark 5.12. Note that these morphisms are well-defined even considering their domains to be
V(n—ns(l)) ® ]rsls(i)‘ for s =a, b.

By the previous decomposition of the morphism §;, we have that Ker(8;) = EBS:a’b(I(er(S,') NA®
_fls(i))), where Ker(§;)) N (A ® ]fls(i)) = Ker(5{), so we may analyse each direct summand separately.
Moreover, from the expression of §; we see that

(V(n—ns(i)) ® j;s(i)) n (Infns(ifl) ® V(nS(i_])))

Ker(s8?)) = J !
( ( 1))n In—nsi) ® Jrsls(i)
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for n € Np. On the other hand, we may rewrite I, _p,i_1) ® V@01 as

n—ng(i—1)—s
In—ns(i) ® V(ﬂs(l)) + Z Z V(]) ® RS’ ® V(nfs/,])’

s'=a,b j=n—ns(i)—s'+1

where the first term will be denoted by F%, and the summand corresponding to the index s’ of the
second term will be denoted by G5,. If we write ES instead of V() g ]rsu(i)' the numerator of the
previous quotient is given by E* N (F*+Gj +G}), for s =a, b. Notice that the spaces considered in the
previous paragraph depend on n and i. We will however omit the indices to simplify the notation.
We remark that the decomposition of the morphism §; immediately implies that the projective
cover of Ker(é;) is the direct sum of the projective covers of each direct summand Ker(SiS) for s=a,b.
Note that Ker(é?)n =0, if n <ng(j+ 1), and that I(er(S‘J?)nﬂ(jH) = ]ﬁa(j+1)' for j <i, by Lemma 5.4,
which is a consequence of the e.c. This immediately implies that there is an injection of |

gu(]"‘D inside
(k ®4 Ker(8;))n,(j+1), given by the composition of the previous injection ]ga(Hl) < (Ker(8;))n,(j+1)
and the canonical projection Ker(§j) — k ®4 Ker(3j), for j <1i, so the projective cover of Ker(s;)
must include A ® ‘]?la(i+1)' On the other hand, by Lemma 3.11, the composition of the inclusion
]gb(H’l) — Ker(S}’) with the canonical projection I(er(S}’) —> k ®4 Ker(zS?) is injective if and only if

the homogeneous components (k ®4 Ker(S}’))n vanish for n < np(i + 1).
We remark that the equation

E*NF* = Inngiy ® I iy e

always holds.
Moreover, the e.c. imply that

gt -
ESNGS = y (=ns(@+1) o -]Tsis(H'U' (5.5)

The proof of this fact is somehow implicit in [5], so we give a detailed proof just for convenience.
It suffices to prove the inclusion of the left member inside the right one, for the other inclusion is
direct. Moreover, note that G{ vanishes for n < ng(i + 1), by tensor degree reasons, and the same
happens for the right member of (5.5), so it suffices to prove the identity (or the inclusion) only for
n>ns(i+1).

We start by writing the following trivial identity

ENG=EnV®™®gRevmi=2)ncs.

We may consider two cases: i odd or i even. If i is odd, then the sum in G consists of only one
summand, namely V@Ot @ R @ VO-D for ng(i — 1) = ns(i) — 1. In this case we have that
n—ns(i)—s+1>0, because n >ns(i+ 1) and i is odd. Hence,

ESN Gi =EN (V(n—”s(i)) ® RS ® V(ns(i—z))) N Gg

=ESN (VOO @ (VED @ Rg) N (Ry@ VED)) @ vms-2))

—E (Vi) g s @umi-2)) yaon@+) g g

where we have used in the penultimate equality the identities of Lemma 5.4, which hold due to the
e.c. and Proposition 5.3.

We consider now the case i is even. We point out that in this case n — ns(i) —s + 1 may be
negative, so the sum is more tedious to handle. In fact, we get that
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ES N GS ES (V(n*ns(i)) ® RS ® V(ns(ifz))) N Gg
can be rewritten as
min—1
ESN (v“‘“a") ® ((v““'“) ® Rs) < > v @Ry@ V™M ”)) ® v<”5""2>>>,
j=0

where Max = max{0,n — ns(i) — s+ 1} and min = min{n — ns(i), s — 1}. By the e.c,, it further coincides
with

M in—1) o J i—2 +1
B0 (M0 g (v g J5,) @ vIni) syt g Je
and the claim is proved.

Finally, for a couple (s, s") of different elements in {a, b}, and max{0,s' —s+1}<m<s —1, we
define the following intersection

m+s—s'—1
( v m ® R ( Z v ® Ry ® y (m+s—s’ ])) (5.6)
j=0

that will be denoted by XJ™.
We claim that we have the following inclusion

ESNGS C B (VM) @ x5min' g v (s(i-2)) (5.7)

which is in fact an equality for i even, where Max’ = max{0,n — ns(i) — s’ + 1} and min’ = min{n —
ns(i), s’ — 1}. If i is odd the corresponding equality should be

ESNG,=En (v sO=4D g (vE-D@R) N (Ry @ VED)) @ vmi=2))  (58)
The proof is parallel to the previous one, but we sketch it for completeness. We remark that G}
vanishes for n < ns(i — 1) + s/, by tensor degree reasons, so it suffices to prove the inclusion (and the

equality if i is even) only for n > ng(i — 1) +'.
The first step is to write

ESNGS, =E5N (V(n—ns(i)) ® Ry ® V(ns(i—Z))) NG,
N s
We now consider two cases: i odd or i even. If i is odd, then the sum in G}, consists of only one

summand, namely y@-ns)=s'+D) & R, @ VIsO=D for ny(i — 1) = ng(i) — 1. In this case we also have
n—ns(i)—s +1>0, because n >ns(i — 1) +s" and i is odd. So, ESN GS can be further rewritten as

ES O (vOms®=s4+D) @ (V=D @ R)) N (Ry ® VED)) @ v (-2,

and the equality in (5.8) follows. Moreover, it is trivially included in

s=2
ESN <V(”—”5(i)—s’+1) ® <(V(5 -1) R R <Z V(]) ® R ' ® V(S j= 1))) ® V(”s(i_z))>’

j=0

which coincides with ES N (v @=1s)=5'+1) g X;,’SL1 ® V®s(=2)y 50 the desired inclusion follows.
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We consider now the case i is even, and we remark that in this case n — ns(i) — s’ + 1 may be
negative. In fact, we have that E* N G}, can be rewritten as the intersection of E* with

min’+s—s'—1
V(Max’) ® ((V(min’) ® Rs) n ( Z v QR ® V(min’+ss’j)>) ® v (nsi=2)
=0

Hence, by the definition of Xj;m given in (5.6), the equality for i even follows and the claim is proved.
In fact, for s =b and s’ = a, using the second inclusion of Remark 5.10 (which follows from the as-

sumption that Ker(d;) satisfies that k ® 4 Ker(82) =~ 3+1 3} ]b+l) the e.c. and the definition of J?
we have that

ny(i+1)’

b b i+1 1b
EPNGhcvm@ED g b (. (5.9)
We state the following proposition which generalizes the result for i = 2.

Proposition 5.13. Suppose that for all ] such that 2 < j < i, Ker(8;) is 2-pure in degrees nq(j + 1) and
np(j + 1) satisfying that k ® 4 Ker(§; ) ~ (]H) ® ]nb(1+1) Then, Ker(§;) is 2-pure in degrees nq(i + 1) and
np(i + 1) such that k ® 4 Ker(8;) >~ (1+1) &) an(1+1) if and only if the tuples (E*, F*, G, G}) of subspaces
defined in this subsection are distributive for each s € {a, b} and for alln € Ng (or just n > ns(i)), and we have
the following inclusions

E7N (Xz,ﬂ—nu(i) ® V(na(ifz))) c y-nali+1) o jga(iﬂ) + Inenyiy ® jgﬂ(i)’
for alln € Ny satisfying that nqa(i — 1) +b <n <nq(i) + b — 1 if i is even, and the inclusion
(VO 8 ) 1 (VD @ RN (Re @ VD) @ VD)
cvO O i+ Ibo1®T0 )
ifiis odd.
Proof. We shall first prove the “if” part, so we assume the distributivity of the mentioned tuples, and

the previous inclusions.
We have already seen that

(V(n_nS(i)) ® j (,)) N (In —ns(i—1) ® V(ns(l 1)))
In—nsi) ® ]ns(z)

(Ker(s)), = P

s=a,b

If we denote the numerator of the summand indexed by s on the right member by N, we have that

N, =E°N(F° +G;+G}) = (E°NF’) + (E°NGy) + (E° N G})
— Il’l—ﬂg(i) ® jfls(l) + V(nfns(l:l*l)) ® -_];5(1'+1)’
where we have used the distributivity conditions in the second equality, Egs. (5.4), (5.5), either (5.7)

if i is even, or (5.8) if i is odd, and (5.9), and the inclusions of the statement. Hence Ker(8;) is 2-pure

in degrees nq(i + 1) and np (i + 1) satisfying in fact that k ® 4 Ker(;) ~ jn i @ ]nb(z+l)
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_ Conversely, assume that Ker(;) is 2-pure in degrees nq(i+1) and np (i +1) such that k®4 Ker(s;) =~
f’lﬂ(i ) ® jgb (i+1)" We will prove the required distributivity condition and the stated inclusions. Con-

sider the following commutative diagram for s € {a, b}

vansEIe I i vt gs o Hnonsh® T3 )

In*ﬂs(i+1)®],§,s(i+1) In—m(i)@]is(i)

(VO=SDeJs INUn-s®VS)
In—s—1®]§+1

Notice that the domain of g is the homogeneous component of degree n of A ® 71515(1‘+1)' its codomain

is the component of degree n of Ker(s}) and g is the corresponding homogeneous component of the
projective cover, so surjective. The horizontal epimorphism follows from the trivial inclusion

) D) o _
In—nyi+1) ® Jniv1) S (vt Tneiaen) N (In—nsy ® I5 i)

and the map f is just the canonical inclusion. The commutativity of the diagram just follows from
the construction of the projective cover of a module. The surjectivity of g yields the surjectivity of f,
so the latter is an isomorphism. If we consider i even and the case ng(i— 1) + b <n<ng(i)+b —1,
the equality coming from (5.7) and the identity given by f imply that the inclusions for the even case
hold. On the other hand, if i is odd and we take n =nq(i) + b — 1, the equality (5.8) tells us that the
inclusion in the odd case also holds. Finally, the distributivity of the corresponding tuple also follows
from the isomorphism f. The proposition is thus proved. O

Remark 5.14. In analogous manner to what was stated in Remark 5.9, the condition k ®4 Ker(s;) =~
]ﬁﬂ(iﬂ) ® jgb(H_l), for i > 3, usually understood as stating that the obvious morphism from jga(H']) ®

]Eb(H—l) to k ®4 Ker(8;) is an isomorphism, is equivalent to the weaker condition given by the exis-

tence of any isomorphism k ® 4 Ker(8;) ~ jﬁﬂam @ jgb(iﬂ)' due to Lemma 3.11 (see also the proof of
Proposition 3.12).

5.4. Main result
We shall summarize in this subsection the main result achieved in the description of the {a, b}-
multi-Koszul property of algebras in terms of lattices of subspaces, which follows from the previous

results proved in the two previous subsections.

Theorem 5.15. Let A = T(V)/(R) be an {a, b}-multi-homogeneous algebra (2 < a < b) such that R, & R}
satisfies the minimality condition. We have thus the following equivalences:

(i) The e.c. are satisfied, we have the following collection of inclusions

a,n—ng(i) i—2 —ng(i+1 7 ) 3
ECN (X" @ v ) v D @ L)+ Tnong(i) ® g

for all n € Ny satisfying that ng(i — 1) +b <n < ny(i) + b — 1 if i is even, and the inclusion
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(VDL )N((VETV@R)N(Ry @ VETD)) @ vmsli=2)

cvbag ]ﬁa(m) +Ih1® jga(,‘),

if i is odd, and the tuple (E',E", F',G’, F”, G") considered in Proposition 5.7 is (2, 2)-bidistributive, and
foralli > 3 the tuples (E®, F*, G, G}) of subspaces defined in the previous subsection are distributive for
each s € {a, b} and for all n € Ny (or just n > ng(i)).

(ii) Ais {a, b}-multi-Koszul.

Proof. The first statement is a consequence of the second one by Propositions 5.7 and 5.13. The
converse is also direct, using the mentioned results and taking into account the recursive process
explained in the first paragraph of the previous subsection. O

5.5. The monomial case

We shall consider in this subsection an algebra A =T(V)/(R) such that R=R; ® Ry (2<a<b)
satisfies the minimality condition and it has a basis of monomials.

We shall first recall some definitions. The set of all the subspaces of V will be denoted by £(V). It
is known that the lattice (L(V), C, +,N) is modular, i.e. given W, Wy, W3 € L(V), if W, € W, then
W1nN Wy + W3) =W, + (W1 N Ws3). A sublattice S € L(V) is distributive if EN(F +G)=(ENF)+
(ENG) for all E, F,G € S. Note that this also implies the condition E 4+ (FNG) =(E+ F)N(E + G)
(see [25, Ch. I, §4, Thm. 3]).

The following result is a first criterion for distributivity.

Proposition 5.16. Given W1, ..., W, subspaces of V, we consider the sublattice T generated by W1, ..., Wp,
i.e. T is the intersection of all the sublattices of L(V) containing the subspaces W1, ..., Wy. Then T is dis-
tributive if and only if there exists a basis B of V such that B; = B N Wj is a basis of W; forall 1 <i<n.In
this case, we say that B distributes with respect to W+, ..., Wy,

Proof. See [1, Lemma 12]. O

We may apply the previous result to the situation we are interested in: if R has a basis of monomi-
als, the sublattice of all vector subspaces of V™ generated by V) @ R; @ V®—5—D for j=0,....,n—s
and s =a, b, is distributive, as one can deduce by using the basis of V™ composed of all monomials
of (tensor) degree n. This implies that all the tuples considered in Propositions 5.7 and 5.13 are dis-
tributive. In fact, using Lemma 5.6 and the comments of Remark 5.10, we get that Ker(8;) is 2-pure

in degrees a+ 1 and b + 1 such that k ® 4 Ker(8y) >~ 3+1 3} ]gH if and only if the e.c. and the first
collection of inclusions of Remark 5.10 hold. Moreover, we remark that in this case Proposition 5.13
can be rewritten as stating that, under the same assumptions, Ker(s;) is 2-pure in degrees ng(i + 1)
and np(i + 1) such that k ®4 Ker(8;) =~ _ga(i+l) ® ]gb(i+1) if and only if the tuples (ES, F*, G5, G}) of
subspaces defined in that subsection are distributive for each s € {a,b} and for all n € Ny (or just
n > ns(i)). This is due to the fact that the inclusion at the end of the proposition follows from inclu-

sion (5.7) and the mentioned distributivity. We have thus proved the following result:

Corollary 5.17. Let A = T(V)/(R) be an {a, b}-multi-homogeneous algebra (2 < a < b) such that R, ® R},
satisfies the minimality condition and it has a basis of monomials. Then, A is multi-Koszul if and only if the e.c.
and the inclusions of Remark 5.10 are satisfied.

Remark 5.18. Note that if the algebra A is monomial the e.c. may be equivalently stated as an over-
lapping property on a basis of monomials of the space of relations, as in [5, Prop. 3.8].
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