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ABSTRACT. In this article we introduce the notion of multi-Koszul algebra
for the case of a locally finite dimensional nonnegatively graded connected
algebra, as a generalization of the notion of (generalized) Koszul algebras
defined by R. Berger for homogeneous algebras. This notion also extends
and generalizes the one recently introduced by the author and A. Rey, which
was for the particular case of algebras further assumed to be finitely gener-
ated in degree 1 and with a finite dimensional space of relations. The idea of
this new notion for this generality, which should be perhaps considered as
a probably interesting common property for several of these algebras, was
to find a grading independent description of some of the more appealing
features shared by all generalized Koszul algebras. It includes several new
interesting examples, e.g. the super Yang-Mills algebras introduced by M.
Movshev and A. Schwarz, which are not generalized Koszul or even multi-
Koszul for the previous definition given by the author and Rey in any natu-
ral manner. On the other hand, we provide an equivalent description of the
new definition in terms of the Tor (or Ext) groups, similar to the existing one
for homogeneous algebras, and we show that several of the typical homo-
logical computations performed for the generalized Koszul algebras are also
possible in this more general setting. In particular, we give a very explicit
description of the A.-algebra structure of the Yoneda algebra of a multi-
Koszul algebra, which has a similar pattern as for the case of generalized
Koszul algebras. We also show that a finitely generated multi-Koszul alge-
bra with a finite dimensional space of relations is a K> algebra in the sense
of T. Cassidy and B. Shelton.
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1 INTRODUCTION

Koszul algebras were introduced by S. Priddy in [31]], motivated by the arti-
cle [22]] of J.-L. Koszul. They seem to have a pervasive appearance in repre-
sentation theory (cf. [1l, [2]]), algebraic geometry (cf. [12]), quantum groups
(¢f. [27]), and combinatorics (cf. [16]), to mention a few. These algebras are
necessarily quadratic, ie. of the form T(V)/(R), with R C V®2. R. Berger
generalized in [3] the notion of Koszul algebras (cf. also [15]) for the case of
homogeneous algebras, i.e. algebras given by T'(V)/(R), with R C V@ 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 NV = 2 of the definition
introduced by Berger coincides with the one given by Priddy. The general def-
inition shares a lot of good properties with the one given by Priddy, justifying
the terminology (see for example [3//6])). 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 V > 3, etc.

Nevertheless, it is still a natural question to ask if there exists an analogous
definition for much general types of algebras, which satisfy some of the good
homological properties satisfied by generalized Koszul algebras. In fact, in the
recent paper [19], A. Rey and the author have considered an extension of the
generalized Koszul property, called multi-Koszul, to the case of finitely gener-
ated nonnegatively graded connected algebras generated in degree 1 and with
a finite dimensional space of relations, which coincides with the definition
given by Berger if the algebra is homogeneous. Even though the definition of
that article has several advantages, for it satisfied several homological prop-
erties as for the case of generalized Koszul algebras, it seemed to be a little ad
hoc, and also too restrictive, for it cannot be applied in much general contexts,
where the previous assumptions on the algebras do not hold (e.. if the alge-
bra is not generated in degree 1). In this article we proceed in a completely
different manner to get rid of the hypotheses stated before and to consider all
locally finite dimensional nonnegatively graded connected algebras. In fact,
our main goal is to provide a collection of algebras which have a very similar
homological behaviour to one of the generalized Koszul algebras, for which
the Yoneda algebra structure (and even the A.-algebra structure) is directly
deduced from that of the original algebra, in a similar fashion as the case of
generalized Koszul algebras (see Theorem ] Proposition 4] and Theorem
K.8). Moreover, the Yoneda algebra of a multi-Koszul algebra is in fact finitely
generated if the multi-Koszul algebra in question is finitely generated with a
finite dimensional space of relations (see Proposition 3.31)). Furthermore, our
construction of the multi-Koszul complex, and thus our definition of multi-
Koszul algebra, is independent of the (nonnegative) grading of the algebra,
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and it restricts to the notion introduced in [19] for the additional assumption
that the algebra is finitely generated in degree 1 and it has a finite dimensional
space of relations (see Proposition[3.20), which further implies that it coincides
with the definition given by Berger for homogeneous algebras, and thus with
the one given by Priddy for quadratic algebras. All these properties have pre-
cisely given shape to the definition, which in some sense consists of requiring
that the Tor (or Ext) groups should have an “optimal” behaviour and rela-
tions between them, in such a way that the standard homological techniques
of generalized Koszul algebras still hold. This is somehow the main result of
the present work and it gives a reason for this new definition, contrary to the
one given in [19]], which could have seemed to be somehow arbitrary.

We would like to point out that even tough this new definition could still seem
to be rather restrictive, it allows several interesting examples, for it includes
the super Yang-Mills algebras introduced by M. Movshev and A. Schwarz in
[28] and further studied by the author in [18], which were one of the main mo-
tivations for the present work (see Example[3.22). These algebras are not gen-
erated in degree 1, so they cannot be multi-Koszul in the sense defined in [19],
and in particular they cannot be generalized Koszul either. We also admit that
our definition is probably not the most general possible and reasonable ex-
tension of the Koszul property for all locally finite dimensional nonnegatively
graded connected algebras, but all the interesting properties mentioned in the
previous paragraph make us believe that any sensible such general definition
of Koszul-like algebra in this general context, if it exists, should necessarily in-
clude our definition as a special case. That is also one of the main reasons why
we have refrained from calling this new family of algebras Koszul.

The contents of the article are as follows. We start by recalling in SectionRlsev-
eral well-known definitions and results about the category of graded modules
over a locally finite dimensional 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. In order to simplify the exposi-
tion and unify the left and right sides, it seems useful to work directly with
the minimal projective resolution of the algebra A as an A-bimodule, and to
derive from it the minimal projective resolutions of the left or right trivial A-
module k. The definition requires however several preliminary results about
the spaces that will provide the generators of these minimal projective resolu-
tions, which are in given in Subsection[3.Iland in the beginning of Subsection
The first main result, Proposition (see also Proposition 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. Moreover, in
Subsection B4 we also provide several properties satisfied by these algebras,
and in particular we show that they are stable under free products (see Propo-
sition B.30) and they are K, algebras, in the sense defined by B. Cassidy and
T. Shelton in [10], if the algebras are further assumed to be finitely generated
with finite dimensional spaces of relations (see Proposition 3.37).

Finally, in Section@lwe provide an explicit description of the algebra structure,

DOCUMENTA MATHEMATICA 18 (2013) 1301-1347



1304 ESTANISLAO HERSCOVICH

and further of A, -algebra structure, of the Yoneda algebra of a multi-Koszul
algebra (see Theorem .} Proposition £.4] and Theorem [.8). In particular, if
the multi-Koszul algebra is finitely generated generated in degree 1 and with
a finite number of relations, this description coincides with the A..-algebra
structure of the Yoneda algebra derived from Prop. 3.21 in [19], as explained
in Rmk. 3.22, and from Rmk. 3.25 of the same article. The proofs we give here
in this more general setting are however completely different. The character-
ization of both structures given in the previous statements follows a similar
pattern to the one given for generalized Koszul algebras in [7], Prop. 3.1, and
[17], Thm. 6.5, which gives another indication that the homological behaviour
of the algebras satisfying this new definition is parallel to the one of general-
ized Koszul algebras.

Throughout this article £ will denote a field, and all vector spaces will be
over k. Since there are several (confusing) notations concerning the natural
numbers (whether they contain the zero or not), we denote by N the strictly
positive integers (as G. Peano himself defined), and by Ny the nonnegative
integers (as set theoretic definitions may suggest). If n € Ny, we will also
write by N, (resp. N,,,) the set of nonnegative integers strictly greater than n
(resp., greater than or equal to n). Moreover, V will always be a 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
Asg = EBn>0 A,,. The vector space spanned by a set of elements {v; : s € S}
for some index set S, will be denoted by span,, (v, : s € S) and the ideal I gen-
erated by a set of elements {a, : s € S} of an algebra A will be denoted
by (as : s € S). 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 v; ...v,. Finally, given two chain complexes (Cs,ds)ecz and (C,, d,)ecz
of modules over a ring, we say that both complexes coincide up to homological
degree m € Z if C,, = C}, and d,, = d}, for all n < m.

We would also like to thank the referee for a careful reading of this manuscript.

2 PRELIMINARIES ON MINIMAL RESOLUTIONS OF GRADED ALGEBRAS

In this section we shall recall some basic facts about the category of (bounded
below) graded modules over a nonnegatively graded connected algebra. We
refer to [9], Exp. 15, or [4] for all the proofs of the mentioned results. Even
though we impose the assumption that A is locally finite dimensional, most
of the results of this section hold without that hypothesis.

We recall that a graded vector space is a vector space W provided with a di-
rect sum decomposition of the form W = @®,czW,,. A nonzero element w in
Wi, is called homogeneous of degree m, and we will write |w| = m. A mor-
phism of graded vector spaces of degree d from W to W’ is just a linear map
[+ W — W’such that f(W,,) C W/ _, forall m € Z. If we omit the degree of
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the morphism it will be understood that d = 0. A bigraded (co)homological vector
space is a vector space W together with a direct sum decomposition given by
W = ®n,m)ez2Wn,m (resp., W = @, m)ez2W,). We may consider a graded
vector space W = @®,,czW,, as a (co)homological bigraded vector space con-
centrated in (co)homological degree 0, i.e. W,, ., = Wiy, (resp., W, = Wy,) if
n = 0, and W, ,, (resp., W) vanishes otherwise. Given a nonzero element
w € Wy (resp., w € W) we will say that it has (co)homological degree n
and Adams degree m (this terminology comes from algebraic topology, see for
instance [23], p. 38), or, simply, bidegree (n,m). The first will be usually de-
noted by deg(w), whereas the second one will be written as |w|. A morphism
of (co)homological bigraded vector spaces of (co)homological degree d and Adams de-
gree d’' (or bidegree (d,d")) from W to W' is just a linear map f : W — W’
such that f(Wy,m) € W), 4,0 forall n,m € Z. If we omit the degree of the
morphism it will be understood that d = d’ = 0. If we talk about the degree
of an element or a map, it is implicitly assumed that it is homogeneous. If
W = @n,m)ez2Wn,m is a homological bigraded vector space, it will be also
considered as a cohomological bigraded vector space where W = W_,, .,
for all n,m € Z, and vice versa. By abuse of notation we may thus say that
w € Wy, has cohomological degree —n.

If W is a graded vector space, we may consider the graded vector space
W#, called the graded dual, which has n-th homogeneous component (W_,,)*,
where (—)* denotes the usual dual vector space operation. We will also
consider the analogous graded dual construction (—)# in the category of
(co)homological bigraded vector spaces, where in that case W# has compo-
nent of (co)homological degree n and Adams degree m given by (W_,, _,,,)*
(resp., (WZ2)*). If f : W — W' is morphism of graded vector spaces of
degree d, we get another morphism f# of graded vector spaces of the same
degree whose restriction to (W’ ,)* is given by (f|lw_, )" If f: W — W'is
morphism of (co)homological bigraded vector spaces of (co)homological de-
gree d, define the morphism f# of (co)homological bigraded vector spaces
of the same (co)homological degree given by f#()\) = (—1)?deM )\ o f for
A homogeneous. Note that (g o f)# = f# o g# if f,g are morphisms of
graded vector spaces such that the composition makes sense, but (g o f)# =
(—1)deslf)degg # o g# for f, g morphisms of (co)homological bigraded vec-
tor spaces such that the composition makes sense. We will thus apply the
Koszul sign rule to the (co)homological degree but not to the Adams degree.
This means in particular that, if Wy,...,W,, are locally finite dimensional
(co)homological bigraded vector spaces, there is an isomorphism cy,

W@ - @W# - (W, ®--- @ W,)# of the form

W, (J1 @ @ fr) (w1 @ -+ @wn) = (=1)" fr(wi) ... fu(wn),
where s = ZZ:II deg(w;)(deg(fi+1)+...deg(fn)). However, if we refrain from
applying the Koszul sign rule to any degree whatsoever of a homological bi-

graded vector space, we will just call it bigraded vector space.
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From now on, A will always denote a nonnegatively graded connected algebra
with unit 1. We shall further assume that the underlying graded vector space
of A is locally finite dimensional, i.e. A = @,en, Ay, where dimy(4,,) < oo for
all n € Ny, and we shall follow the typical convention A,, = 0 for n < 0. This
means that there exists a locally finite dimensional positively graded vector
space V and a surjective morphism of graded algebras of the form 7 : T'(V) —
A,s0 A ~T(V)/I, where I C T(V) is a homogeneous ideal of T'(V'). Note
that for any graded vector space V the tensor algebra T(V) = @®nen, V)
is provided with two compatible gradings, other grading coming from the
previous direct sum decomposition, which we shall call special or tensor, and
whose N-th homogeneous component will be also denoted by T'(V)¥, and
another one coming from the grading on V, which we call usual and whose n-
th homogeneous components will be denoted by T'(V'),,. To avoid redundancy
we will always assume that the vector space V is canonically isomorphic to
Aso/(As0.Aso) (as graded vector spaces). In this case we further have that
I CT (V)22 =T(V)>0.T(V)>0. Let us denote by R a space of relations of A, i.e.
a graded vector subspace of I which is isomorphic to I /(T (V)so.I+I1.T(V)0)
under the canonical projection. It can be equivalently defined as a graded
vector subspace R C I satisfying that the ideal (R) of T'(V) generated by R
coincides with I and that

RN (T(V)so.RT(V)+T(V).RT(V)so) = 0. 2.1)

Notice that the Hilbert series of R is thus uniquely determined, and the same
holds for its first nonvanishing homogeneous component. We may thus sup-
pose that A = T(V))/(R), where R C T(V)=? is a graded vector subspace for
the usual grading. Note that the assumption that A is locally finite dimen-
sional implies that V' (hence T'(V)) is a locally finite dimensional nonnega-
tively graded vector space, and then R is also so.

A graded left (resp., right) A-module M = @, ., M, is a graded vector space
together with a left (resp., right) action of A on M such that A4,,M,, C M1,
(resp., M, Ay, C M,y,1r), and we shall sometimes refer to them simply as left
(resp., right) A-modules. Moreover, in the rest of the section we will mostly deal
with left modules, which may be thus called just modules (or graded modules),
even though all the considerations apply verbatim to right modules. We will
denote by A-grMod the abelian category of graded left A-modules, where the
morphisms are the A-linear maps preserving the grading. The space of mor-
phisms in this category between two graded left A-modules M and M’ will be
denoted by hom 4 (M, M"). This category is provided with a shift functor (—)[1]
defined by (M[1]),, = M,,+1, where the underlying left 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 graded
left A-module M is said to be left bounded, or also bounded below, if there exists
an integer no such that M,, = 0 for all n < ng. Notice that the graded left
A-modules which are left bounded form a full exact subcategory of A-grMod.
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Given graded left A-modules N and N’, we recall the following notation:

Homa(N,N') = @D homa(N, N'[d]).
d€Z

We remark that, if NV is finitely generated, then Hom 4 (N, N') = Hom4 (N, N'),
where the last morphism space is the usual one for left A-modules by forget-
ting the gradings (see [30], Cor. 2.4.4).

The following result is the graded version of the Nakayama Lemma.

LeEMMA 2.1. Let M be a left bounded graded left A-module. If k ®@ 4 M = 0, then
M =0.

Proof. See [4], Lemme 1.3 (see also [9]], Exp. 15, Prop. 6). O

The left A-module M is said to be graded-free if it is isomorphic to a direct sum
of shifs A[—I;] of A. We remark that a bounded below graded left 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 @ > 1 (or just ¢ = 1). This will follow from the
comments on projective covers.

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 of graded left (resp.,
right) A-modules. Suppose that M’ is left bounded and that f is surjective and essen-
tial. Then idy, @4 f (resp., f @ 4 idy,) is bijective. Moreover, if M is also left bounded,
the converse holds.

Proof. See [4], Lemme 1.5 (see also [9]], Exp. 15, Prop. 7). O

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 sur-
jective morphism. We remark that every left bounded graded left A-module
M has a projective cover, which is unique up to (noncanonical) isomorphism
(¢f. [9], Exp. 15, Thm. 2). Moreover, given M a bounded below left A-
module, a projective cover may be explicitly constructed as follows. Since
M # 0, the Nakayama lemma tells us that A//(Aso.M) ~ k ®4 M is a non-
trivial graded vector space. Consider a section s of the canonical projection
M — M/(Aso.M) ~ k ®4 M. Now, we define P = A ® (k @4 M) together
with the A-linear map f : P — M given by f(a ® v) = as(v), fora € A
and v € k ®4 M. Using the previous lemma one directly gets that (P, f) is a
projective cover of M.

Recall that a (graded) projective resolution (P, ds) of a graded left A-module
M is minimal if dy : Py — M is a projective cover (or equivalently, it is essen-
tial) and each of the maps P; — Ker(d,;_1) induced by d; is also essential, for
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all 7 € 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 left A-module has a minimal projec-
tive resolution (see [4], Thm. 1.11). If the left A-module M has a minimal
projective resolution (P,, d, ), given any other projective resolution (Q., d,) of
M there exists an isomorphism of (augmented) complexes Qo ~ P, @& H,,
where H, is acyclic (see [4], Prop. 2.2). Additionally, the minimality assump-
tion on the projective resolution implies that the differential of the induced
complex k @4 P, vanishes (see [9], Exp. 15, Prop. 10, or [4], Prop. 2.3), so if
(P,,ds) denotes such a minimal projective resolution, one also easily gets that
P, ~ A® Torf‘(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 left A-
module M having a minimal projective resolution, then the former is minimal
if and only if the induced differential of £ ® 4 Q4 Vanishes.

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

Ext'y(N,N") = H'(Homa(Ps,N")),

If the projective resolution of N is composed of finitely generated projective
left A-modules, there is a canonical identification Ext% (N, N') ~ Ext% (N, N').
Moreover, 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

Ext'y (M, k) ~ Torl (k, M)*, 2.2)

for all i € Ny (see [4], Eq. (2.15), but cf. also [9], Exp. 15, Prop. 2).
We recall the beginning of the minimal projective resolution of the trivial left
A-module k for any nonnegatively graded connected algebra A. The analo-
gous statements for the trivial right A-module k£ are immediate. We know that
it starts as

ARV 2 A%k — 0,

where §y is the augmentation of the algebra A, V' ~ A.q/(As¢.As¢) is the
vector space spanned by a minimal set of (homogeneous) generators of A in-
dicated before, and ¢ is the restriction of the product of A (see @1, Exp. 15,end
of Section 7). Furthermore, it is also well-known (and follows easily from the
definition) that Ker(d1) ~ I/(I.V) (as graded vector spaces), so there is an iso-
morphism of graded vector spaces k ®4 Ker(d1) ~ I/(T(V)so.I +I1.7(V)s0),
ie. we have an isomorphism of graded vector spaces k ®4 Ker(d;) ~ R
(see [13], Lemma 1, for complete expressions of the graded vector spaces
Torf(k, k) for ¢ € Ny, in terms of I and the irrelevant ideal T'(V)~). Hence,
A® R — Ker(d1) is a projective cover, and the beginning of the minimal pro-
jective resolution of the trivial A-module & is of the form

AR AoV 25 A %%k o,
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where §5 is induced by the usual map a®@wv; ... v, = avy ... v—1 @, (see [25]],
Lemme 1.2.11). Moreover, both left and right minimal projective resolutions of
k regarded as a left or right A-module respectively can be obtained from the
minimal projective resolution (P?,8%) of A as an A°-module easily. Indeed,
the minimal projective resolution of the trivial left (resp., right) A-module & is
given by P? @4 k (resp., k @4 P?). The fact that it is projective resolution of
the trivial left (resp., right) A-module k follows easily from the standard fact
(see for instance [7], Prop. 4.1), that, since the augmented complex P = A
is an exact and bounded below complex of projective right A-modules, it is
homotopically trivial as a complex of right A-modules, so P! ® 4 k — k is also
homotopically trivial, and thus exact. To prove the minimality claim we use
the fact we have already explained: a projective resolution (), of a bounded
below graded left (resp., right) module M over a locally finite dimensional
nonnegatively graded algebra B is minimal if and only if k¥ ®p Q. (resp.,
Qe @p k) has vanishing differential. Now, by the minimality of P, we get
that PP @4k = k@4 P’ @4k has vanishing differential, which further implies
that P, = P? ® 4 k is minimal. Moreover, it is easy to see that the beginning of
the minimal projective resolution of the A-bimodule A is given by

b b b
ASROA S AV oA L A A2 A0, 2.3)

where 6} is given by the multiplication of 4, 6} is determined by §% (a®v®a’) =
av ® a' — a ® va' and &} is the linear extension induced bya®uvi...v, ®@ad —
Z;=1 avy ... vj_1 Q@Uj @ Vj1 ... vpa.

3 MULTI-KOSZUL ALGEBRAS

3.1 AUXILIARY RESULTS ON SUBSPACES OF THE TENSOR ALGEBRA
We recall the following obvious property.

Fact 3.1. Let V,W be two graded vector subspaces of a graded vector space U =
®nezU,. Then, the intersection V- N W is also a graded vector subspace of U such
that (V OW),, =V, N W, forn € Z.

Let 1 denote the multiplication of the tensor algebra T'(V), and, for n > 2,
p™ o T(V)® — T(V) the (n — 1)-th iteration of y, ie. it is defined by
the recursive process given by p? = pand p*Y = po (idpy ® p@)
for i € Nsy. Note that (™) is surjective (if V is nontrivial) but not in-
jective for all n € Nx,. Given Wh,...,W,, vector subspaces of T(V'), we
shall denote by W, ...W,, the vector subspace of T'(V') given by the image
of the vector subspace Wi @ --- ® W, C T(V)®™ under the map p(™. If
Wy = =W, =W C T(V), we shall denote W, ...W,, by W) 1In the
next sections we will be particularly interested in the case where V is a lo-
cally finite dimensional graded vector space, the tensor algebra T'(V') has the
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induced grading, and Wy,...,W,, are considered to be graded vector sub-
spaces. Since the product of the tensor algebra is denoted by the ® symbol, it
is usual to denote this image also by W; ® - - - ® W, even though this prod-
uct differs in principle from the usual (external) tensor product of the vector
spaces Wi,...,W,, (eg. take Wi = span, (z,2%), and Wy = span,(z?, x3).
Then, the vector subspace W;.W of T'(V) has basis {z?, x*, 25}, whereas the
usual tensor product W; @ W has dimension 4). Even though this notation
is coherent in the sense that, given W,...,W,, vector subspaces of T'(V),
Wy ® --- ® W, denotes the vector subspace of T'(V') that consists of the el-
ements of T'(V) given by the sums of terms of the form wy ® - - - ® wy,, where
w; € W;, and the ® symbol indicates the product of the tensor algebra T'(V),
we shall usually not use it and prefer using Wi ... W, instead of W1 ®- - -@W,,
to avoid the already mentioned confusion and to emphasize the fact that we
are dealing with vector subspaces of T'(V'). However, we will allow us to de-
noteby W1 ® - - -®@ W,, the space W, ... W, in the particular case both of them
are (canonically) isomorphic as vector spaces (or as graded vector spaces if
the Wy, ..., W, are further assumed to be graded vector subspaces of T'(V),
where the grading of the tensor algebra comes from a grading of V), since in
this situation there is no ambiguity. This will be the case if W, ..., W,, are
tensor-intersection faithful, which is defined in the following paragraphs (see
Remark[3.5).

A word of caution should be stated here. Given W7, ..., W, vector subspaces
of T'(V') as before, and linear maps f; : W; — W/ for ¢ = 1,...,m, where W/
are arbitrary vector spaces, there may be no canonical manner to define a map
fiooifm Wi . Wy = W] ®--- @ W/, since an element of W ... W,,, could
be written inside 7'(V') in inequivalent manners (see however Corollary B.9).
Let U C T(V) be a vector subspace of the tensor algebra on a vector space
V. We say that U is left tensor-intersection faithful (resp., right tensor-intersection
faithful) if (UW1) N (UW3) = U.(Wy N Ws) (resp., (W1.U) N (Wo.U) = (Wi N
W3).U) for all vector subspaces Wy, Wy C T'(V'). Moreover, U is said to be
tensor-intersection faithful if it is left and right tensor-intersection faithful.

We have the following simple characterization of tensor-intersection faithful-
ness, that we will use extensively in the sequel. We suspect that it is well-
known among the experts but we were unable to find any reference whatso-
ever. In fact, all of the following results seem very natural to us, but we give a
detailed proof of them for convenience.

PROPOSITION 3.2. Let U C T'(V') be a vector subspace of the tensor algebra. Then,
the following conditions are equivalent:

(i) U is left (resp., right) tensor-intersection faithful.
(ii) UN(U.T(V)so) =0(resp., U N (T'(V)>0.U) = 0).

(ii1) Given I a finite set of indices, a linearly independent family {u; : i € I} C U,
and arbitrary elements w; € T(V) fori € I, if Y7, ui @w; (resp., Yoy wi @
u;) vanishes, then w; = 0 forall i € I.
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Proof. The implication (i) = (i) is clear. Indeed, it easily follows by consider-
ing Wi = kand Wo =T(V)xo.

We will now prove the implication (i) = (4i7). We shall only consider the
case corresponding to the assumption U N (U.T(V)~¢) = 0, because the other
case is analogous. Let {vs}scs be a basis of V. Given n € Ny, we will denote

by 5 = (s1,...,5,) a typical element of S™. Let us write
Wi = Z Z Cin,sVUsy -+ -VUsy,
neNy seS™

where ¢; s € k, such that the sum is of finite support, i.e. fixed i € I, the
coefficients ¢; ,, s are almost all zero. We have to prove that they are in fact
all zero. Let us suppose that this is not the case, and consider n, the first
nonnegative integer satisfying that there exists ig € I and 59 € 5™ such that

Cig.no.50 7 0. We will write 59 = (s0,1,- - -, S0.ny)- On the one hand, we write
E U; X w; = E E E Cin,s Ui @ Vsy + .. Vs,
il i€l neNg s€S™

§ § § Cin,s Ui @ Vs - .. Vs,

n€Ng s€S” i€l

g E Eci,mgui@z)sl...vsn.

n>ng s€ES™ i€l

Since this sum vanishes, by the definition of the tensor algebra we also have
that the sum

E § E Cin+ng,(5,50) Wi & Vs - - Vs Usg1 + -+ Uso,ng

n€Ng seSn™ iel

vanishes, where (3, 59) denotes the (n + ng)-tuple (s1,...,8n,50,1,-- - 50,n0)-

Thus,
Z Z Z Cin+no,(5,50) Wi & Vgy - -V, = 0.

neNg sesSn iel

W>0 = E E E Ci,ntno,(5,50) Wi @ Vsy «+ - Vs, s

neNseS™ iel

Define

SO

E E E Ci,n+no,(5,50) Wi @ Vs, .. Vs, = ( g Ci,ng,50 Uz) +wso =0.

n€ENg s€S™ i€l el

Thus, the sum ), ¢i ng.5, ui belongs to U and to U.T'(V')~o, so it vanishes.
Now, since the {u;};c; form a linearly independent set, we get that ¢; ,,.5, = 0
for all 7 € I. This is a contradiction, by the assumption that c¢;; n,,5, # 0.
Hence, all the coefficients c; 5, s vanish, which proves that the corresponding
statement of item (47i) holds.
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Let us now prove the implication (¢ii) = (). As before, we shall only prove
the implication for the left side conditions, for the other case is analogous.
We assume thus that U satisfies that, given I a finite set of indices, a linearly
independent family {u; : i € I} C U, and arbitrary elements w; € T'(V) for
i€ I,if ), ;u; ® w; vanishes, then w; = 0 for all i € I. We will prove that
in this case (UW) N (UW') = U.(W N W’). Note that (UW) N (UW’') D
U.(W n W’) is always true by obvious reasons. We shall prove the reverse
inclusion. Consider a element w € (U.W) N (U.W'), and fix a basis {us}scs of
U. Then, there exists two finite subsets S1, .52 C S, and elements w, € W for
s € Syand wg € W' fors € Sy, suchthatw =) g us@ws = g, us @ wj.
Setting ws = 0if s € S\ Sy, and w), = 0if s € 5\ Sz, we may write w =
Doseg s DWs = Y o Us @ W, 80 Y gus @ (ws — wg) = 0. The assumption
implies that w, = w/) forall s € S, so ws, € W N W’ forall s € S. Hence,
w € U.(W N W), which proves the assertion. The proposition is thus proved.
]

EXAMPLE 3.3. The previous proposition immediately implies that V is a tensor-
intersection faithful vector subspace of the tensor algebra T'(V'). Furthermore, it also
tells us that a graded vector subspace R C T'(V') of the tensor algebra on a positively
graded vector space V satisfying condition @.I) (e.g. a space of relations R of an
algebra T'(V') /1) is tensor-intersection faithful.

REMARK 3.4. Note that if U C T(V) satisfies that U N (U.T(V)s0) = 0 (resp.,
UN(T(V)so.U) = 0), then any vector subspace U’ of U trivially satisfies the same
condition. The proposition tells us thus that any vector subspace of a left (resp., right)
tensor-intersection faithful space is also left (vesp., right) tensor-intersection faithful.
Moreover, it is clear that the product U, .Us of two left (resp., right) tensor-intersection
faithful vector subspaces U; C T'(V) for i = 1,2, satisfies the same condition. By the
previous example we see that V) (for i € N) is a tensor-intersection faithful vector
subspace of the tensor algebra T (V).

REMARK 3.5. The previous proposition immediately implies that if U C T'(V) is a
left (vesp., right) tensor-intersection faithful space, and W C T'(V') is another sub-
space, then UW (resp., W.U) is canonically isomorphic to the external tensor product
U®W (resp., W @ U).

In exactly the same manner as in the proof of the implication (iii) = (i) of
Proposition B2lwe may argue to prove the following result.

COROLLARY 3.6. Let V be a vector space, and T'(V') the tensor algebra. Let us
consider two vector subspaces U' C U C T(V') such that U is left (resp., right)
tensor-intersection faithful. Then, given any two vector subspaces W' C W C T'(V),
we have that

U W)N(UW') =U'" W (resp., (WU') 0 (W'.U) = W'.U"),

as vector subspaces of T (V).
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Proof. We shall only prove the implication for the left side conditions, for the
other case is analogous. Since U is left tensor-intersection faithful, the previ-
ous proposition tells us that, given I a finite set of indices, a linearly indepen-
dent family {u; : i € I} C U, and arbitrary elements w; € T'(V) for i € I, if
> icr Ui ® w; vanishes, then w; = 0 for all i € I. We recall that, by the pre-
vious Remark, U’ satisfies the same property. We will prove that in this case
U w)ynUw’)=u.w'.

Note that (U".W) N (UW') D U'.W' is always true by obvious reasons. We
shall prove the reverse inclusion. Consider a element w € (U".W) N (U.W’),
and fix a basis {u;}scs of U. We furthermore assume that there exists a subset
S’ C S such that {uy }s s/ is a basis of U’. Then, there exists two families of
almost all zero elements ws € W' for s € S and w!, € W for s’ € S’, such that
W=D cgls @Ws = Y g Uy @w,,. Setting w, = 0if s € §\ 5, we may
write w = ) qUs @Ws = Y cqUs D W, 80 ) gus @ (ws —w),) = 0. The
assumption now implies that ws = w), for all s € S. Hence, w € U’'.W', which
proves the assertion. O

We have the following interesting corollaries of the previous proposition, the
first one of these being a direct consequence of the implication (i) = (iii).

COROLLARY 3.7. Let V be a vector space, and T'(V') the tensor algebra. Let us
consider a left (vesp., right) tensor-intersection faithful vector subspace U C T'(V'). If
{Ui}ier is an arbitrary family of independent vector subspaces of U, then the family of
vector subspaces of the tensor algebra given by {U;. T (V) }icr (resp., {T(V).U; }ier)
is also independent.

COROLLARY 3.8. Let V be a vector space, and T'(V') the tensor algebra. Let us
consider a left (vesp., right) tensor-intersection faithful vector subspace U C T'(V'). If
{Wi }ier is an arbitrary family of independent vector subspaces of T'(V'), then the fam-
ily of vector subspaces of the tensor algebra given by {U. W, }icr (resp., {W;.U }icr)
is also independent.

Proof. We shall prove the statement for the left tensor-intersection faithfulness
assumption on U, for the right case is completely parallel. Let w; € W; and
u; € U be collections of almost all zero elements such that ), ; u; ® w; van-
ishes. We have to prove that each term of the sum vanishes. Without loss of
generality we may assume that [ is in fact finite, and that w; is nonvanishing
foralli € I. Let {us}scs be a basis of U, and write u; = > _q csilis, where
csi € k. We then have that

Zui@)wi :chsiﬂs ®wi:2ﬂs®(zcsiwi)-

el i€l seS seS el

seS

Since U is left tensor-intersection faithful, we have that Zie ; Csiw; vanishes
for all s € S. Taking into account that the family {W;},c is independent we
get that c;w; = 0 forall s € S and 7 € I, which yields that ¢,; = 0 for all
s € Sand i € I, for the elements w; are nonzero for all i € I. So, u; = 0 for all
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i € I, which in turn implies that u; ® w; vanishes for all ¢ € I, which was to be
shown. The corollary is thus proved. O

Finally, we state the last consequence of Proposition 3.2}

COROLLARY 3.9. Let V be a vector space, T(V') the tensor algebra, U C T'(V') a
left (resp., right) tensor-intersection faithful vector subspace, and W C T'(V'). Given
arbitrary vector spaces U' and W', and linear maps f : U — U'and g : W — W',
then the linear map f @ g : UW — U' @ W' (resp., g @ f : WU — W @ U’)
given by the usual expression (f ® g)(>,ui @ wi) = >, f(ui) @ g(w;) (resp.,
(9@ O, wi ®ui) =, g(wi) ® f(u;)), whereu; € U, w; € W, and I is a finite
set of indices, is well-defined, where as usual U.W (resp., W.U) denotes the product of
U and W inside T (V'), whereas U' @ W' (resp., W' @ U’) denotes the usual (external)
tensor product.

Proof. We shall prove the corollary under the left tensor-intersection faithful-
ness assumption on U, because the right case is analogous. Letw € U.W be
given in two different manners by the sum } ., u; ® wj, where u E U and
w; € W, and [ is a finite set of indices, and by the sum Z ey U ®w, where
u” € U and wg’ G W, and J is another finite set of indices. We have to prove
that doier fwg) ® g(wp) = > ,c; f(u}) ® g(w}), as elements of the usual ten-
sor product U’ W’. Fix a basis {ué}ées of U, and write u} = ZSGS chus and

uj =3 ,c5Csius foralli € I'and j € J, respectively, where ¢! € k. Then,

w*Zu ®w *Zu5®(2061 1),

51 sg

i€l sES el
and
_ " 7
w=) uj®uf =) u.® (chz a)
JjeJ seS jeJ

Since U is a left tensor-intersection faithful vector subspace of the tensor alge-

bra, we have that
D i =",

el jeJ

for all s € S. Let us denote this element wy.
In particular, we have that

S fh) @ glul) = 33 dafwe) @ g(w) = Y flus) @ (Y chuglu))

el i€l seS seS el
=D flue) @ glws) = 3 flus) @ (chg )
seS seS jeJ
- S o) = X0 )
jeJ seS jeJ
which was to be shown. O
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REMARK 3.10. Under the assumptions of the previous corollary, Remark B3 tells us
that U.W is canonically isomorphic to U @ W (resp., W.U is canonically isomorphic
to W @ U). Thus, the map f ® g (resp., g ® f) given in the corollary is given by the
usual (external) tensor product of maps, which also justifies the tensor notation used.

3.2 THE DEFINITION OF MULTI-KOSZUL ALGEBRAS

Given i € Ny let us consider the family {n?_ V(). RO VIV=1} vy, of graded
vector subspaces of T'(V). If i = 0, the previous family coincides with
{V(N )} NeN,, Which is trivially seen to be independent. Moreover, if i € N,
we claim that this family is also independent. Indeed, this follows from the
fact that the family {V(V). R}y ey, of graded vector subspaces of T(V) is
independent by Corollary and the N-th member of the former family is
a vector subspace of the N-th member of the latter family. Note furthermore
that any family of vector subspaces of the previous ones is thus independent.
Set the graded vector subspace of 7'(V) given by the direct sum

N
T=Ep ([\VV.RO. VD), (3.1)

NeNg  j=0

We may thus consider ‘" = ® yen, TV, where ‘TN = ﬂjV:OV(j).R("').V(N_j),
provided with another grading given by the index N of the previous direct
sum. Since each ‘T is a graded vector space for the grading coming from
the grading on V, ‘T is in fact a bigraded vector space. We shall refer the
grading of T’ coming from the grading on V' as usual if more indications are
necessary, even though we shall call it in general the grading of ‘T, without
further specifications. On the other hand, we will refer to the new grading
given by (B) as special. Note that °T" = T(V), and that the usual and special
gradings coincide in this case.

Given N € N, we recall that a partition n of N is a sequence of nonnegative
integers n = (n;)ien € N(()N) of finite support (i.e. n; = 0 for all but a finite
number of indices i € N) such that } ,_n; = N. The length of the partition
n is defined as the greatest positive integer | € N such that n; # 0, and it is
denoted by /(7). We will denote by Par;(N) the set of partitions of N of length
less than or equal to [, and we will write the set Pary (V) simply by Par(N). If
N =0, we set Par(0) = 0.

Finally, we will define the family {J; };cn, of graded vector subspaces of T'(V)
recursively as follows. We set Jy = k. We shall first define the spaces indexed
by even integers. Suppose we have defined Jy, Js, ... Jo; for some i € Ny.
Then, we set

Jogiv1) =

- ( Z ( ﬂ V(ml)'JQTH s V(mi)-J?ni-V(mHl))) NROTY, (3.2)

NEN 7 € Par(d)
m € Pariq1(N)
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On the other hand, we define
Jait1 = (Vidai) N (J2.V), (3.3)

Notice that J; =V, Jo = Rand J3 = (V.R)N(R.V') as graded vector subspaces
of T'(V'). On the other hand, note that by construction we have that J»; C R
for all j € Ny, and thus Jo;+1 C (V.RYW) N (RY.V), also for j € N.
Furthermore, we claim that the sum appearing in the definition 3.2) of Jo; 2
is in fact direct. In order to prove so, note that

(N VU id, . VO gy, Vi)
n € Par(7)
m € Par;y1(N)

is trivially included in

N
(VT VY,
=0

as one sees just by considering partitions 7 € Pary(z). It suffices to prove
that the family given by these graded vector subspaces of T'(V') for N € N, is
independent. But, since Jo; C R(), we see that ﬂl]io VO Jo V=D CiTN for
all N € N, we conclude that the sum appearing in (3.2) is in fact direct, so

Jagiv1) =
- (@ (N v ..V<mi>.J2m.V<"“+1>)) NROTY. (34)

NeN n € Par(7)
m € Pari+1(N)

Note that the direct summand appearing in the sum of the first term of the
intersection of the right member and corresponding to N = 1 is included in
(V.Joi) N (J2;.V'), which coincides with J2;11 by (B3).

Moreover, we claim that

Jogitr1) =

:( N V(ml)-Jznl...V(mi).ng.V(m*“)))ﬂR(i“). (3.5)

NEN>, n € Par(i)
M € Paris1 (N)

The inclusion of the right member inside the left one is clear, so we only need
to prove the reverse inclusion. Let w € J5(;41). By B-4), we have that w = w +
wa, where w; € Jy; 41, and wy belongs to the first term of the intersection of the
right member of (3.5). We have to prove thatw; vanishes. Since J2;11 C V.R®W,
we get that w; € V.R(. Analogously, since

N VO, .. V), Ve
n € Par(7)

m € Par;y1(N)
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is trivially included in

N
n VO Joy VN=D C y(N) R
1=0

we have that wy € T(V)22.R("). We also have that w ¢ R(*+D C R.R® C
T(V)ZQ.R(i). Hence, wi = w — ws should be an element of the intersection of
V.R® and T(V)22.R®), which is trivial by Proposition B2 so w; = 0, which
was to be shown.

The inclusions Jo; € RY), and Jo;11 € (V.RY) N (RY).V), together with
Example[3.3land Remark[3.4] imply the following useful result.

LEMMA 3.11. Let {J;}ien, be the collection of graded vector subspaces of T'(V)
defined by Jo = k and the recursive identities 3.2) and 8.3). Foralli € Ny, J; is a
tensor-intersection faithful vector subspace of T'(V').

Given j € N, let us consider the family of graded vector subspaces
(AN VO o VIN=DY ye, of the tensor algebra T(V). Since the N-th
member of this family is trivially included in RY).V(N+1  and the family
{RW V(N+DY \cy, is independent by Corollary B8] the former family is in-
dependent. We define thus

N
IT= P ([(VV T4V, (3.6)
NeNg 1=0

which is considered as a bigraded vector space, where the first grading, which
will be called usual, comes from that of V/, and the second one, called special,
comes from the direct sum decomposition of the definition. Note that 7" =
S(T(V)so) and 'T = S(*T>°) as bigraded vector spaces, where S is the shift
functor for the special grading, i.e. S(E)Y = ENT!. Furthermore, by 34) we
have that Jo; €77 forall j € N.

We have the following simple result.

LEMMA 3.12. Let {J;}ien, be the collection of graded vector subspaces of T'(V)
defined by Jo = k and the recursive identities 8.2) and B3). For all i € N>», we
have the inclusion

J; C (R.Ji_g) N (JZ_QR)

Proof. The inclusion of the statement is equivalent to the two inclusions
Ji - R.Jifg, and Jz - Ji,Q.R.

We shall only prove the second one, for the other is completely analogous. Let
us first suppose that i is even. In this case, we trivially see from definition (3.2)
that ,

Ji € (Jima T(V)s0) N R,
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by only considering the partitions of length 1. On the other hand, since J;_» C
R(=2)/2) CorollaryB.6land Lemma BTl yield that

i—2

Ji € (Jiea.T(V)so) N (R( 2 ).R) C J;_».R.

If i is odd, from (38.2) and (B3) we easily show that

i—3

Ji € (Jiee.T(V)s0) N (V.RVZ ) R).

Using that J;_» C V.R(5?), Corollary 3.6l and Lemma B.IT] we see that .J; C
Ji—2.R, which was to be shown. The lemma is thus proved. O

Moreover, the previous lemma can also be strengthen in the next form.

COROLLARY 3.13. Let {J;}ien, be the collection of graded vector subspaces of T'(V)
defined by Jo = k and the recursive identities 8.2) and (B3). Then, for all i € Ny
and j > i except if i is odd and j is even, we have the inclusion

Ji C (Jj—idi) N (JiJj—s).
On the other hand, if i € N is odd and j > i is even, we have the contention
J; C(T(V).Jj—idi) N (Jj=i T (V). Ji) N (Jj—. Ji. T(V)),
and also the same inclusion for ¢ and j — i interchanged.

Proof. We note that the condition for the first inclusion means that either ¢ €
Ny is even and j > i is arbitrary, or both i € Nand j > ¢ are odd.

Let us prove the first inclusion of the statement for ¢ € Ny evenand j > i. If i =
0, the inclusion is obvious, so we will assume that i > 2. We shall only show
the contention .J; C J;_;.J;, for the other is analogous. By the previous lemma
we have that J; C J;_;.R(/?). We shall analyse two cases. If j is also even,
then Lemma[B.12lalso shows that J; € R(U~9/2)_J; which in turn implies that
Jj C Jj_i.Ji, by Corollary If j is odd, then J; C V.J;_; by definition, and,
since j — 1 is even, LemmaB12tells us that J;_; C R(U~i=1/2)_J, Therefore,
J; € V.RW==1/2) J._ Corollary B.@lnow gives the desired contention in the
case that j is odd.

Let us now proceed to prove the first inclusion of the statement for ; € N odd
and j > ¢ also odd, which is the remaining case. We note however that this
case follows from the previously analysed case when i € Nis evenand j > i
is arbitrary, by interchanging ¢ with j — i.

Let us now consider the second inclusion of the statement, which has the as-
sumption that i € Nis odd and j > i is even. In this case, we will first show
the contention J; C T(V).J;_;.J;. By BD) we see that J; C T(V).J;_1.V.
Since i — 1 is even, the previous lemma tells us that J;_; C J;_;.R((=1)/2)),
so J; C T(V).J;—;.R=Y/2) V. On the other hand, it is trivial to see from
the definitions (3.2) and (B3) that J; C T'(V).J;. Now, using the inclusions
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Ji € RUD/2DV and T(V).J;—; € T(V), together with Corollary 3.6, we
conclude that J; C T(V).J;—;.J;, which was to be shown. The inclusion
J; C Jj—;.J;. T (V) is proved in an analogous manner.

Finally, we shall prove the inclusion J; C J;_;.T(V).J;, under the assumption
that i € Nis odd and j > i is even. The definitions (3.2) and (3.3) tell us that
J; C(T(V).J;) N RY/?), and the latter is obviously included in

(T(V).J;)N (R((j—i—l)/Q).V.T(V).V.R((i—l)/Q)).

In the same manner, we have the inclusion J; C (J;_;.T(V)) N RU/?), and the
latter is obviously included in

(J;—. T(V)) N (RU==D/2) yp(v). V.R=D/2),

By Corollarywe get the desired contention. The corollary is thus proved.
O

In order to handle the elements of the graded vector spaces J; we will use
the following notation. Let us suppose that Wi,..., W, are graded vector
subspaces of T'(V)~¢. An elementw € Wi..... Wy, € T(V)so can be written
as a finite sum

Zw(1)|w(2)| s |w(m—1)|w(m)a

(w)
where the elements w;) € W; for i = 1,...,m. If the vector subspaces
Wio..,W;, of T(V)so for 1 < ji < --- < ji < m, coincide with the graded
vector subspace V' C T'(V)-o, we shall typically denote this by writing a bar
over each of the factors w;,),...,w(;). Moreover, we shall usually omit the
sum, which will be implicitly assumed.
Let j € Ny. By 3.3), we see that, if w € J5;41, then we may write it either in
the form w = W(1)|w(e) or in the form w = w(y)|w(2), where the sum is implicit
as explained before. We may thus consider the elements (7 ® id,,)(w) ® 1
and 1 ® (idy,, ® 7m)(w) in A ® Jo; ® A, where 7 : T(V) — A denotes the
canonical projection. They may be written as 7(w (1)) |w (2|1 and 1|w|7(©02)),
respectively. Note that these elements are uniquely defined by Corollary 3.9
We then get the map Jy;11 — A® Jp; ® A given by

w = (W0 w2y |1 — Hw (@),
which we may also simply write as
w @(1)|w(2)|1 — 1|w(1)|a}(2),

using the obvious identification of V inside A. We shall denote by 65, :
A® Joit1 ®A— A® Jy; ® A, the A®-linear extension of the former. Note that
it is a morphism of graded A-bimodules. Moreover, notice that the morphism
6% given before coincides with the corresponding differential (denoted in the

same way) given in (2.3).
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On the other hand, for j € N, we consider a map /~'T — A ® Joj 1 @ A of
graded vector spaces given by the sum of the maps 7 'TV — A® Jy; 1 ® A of
graded vector spaces for all N € Ny, which we now define. Given w € 7-1TV,
then for all 0 <1 < N, we may write it in the form w = wf,; |w{,|w(s), Where

wiyy € VW, wly) € Jajo1 and wiy) € VINTD, where the sum is explicit as

explained before. For each 0 <! < N we may thus consider the element
(Tr‘v(l) ® idJ2J'71 ® 7T|V(N—l) )(W) = W(Wél))|W€2)|7T(UJ€3))7

in A® Jy;_1 ® A. Again, note that these elements are uniquely defined by
Corollary3.9] We have thus obtained a map

T 5 A® Jy 1 ® A
of graded vector spaces formed by the sum of the maps
ITITN 5 AR Jy 1 @ A
given by

w

M=

F(Wé1))|wéz) |7T(Wé3))-
1=0

The inclusion Jo; C 7~!T of graded vector spaces in turn induces a map of
graded vector spaces

J2j — A®J2j71 ®A

We shall denote by 53]- AR Jy @A = A® Joj—1 ® A, the A®-linear extension
of the former. Note that it is a morphism of graded A-bimodules. Note that
AR J,® A - A® J; ® A coincides with the one given by the same name
in @.3).

We have thus defined a collection of graded A-bimodules {K;_r(A), =
A ® J; ® A}ien, provided with morphisms of graded A-bimodules &¢ :
KL—R(A)'L' — KL—R(A)i—l fori e N.

PROPOSITION 3.14. Let A be a locally finite dimensional nonnegatively graded al-
gebra, and let {J; }ien, be the collection of graded vector subspaces of T(V') defined
by Jo = k and the recursive identities (3.2) and B3). We consider the collection
{Kr_-r(A);i = A® J; ® A}ien, of graded A-bimodules provided with morphisms of
graded A-bimodules 6° : Kj,_g(A); — Ki_gr(A)i_1 for i € N, which were defined
in the three previous paragraphs. It gives in fact a complex of graded A-bimodules,
ie 07 ,00%=0fori € Nxa.

Proof. We have thus to prove that §°_; o 6 = 0 for i € N>». By the exactness
of the complex (2.3), we get that the previous equality holds for i = 2. Let us
suppose that i > 3. We first suppose that ¢ is odd, and we further assume that
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w € Jiis givenby w = Yy, @V = Y yey, @', where w € V.0-3/2TN,
w'N € (=3)/2TN V, and both sums have finite support. Then

(871 087)(Uwll) = 671 ( Y w(@ff))leisn1 — o n(@{)

NeNg
= Z W1)5z 1! ) 5i (W(]1V))7£Ag
NeNy
N
NI
Z Z <2> <3> Im(w W)
NeENy =0
N
Nl Nl N,
-2 Z () ey (i) Do
NeNg

By a direct telescopic cancellation, the last member coincides with

N N,N N,0 N0\ - N
Y oyl 1= D e Ir(wiod),
NeNg NeNy

where we have set without loss of generality that w(ZX’)N = 1and wﬁ\;’o =1

The sum vanishes, for Lemma[3.12]tells us that
w= Z w(l\lf) NN|wNN € R.J;i-
NeNg

/NO INO-N
w = E Wiy |w 4)€JZ 2.R.
NeNg

On the other hand, let i be even and and let w € J; be of the form w =
> NeN, w™, where w™ € (i=2/2TN and the sum has finite support. We have

that

N
(04 o) (Alwl1) = 874 (3 3wl el (@)

NENO 1=0
_ b N,l N,
= > Z w1 (Wi (i)
NeNg =0
N
=2 2 e ) i)
NeENy =0
N
_ Z Zﬂ_(wN,l)|wN,l|wN,l7T(wN,l)
(1) 717(2) 7(3) (4)/°
NeENg =0

A telescopic cancellation tells us that the last member coincides with

N,N N,0
Y i@ W 11— Y e e m(wi),

NeNg N €Ny
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where we have set without loss of generality that wa’)N =1land wﬁ’)o = 1. The
previous sum vanishes, since Lemma [3.12limplies that

N,N_N,N| N,N
W= Z W) @) |w(3) € R.J;,_o,

NeNg
_ N,0|—-N,0 N0 _ 7
w = Z wio) |w(3) W) € Ji_o.R.
NeNg
This proves the proposition. O

By the previous statement (K _r(A)e,6%) is a complex of graded A-
bimodules. It can also be regarded as an augmented complex &}
K1—r(A)e — Awhere 6} is given by the multiplication of A, as in (2.3). Hence,
the augmented complex K1 r(A)e coincides with the minimal projective res-
olution of A as an A-bimodule up to homological degree 2. It will be called
the multi-Koszul bimodule complex of A.

We also define the (augmented) complex (K(A)s,ds) (resp., (K (A),,d,)) of
graded free left (resp., right) A-modules given by (K g(A)e ®4 k, 5 ® 4 idy)
(resp., (k @4 K1—pr(A)e,idr ®a4 6%)), which will be called the left (resp., right)
multi-Koszul complex of A. We note that in either case the differentials are A-
linear maps preserving the degree. We also remark that the left (resp., right)
multi-Koszul complex of A coincides with the minimal projective resolution
of the left (resp., right) module % seen at the beginning of this section up to
homological degree 2.

DEFINITION 3.15. Let A be a locally finite dimensional nonnegatively graded con-
nected algebra. We say that A is left (resp., right) multi-Koszul if the (augmented)
left (vesp., right) multi-Koszul complex of A defined in the previous paragraphs pro-
vides a resolution of the trivial left (resp., right) A-module k, and in this case it is
called the left (resp., right) multi-Koszul resolution for A.

REMARK 3.16. If A is left (resp., right) multi-Koszul, then the (augmented) left
(resp., right) multi-Koszul complex of A is in fact a minimal projective resolution of
the trivial left (resp., right) A-module k. Indeed, the left (vesp., right) multi-Koszul
resolution for A is minimal, by the comments in the antepenultimate paragraph of Sec-
tion[2] because the induced differential of the complex k@ A K (A)e (resp., K(A),®@ ak)
vanishes, due to 3.3) and BR). It is also straightforward to see that an algebra is left
(resp., right) multi-Koszul if and only if its left (resp., right) multi-Koszul complex
defined above is acyclic in positive homological degrees.

We have the following natural result, following the lines of [7], Thm. 4.4.

PROPOSITION 3.17. Let A be a locally finite dimensional nonnegatively graded con-
nected algebra. The following statements are equivalent:

(i) Ais left multi-Koszul.

(ii) The augmented multi-Koszul bimodule complex 6% : K p(A)e — A is exact.
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(iii) A is right multi-Koszul.

Proof. We shall prove the equivalence of (7) and (i7), the equivalence between
(1) and (iii) being analogous. Suppose that A is left multi-Koszul. Apply-
ing the functor (—) ®4 k to the augmented multi-Koszul bimodule complex,
we obtain the (augmented) complex (K (A),ds), which is exact when A is
left multi-Koszul. Since the A-bimodules K,_pr(A); are graded-free and left
bounded for all i € Ny, [7], Prop. 4.1, (or [4], Lemme 1.6) implies that the
augmented complex 6% : K1_p(A)e — Ais exact.

Assume now that the complex K7 _r(A)e is exact in positive degrees. Since
88+ Ki—r(A)e — Ais exact, it is a projective resolution of A in the category of
graded left bounded right A-modules. Since A is a projective right A-module,
the complex 6§ : K;_r(A)e — A is homotopically trivial as a complex of
objects of graded right A-modules. Therefore, its image under the functor
(=) ®a 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
homological degrees, so A is left multi-Koszul. O

By the previous results, we shall usually simply say that an algebra A is multi-
Koszul, unless we want to emphasize the use of the corresponding complexes.

REMARK 3.18. Suppose that A is left multi-Koszul. Since there is an obvious iso-
morphism of complexes of the form k @ ae K_r(A)e ~ k ®4 K(A),, having in fact
vanishing differential, the comments in the antepenultimate paragraph of Section
tell us that the complex (K1, gr(A)e,0t) is a minimal projective resolution of A in
the category of graded A-bimodules.

REMARK 3.19. Let A = T(V)/(R) be a locally finite dimensional nonnegatively
graded connected algebra. Let us we consider a different positive grading on V' such
that R also remains a graded vector subspace of T(V)=2 for the new grading on
V (e.g. we double the grading of V). Since the condition @) defining a space of
relations is also independent of the grading, we see that R is still a space of relations
for the algebra A provided with the new grading. This in turn implies that the multi-
Koszul complex of A is grading independent. In particular, A is multi-Koszul
for the former grading if and only if it is multi-Koszul for the new grading, which
we may roughly reformulate as stating that the multi-Koszul property introduced in
Definition [3.IDlis also grading independent.

Before proceeding further we would like to state some comments on the pre-
vious definition. As it may have been noticed, we have used the same termi-
nology (i.e. left or right multi-Koszul) as the one introduced in [19], Def. 3.1
and Rmk. 3.3, where the nonnegatively graded connected algebras were fur-
ther assumed to be finitely generated in degree one and with a finite number
of relations. We claim that the new definition introduced here coincides with
the one considered in [19] if the algebras satisfy the assumptions of the latter
article.

DOCUMENTA MATHEMATICA 18 (2013) 1301-1347



1324 ESTANISLAO HERSCOVICH

In order to do so, we shall use the following little variation of the notation
used in [19], Def. 3.1. Suppose for the moment that A = T(V)/(R), where V
is a finite dimensional vector space considered to be concentrated in degree 1,
and R = @sesRs C T(V)>2 for S C N>y, is a finite dimensional graded vector
space. For each s € N>, we recall that the map n; : Ny — Ny is given by

ns(2j) = sj, ns(2j+1)=sj+1
If s € S, we will denote

ns(i)—s
IS = ﬂ VO R, Vs )=s=D)
1=0

fori > 2,and jf =V fori = 0, 1. Moreover, we define

Ji =PI,
ses
ifi>2and J; =V® ifi=0,1. )
The differential of the left multi-Koszul complex (A ® Js)ecn, introduced in
[19], Def. 3.1, will be denoted by d,.

ProrosiTioN 3.20. Let A be a nonnegatively graded connected algebras, which is
further assumed to be finitely generated in degree one and with a finite number of re-
lations, i.e. A = T(V)/(R), whereV is a finite dimensional vector space considered
to be concentrated in degree 1, and R = @scsRs C T(V)>2 for S C Nsg, isa
finite dimensional graded vector space. Then, the left (resp., right) multi-Koszul com-
plex in the Definition 35l coincides with the left (resp., right) multi-Koszul complex
introduced in [19], Definition 3.1 (resp., Remark 3.3), which in turn implies that A
is left (resp., right) multi-Koszul in the sense of Definition if and only if it is
left (resp., right) multi-Koszul in the sense introduced in [19]], Definition 3.1 (resp.,
Remark 3.3).

Proof. We shall prove the statement for the left multi-Koszul complexes, the
right case being analogous. Actually, the equivalence of both right multi-
Koszul properties could also follow from the statement for the left case from
Proposition[3.I7land [19], Cor. 3.13.

Let us first note that the left multi-Koszul complex introduced in Definition
trivially coincides with the one considered in [19], Def. 3.1, up to ho-
mological degree 2. Note that J, = R = .J,. They further coincide up to
homological degree 3, since in this case

Js = (V.R)N(RV) = @P(V.R) N (R.V) =P J5 = Js,
sES sesS

where we have used Fact[3.]] since V is concentrated in degree 1 and R, in
degree s, and the differentials in homological degree 3 for both complexes
clearly coincide.
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Let us suppose that both complexes coincide up to homological degree d, i.e.
we have that J; = J; and §; = ¢, fori < d.
Let us first assume that d is odd. We claim that

Jaji1 = (Vidaj) N (Jo;.V), (3.7)

for j € Np. Indeed, if j = 0 the previous identity is trivial, whereas for j € Nit
follows from a rather simple computation

(Viday) 0 (Jo;.V) = (V(@jgj)> N ((@j;‘j).v)

seSs
- (@v.jgj) N (@jgj.v)
seS seS
=P (V.J5;) N (J5;.V))
seS
= @ j2sj+1 = j2j+1a
seS

where we have used FactB.Jlin the antepenultimate equality, taking into ac-
count that V' is concentrated in degree 1 and each Jgj is concentrated in degree
ns(25) = sj. Now, @3) and (B7) tell us that Jy 1 = Ja.1. It is trivial to verify
that the differentials also satisfy the identity d;41 = 041

On the other hand, let us suppose that d is even. In this case we claim that

L= () VUi, . VO D, V) ARY), (3.8)

NeNn € Par(j — 1)
m € Par;(N)

for all j € N, which we prove as follows. It is trivially verified for j = 1, since
the right term in that case is just T'(V')~¢ N R, which coincides with Jo = R.
Let us consider j > 2. We first show that the right member of (3.8) contains
the left one. Indeed, note that

V) Jon o V= J VM)
trivially includes

v Js, Vi s vma)
for all s € S, so the right member of (3.8) includes

( @ (ml) ~28 tte (mjil)' ~28 : (nlj)) ﬂ R(j)
“2n1 e Tj—1 ’
NeNn € Par(j — 1)

m € Parj(N)
for all s € S, which trivially coincides with

N
( @ n V(l).RS.V(N_Z)) N R(j),
NEN>5(J‘—2) =0
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forall s € S. By FactB.]] the latter space is given by

N
b (NVORVEDIARY,

NEN>5(;‘—2) =0

forall s € S.

On the other hand, note that (R(j )),, is the direct sum of the independent vec-
tor subspaces {Rs, ... R, }s,t...4s,=n. This follows from a simple recursive
argument using Corollary[3.7] In particular, w € (R(j ) )» has to be written in a
unique manner as a sum of unique elements w;, .., € Ry, ... Rs,, where we
assume that s + - + s; = n. Itis thus trivial that 0¥ ,VO.R,.VV =0 s in-
cluded in RE\],)JFS if N = s(j—1). Moreover, another application of Corollary[3.8]
tells us that the intersection of them vanishes otherwise. This in turn implies

that
N

D (NVORVEDARY,)),

NENs (j_2) =0

coincides with Jgj for all s € S, and we then conclude that the right member
of (3.8) contains the left one.

For the reverse inclusion, note first that the right member of (.8) is trivially
included in

N
( @ m V(l).ij_llv(N—l)) N R
NeNI=0

N
- <@ ﬂ @V(”.Jgj_l.vwfl)) A RW

NeNI=0seS

N
= ( @ @ n v g5, vy n RY

NeNseS =0
N+7Ls(2j_3)

— ( @ @ ﬂ V(l).RS.V(N+"S(2j_3)_l)) N R(j),
=0

NeNseS

where we used Fact[B.I]in the second equality, for V is concentrated in degree
1 and J;ijl is concentrated in degree ns(2j — 1) = sj — s + 1. Using Fact[3.]l
once more in the last member, we get that the latter should be the direct sum of
the intersection of the n-th homogeneous components of each corresponding
term, i.e. the intersection of the n-th direct summand of R and

n—s
b VY R.Vr—=D (39)
s€Sn 1=0

where S, = {s € § : ns(2j — 1) < n}. Note thatif s € 5, thenn > s
for j > 2. As explained in the previous paragraph, a direct application of
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Corollary 3.7 tells us that the former intersection should coincide with

) (ﬁswwﬂs.w”*”) N (RD),),

sesS  1=0

which is directly seen to be equal to

D (ﬁs(vust.v ==Y A (RO)n) = @D (I3 = (Jj)n-

seS 1=0 seS

This proves that the left member of (3.8) contains the right one, and so the
equality of the assertion (3.8) holds.
Finally, (3.4) and 3.8) imply that J;.1 = Jg41. Itis also direct to check that the

differentials 6441 and d4+1 coincide. The proposition is thus proved. O

REMARK 3.21. Since the previous definition of left or right multi-Koszul property
coincides with the one considered in [19] if the algebras satisfy the assumptions of the
latter article, by [19], Rmk. 3.4, we get that it also coincides with the corresponding
one given in [3]], Def. 2.10 (or [5ll, Section 5), if the algebra is homogeneous. Thus, a
homogeneous algebra is left (resp., right) multi-Koszul if and only if it is generalized
left (resp., right) Koszul.

EXAMPLE 3.22. We will provide a collection of examples of multi-Koszul algebras,
which was one of the main motivations of this article. The space of generators V' of
these graded algebras does not lie in degree 1, so they cannot be considered as multi-
Koszul algebras for the definition given in [19] in any natural manner.

Given two nonnegative integers n, s € N3\ {(0,0)}, and a collection of symmetric
(s x s)-matrices (Ffl’b), fori=1,...,n(a,b =1,...,s), the (associative) super
Yang-Mills algebra YM(n, )" over an algebraically closed field k of characteristic
zero is defined as follows. Take V' = Vo @ V3 be a graded vector space over k, where
dimy (V) = n and dimy(V3) = s, and choose in fact a (homogeneous) basis B =
By U Bs of V, where By = {x1,...,x,} and By = {z1,..., 25}, with |z;| = 2 for all
i=1,...,nand |z,| =3 foralla =1,...,s, We suppose further that the matrices
(T'%, ;) satisfy the nondegeneracy assumption explained in the third paragraph before
Rmk. 1 of [18].

The graded algebra YM(n, s)' is given by the quotient of the graded free algebra
T(V'), by the homogeneous relations given by

n

IS
T0,i = Z[xjv 2, @il) — ) Z Fa,b[zaa zp);

j=1 a,b=1
n S )
T,0 = Z Z LG plTi, 2],
i=1 b=1
fori=1,...,nand a = 1,...,s, respectively. The bracket [, | denotes the graded
commutator, i.e. [a,b] = ab — (—1)!9lba for a,b € B. They have been previously
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considered by M. Movshev and A. Schwarz in [28] (see also the preprint article [29]
by M. Movshev).

Using the explicit description of the minimal projective resolution of the trivial module
k over the super Yang-Mills algebra YM(n, s)' (for (n,s) # (1,0),(1,1)) given in
[18], Prop. 2, and Corollary given below, we see that these graded algebras are
multi-Koszul.

3.3 AN EQUIVALENT DESCRIPTION OF MULTI-KOSZUL ALGEBRAS

We would like to make some comments on the left multi-Koszul complex of
A. The obvious statements for the right multi-Koszul complex trivially hold.
First, given ¢ € Ny, note that the map of graded vector spaces J; 1 — Ker(d;)
given by the restriction of ¢;; is injective. This can be proved as follows. The
cases i = 0, 1 are immediate, so we will suppose that : > 2. Furthermore, the
kernel of the restriction of d;+1 to J;4+1 is easily seen to be J;11 N (I.J;). The
first term of this intersection is included in R.J;_1, by Lemma whereas
the second is included in I.V.J;_; if i is odd, by (83), and it is included in
I.T(V)so.J;—1 if i is even, by (B3). In both situations we have thus that I..J; C
I.T(V)so.Ji—1. Then, the kernel of the restriction of §;11 to J;;1 is contained
in the intersection

(R.Ji_l) n (I.T(V)>0.Ji_1) = (R n (I.T(V)>0)).Ji_1,

where we have used Proposition 8.2]and Lemma B.11] By the defining prop-
erty (2.I) of the space of relations the last space vanishes, and we thus get that
the restriction of ;11 to J; 11 is injective. This proves the claim.

For each i € Ny, let us now consider the map Ji;11 — k ®4 Ker(d;) given
by the composition of J; 1 — Ker(d;) and the canonical projection Ker(d;) —
k® aKer(d;). We claim that this composition is in fact injective if 7 is even. This
can be proved as follows. By the comments in the last paragraph of Section
2 we know that the mentioned map is in fact an isomorphism for ¢ = 0 (and
also for i = 1). We shall suppose thus that ¢ > 2. Since i is even, the image
of the map J;11 — Ker(d;) is contained in V.J;, so one sees that the kernel of
Jit1 — k @4 Ker(d;) vanishes if and only if J; N Ker(d;) = 0, which follows
from the previous paragraph.

We have thus the following result.

LEMMA 3.23. Let A = T(V)/(R) be a locally finite dimensional nonnegatively
graded algebra and let (K(A)s,0e) be its left multi-Koszul complex. Given i € N,
the map of graded vector spaces J;41 — Ker(;) given by the restriction of 0;41 is
injective. Consider now the map of graded vector space given by the composition of
the previous morphism and the canonical projection Ker(d;) — k ® 4 Ker(¢;). If i is
even or i = 1, it is injective. If i is odd and i > 3, we note that the restriction to the
n-th homogeneous components of the previous composition map is injective if there
are no nontrivial homogeneous components of (Ker(8;))m for m < n.
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The corresponding formulation of the lemma for the right multi-Koszul com-
plex of A is obvious, and we shall refer to the lemma whether we are consid-
ering the left or the right version. We may in fact prove one of the main result
of this section (cf. [19], Prop. 3.12):

PROPOSITION 3.24. Let A = T(V)/(R) be a locally finite dimensional nonnega-
tively graded algebra. Then A is left (resp., right) multi-Koszul if and only if there is
an isomorphism of graded vector spaces Tori (k, k) ~ J; for all i € No.

Proof. We shall prove the statement for the left multi-Koszul property, since
the right one is analogous. 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 state-
ment. 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 homological 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 @2l and
the assumption Torﬁrl (k, k) ~ Jit1, there is an isomorphism of graded vector
spaces hit1 : Jiy1 — k ®4 Ker(d;).

If i > 2 and i is even, the previous lemma tells us that the composition

Jis1 = Ker(5;) — k @4 Ker(6;), (3.10)

where the first map is the restriction of 0,41, is injective. Hence, the compo-
sition of this map with the inverse of h;y; is an injective endomorphism of
graded vector spaces of J; {1, so an isomorphism, since the latter is a locally
finite dimensional graded vector space. Hence, the composition map (3.10) is
also an isomorphism, so d;11 is in fact a projective cover of Ker(d;).

We now assume that i > 2 and 7 is odd. We consider as before the map of
graded vector spaces given by (3.I0), which we denote by f; ;1. Let us de-
note by (fit1)n @ (Jigx1)n — (k ®a Ker(d;)), the restriction to the n-th ho-
mogeneous components.We shall prove that ( fi+1), is an isomorphism for all
n € Ny by induction on n. Note that, by the isomorphism Tor7, ; (k, k) ~ J; 11
of graded vector spaces, it suffices to prove that (f;+1)» is injective, for an in-
jective map between finite dimensional vector spaces is automatically an iso-
morphism, since the corresponding n-th homogeneous components are finite
dimensional. Let nmin € Nbe the first positive integer such that (J;+1)n,.., # 0.
Note that this in particular implies that (f;+1), is injective for n < nmi,. The
assumption Tor,f‘Jrl (k, k) ~ Ji11 implies that Ker(d;) is concentrated in degrees
greater that or equal to nyin. This in turn implies that (f;11)n,,, is injective by
Lemma Let us thus assume that (f;1+1), is injective for n < m for some
M > Nmin, SO, again by the hypothesis Torﬁrl(k, k) ~ Jiy1, they should be in
fact isomorphisms, since the corresponding n-th homogeneous components
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are finite dimensional. We shall prove that (f; 1)1 is also injective. If this is
not the case, by the definition of the map (fit1)m+1 and the inductive assump-
tion, we must have that the intersection (J;+1)m+1 N (T (V)>0.Ji+1)m-+1 is non-
trivial. However, since J;; C R(*1)/2, the previous intersection is included
in ROTD/2 0 (T (V). RUTD/2), which vanishes by the defining property dﬂ])
of the space of relations. The proposition is thus proved.

We now have the following immediate consequence of Proposition B.24] and
the isomorphism (2.2)).

PROPOSITION 3.25. For a locally finite dimensional nonnegatively graded algebra
connected A with space of relations R, the following statements are equivalent:

(i) A is multi-Koszul,

(i) Extiy(k, k) ~ JF for all i € Ny, where (—)# denotes the graded dual of a
graded vector space.

REMARK 3.26. Suppose further that A is a finitely generated multi-Koszul algebra
with a finite dimensional space of relations. Then, the multi-Koszul resolution for A is
composed of finitely generated projective A-modules, for each vector space J; is finite
dimensional, so, by the comments in the penultimate paragraph of Section2} there is
a canonical identification Ext® (k, k) ~ Ext% (k, k).

We may also mention an easy corollary of the previous Lemma.

COROLLARY 3.27. Let A = T(V)/(R) be a locally finite dimensional nonnegatively
connected graded algebra. Suppose that its left multi-Koszul complex (K (A)e, de) is
exact in homological degrees e = 1,..., N —1 for N € N>, and that 0 is injective.
Then A is left multi-Koszul.

Proof. By the proof of Proposition [3.24] the exactness hypothesis is equivalent
to say that Tor{(k, k) =~ J; foralli = 1,..., N — 1. Moreover, the injectivity
of oy implies that that Jy 1 vanishes, for the restriction of dny1 to Jyy1 is
injective, by Lemma and its image lies in the Kernel of 6. This in turn
implies that J; also vanishes for i > N + 1, by the definitions (3.2) and (3.3).
In consequence, the left multi-Koszul complex (K (A)., de) is exact in positive
degrees, so A is left multi-Koszul. O

3.4 PROPERTIES OF MULTI-KOSZUL ALGEBRAS

We have a direct consequence of the Proposition 3171 Consider the (unique)
anti-morphism of (unitary) algebras 7 : T'(V) — T'(V) such that 7|y = idy.
It is in fact an anti-automorphism of 7'(V'), and it further induces an algebra
anti-isomorphism 7 : A — T'(V)/(r(R)). In other words, it induces an isomor-
phism between the (usual) opposite algebra A°? of A and A° = T(V)/(T(R)).
Note that 7(R) C T'(V)=? is clearly a space of relations of A°. By the previous
isomorphism, we may thus say that A° is (also) the opposite algebra of A.
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COROLLARY 3.28. The algebra A° is multi-Koszul if and only if A is multi-Koszul.
Proof. It is an immediate consequence of Proposition B.17] O

Since the length of a minimal projective resolution of k gives the global dimen-
sion of A, the following proposition is an immediate consequence of Corollary
3.27

COROLLARY 3.29. Let A be a locally finite dimensional nonnegatively graded alge-
bra. If the global dimension of A is 2, then A is multi-Koszul.

We also have the following result, which is a generalization of [19], Prop. 3.7,
and which shows that the multi-Koszul property is stable under free products.
The proof is completely parallel but we provide it for completeness.

PROPOSITION 3.30. Let {B®:s € S}, where S is an index set, be a finite collection
of locally finite dimensional nonnegatively graded connected algebras such that B is
multi-Koszul for each s € S. Then, the free product (i.e. the coproduct in the category
of graded algebras) A = ] .q B® of the collection {B*® : s € S} is a multi-Koszul
algebra.

Proof. Suppose B® = T'(V*®)/(R®) for s € S, is a multi-Koszul algebra, where
Ve and R® C T(V?®)>, are locally finite dimensional positively graded vec-
tor spaces. By the definition of the free product, we may consider that
A =T(V)/(R), where V = @;csV?® and R = ®,c9R°. The canonical inclu-
sion B® — Ais a morphism of graded algebras, and it makes A a free graded
(left or right) B*-module. For s € S, denote by J; the graded vector space
defined by the recursive equations (3.2) and (3.3) for the algebra B*, and by J;
the corresponding one defined for A.

Since the graded vector spaces '® are independent, by the definition of the
tensor algebra it is trivial to verify that J; = @.esJ; fori € N. If (K(B?),,05)
is the multi-Koszul complex of B*, which is acyclic in positive homologi-
cal degrees by assumption, we have that A ®p- K(B®)e = A ® J; is also
acyclic in positive homological degrees, as we now show. By the Kiinneth
spectral sequence 2, = TorY (A, Hy(K(B%)s)) = Hpiq(A @p: K(B%)a)
(see [33], Application 5.6.4). The exactness of the Koszul complex of B* and
the freeness of the B®-module A imply that Eﬁyq = 0if (p,q) # (0,0), so
H,(A®p: K(B*),) =0forn > 1.

We now note that the multi-Koszul complex (K (A),, ds) of the algebra A can
be decomposed as K(A)e = BscsARp: K (B*)s, fore > 1,and de = Bscsd; for
e > 2, the exactness of A ®p: K (B?), in positive 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
1is automatically 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

Another interesting property for this class of algebras is the following.
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PROPOSITION 3.31. Let A be a finitely generated nonnegatively graded connected
algebra such that its space of relations R is finite dimensional, and assume that A is
multi-Koszul. Then, the graded algebra Ext% (k, k) = Ext% (k, k) is generated by
Extly (k, k) and Ext? (k, k), i.e. Ais ICy (in the sense of Cassidy and Shelton).

Proof. Let E; (following the notation of the article [10], Section 4) be the matrix
with entries in I/(T(V)so.I + I.T(V)s0) ~ R given by the class of the matrix
with entries in 7'(V') which is a lift of the composition d;,_1 o ;. By Lemma
BIZ2we have the inclusion J; C R.J;_5, which implies that the matrix E; rep-
resents an injective linear transformation of the form T'(V).J; — T'(V).J;_1,
so the rows E; are linearly independent over k. The statement is now a direct
consequence of [10], Thm. 4.4. O

REMARK 3.32. As explained in [19], Rmk. 3.24, the converse of the previous propo-
sition is not true in general (e.g. see the algebra B in [11]], which is not multi-Koszul,
but it is 2-3-Koszul in the sense of [14]).

4 THE A,-ALGEBRA STRUCTURE OF THE YONEDA ALGEBRA OF A MULTI-
Ko0szUuL ALGEBRA

In this section, we shall provide a direct procedure to compute the complete
A-algebra structure of the Yoneda algebra Ext% (k, k) of a multi-Koszul al-
gebra A. We will first compute the (plain) algebra structure by explicitly pro-
viding quasi-isomorphisms in both directions between the cochain complexes
Homa(K(A)e, k) and Enda(K(A)s). Then we shall compute the remaining
higher multiplications. In order to do so, it will be useful to profit from the
theory of A,-algebras and A.-coalgebras. Even though we refer for further
references to [24], or [32]], we will provide a short introduction, in particular
for stating our (sign) conventions and notation. A more intensive study of the
A.-algebra structure of the Yoneda algebra may be found in [26], to which
we also refer for further reading.

We recall that, since the cochain complex End (K (A),) is a differential graded
algebra (or dg algebra for short), its cohomology has an algebra structure,
and further a structure of minimal A.-algebra, defined via the theorem of
T. Kadeishvili in [21]]. Following [26], any of these A..-algebra structures on
the cohomology of Enda(K(A),) is called a model. Kadeishvili also proved
in the mentioned article that any of these models on the cohomology ring
are in fact quasi-isomorphic. It can be shown that the algebra structure of
Ext® (k, k) is in fact independent of the projective resolution of the trivial mod-
ule k£ used to compute it, and furthermore, the A..-structure is also unique
up to quasi-isomorphism (see [26], Lemma 4.2, (a)). Moreover, the endo-
morphism dg algebra of any projective resolution of the trivial A-module k
is quasi-isomorphic to the graded dual B*(A)# of the bar construction of 4,
as A.-algebras (see [26], Lemma 4.2, (b)).
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4.1 'THE ALGEBRA STRUCTURE

We will first compute the Yoneda product for the cohomology space
Ext® (k, k). Just for convenience we recall that Enda(K(A),) is the graded
algebra whose i-th homogeneous component Endy (K (A),) is given by

[ Homa(K(A);, K(A);-),

JEZ
for ¢ € Z, together with the multiplication induced by the composition and
the differential  given as follows. If (f;);ez € Endy (K (A).), then the j-th
component of I((f;)jez) € End'y " (K (A)a) is given by

dj—iofj —(=1)'fj—1 06,

where we remark that, by definition of the complex (K(A)s,ds), ; vanishes
forl < 0.

On the one hand, the augmentation map 6y : K(A4)s — k induces a quasi-
isomorphism, that we will denote ¢, from Enda (K (A)s) to Homa (K (A)e, k).
So ¢ is given explicitly by the linear map which sends (f;);cz € Endy (K (A)s)
to (—1)%g o f;. We remark that the differential of Hom (K (A)., k) is given
by g — (—1)'g o d;11 for g € Homa(K(A);, k). It is trivial to see that this is
a map of complexes, i.e. it commutes with the differentials, and furthermore
it respects the grading. That this is a quasi-isomorphism is a standard fact
on homological algebra (see [8]], §5.2, Prop. 4; and the first paragraph of §7.1,
where it is done for the endomorphism dg algebra of an injective resolution,
but the analogous considerations hold for projective resolutions). Note that
the procedure described in the paragraph can be applied to any projective
resolution of .

We will now show how to construct a linear map from Homa (K (A)., k) to
End (K (A),), that will be denoted by 1. We first note that, since the differ-
ential of the complex Homa(K(A)., k) vanishes, we have the obvious iden-
tification Homa (K (A);, k) ~ JZ-# of graded vector spaces, where (—)# de-
notes the usual graded dual of a graded vector space. Let us consider an
element f € Homa(K(A);, k), where i € Ny, and we denote by f € Ji#
the corresponding element of the graded dual. We will construct elements
fi € Homa(K(A);, K(A);—;) for all j € Z, such that (f;);ez lies in fact in
the kernel of the differential 9 of the dg algebra Enda(K(A).) and such that
(—1)i60 o fi = f. In order to do so, we will consider two cases.

Since the graded vector spaces J; C T'(V) for ¢ € Ny are tensor-intersection
faithful, given iy, ..., i, € Ny, throughout this section we will use the identi-
fication J;, @ --®J;,, ~ J;, ... J;,, (see Remark[3.5). If the nonnegative integer
i is even, then we define f; : K(A);, — K(A);_; as follows. If j < i, we set
f; = 0. We now consider the case j > i. We first note that, by Corollary B.13]
J;j € Jj—; ® J;. Hence, we have a map of graded vector spaces p]fZ 2 Jp = Jim
defined as the composition of the inclusion J; € J;_; ® J; and the map
idy,_, ® f. We then set f; to be A-linear map givenby f;(a @ w) = a ® pfz(w)

m
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If the nonnegative integer i is odd, the map f; : K(A); — K(A);_; is given
as follows. If j < i, we also set f; = 0, so let us consider the case j > i. If
j is odd, Corollary B3l tells us that J; C J;_; ® J;, so we consider again the
map pf ;o Jj — Jj—; of graded vector spaces given by the composition of the
inclusion J; C J;_; ® J; and the map id;,_, ® f. We then set f; to be A-linear
map defined as fj(a @ w) = —a ® p]f-’i(w). If j is even, by Corollary B.13]we
have that J; C T(V) ® J;_; ® J;. We have in this case the map pfl o
A ® J;_; of graded vector spaces defined as the composition of the inclusion
J;,CT(V)®Ji—;®J;andm®id,,_, ® f, where 7 : T(V) — A is the canonical
projection. Set f; to be A-linear map given by f;(a ® w) = a pjz(w)

It is straightforward, but rather tedious, to show that the element (f;);ecz is in
the kernel of the differential of End 4 (K (A)e) and such that (—1)*5go f; = f. We
define thus the map ¢ : Homa (K (A)e, k) = Enda(K (A)e) Via ¥(f) = (f))jez-
It is trivially verified that this is a morphism of graded vector spaces, which
commutes with the differentials (for the image of ¢ lies in the kernel of the
differential of its codomain and the domain has vanishing differential), and
the composition ¢ o 7 is the corresponding identity map. Since ¢ is a quasi-
isomorphism, 1) satisfies the same property. Furthermore, the map induced by
1 at the level of cohomology spaces is in fact the inverse of the corresponding
map induced by ¢.

These maps allow us to explicitly compute the algebra structure of the Yoneda
algebra Ext% (k, k), since given two elements in the Yoneda algebra which are
represented by f € Homa(K(A);, k) and g € Homa(K(A)y, k), or more con-
cretely, by f € J and g € J¥, the product is just given by ¢(¢(f)d(g)) €
Homa(K(A)itir, k), or simply by the induced element in Jﬁy- This can be
written down in the following very explicit manner. In order to do so, we
recall that we will consider £xt% (k, k) as a (cohomological) bigraded algebra
(i.e. a cohomological bigraded vector space provided with a multiplication,
unit and augmentation which respect both gradings), with one grading com-
ing from the cohomological degree, which will be called the cohomological grad-
ing, and another one coming from the original grading of the modules over A,
which will be called the Adams grading.

In the same manner, we consider that the space J; is concentrated in homo-
logical degree i and the Adams grading coincides with the one induced by
the grading of V, which was the only one we considered before. We moreover
define the homological bigraded vector space J = @®;cn, /i, with the homolog-
ical and Adams gradings induced from the ones of the homological bigraded
vector spaces J; for i € Ny. Note that J # = Dien, JZ-# is a cohomological
bigraded vector space, where J# is concentrated in cohomological degree i.
As explained before, we will apply the Koszul sign rule to the cohomological
grading but not to the Adams grading.

Let i and ' be two nonnegative integers. If either i or i’ is even, we shall
denote by ¢; 4 the inclusion map Jiyiy C J; ® Ji given in Corollary [3.13]
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If both i and ¢’ are odd, we shall denote by ¢;; the composition of the in-
clusion map J;1+ C T(V) ® J; ® J; given in Corollary together with
the map ep(vy ® idy, ® idy,, where epyy @ T(V) — k denotes the aug-
mentation of the tensor algebra. In any case, ¢; ; is a map of graded vector
spaces from J; 1y to J; ® Ji. This in turn induces a map of graded vector
spaces L?;, D (@ ) = Jﬁi,. Recall that, given V and W two locally
finite dimensional bigraded vector spaces, where the first one is the coho-
mological grading and the second one is the Adams grading, we denote by
cvw : VF @ W# — (V. @ W)# the obvious isomorphism of bigraded vec-
tor spaces cy.w (f ® g)(v ®@ w) = (—1)de8®)desl9) f(v)g(w), where f,g,v,w
are homogeneous elements, and deg(—) denotes the cohomological degree of
the corresponding element. Now, by making use of the usual identification
Eatly(k, k) ~ J7 of cohomological bigraded vector spaces and the previous
comments, we obtain the following result, which provides a description of
the structure of augmented cohomological bigraded algebra (i.e. a cohomological
bigraded vector space provided with a multiplication, unit and augmentation
which respect both gradings) of the Yoneda algebra.

THEOREM 4.1. Let A be a multi-Koszul algebra, and let {J; }icn, be the collection of
graded vector subspaces of T(V') defined by Jo = k and the recursive identities (3.2)
and B3). We utilize the usual identification Extiy(k, k) ~ J¥ for i € Ny, coming
from the use of the multi-Koszul resolution for A. Given i,i" € Ny, let v; ;v = Jiriyr —
Ji ® Jy be the map of graded vector spaces introduced in the previous paragraph, and
CJ, T J¥ @ J¥ = (J; © Ju)# be the usual identification of graded vector spaces
also recalled in the previous paragraph. Then, the restriction of the Yoneda product of
Eat®y (k, k) to J¥ © J¥ is given by Lﬁ ©Cr; T,

REMARK 4.2. It is easy to check that the algebra algebra structure for Ext® (k, k)
given in the theorem coincides with the one deduced from [19], Prop. 3.21 and Rmk.
3.22, under the further assumptions that the algebra A is finitely generated in degree
1 with a finite dimensional space of relations. In particular, the previous algebra
structure also coincides with the one given in [7|], Prop. 3.1, for the Yoneda algebra of
a generalized Koszul (homogeneous) algebra.

4.2 THE A, -ALGEBRA STRUCTURE

We will now describe the A..-algebra structure of the Yoneda algebra. First,
we note that the graded dual of a locally finite dimensional augmented co-
homological bigraded algebra is a coaugmented homological bigraded coalge-
bra (i.e. a homological bigraded vector space provided with a comultiplica-
tion, counit and coaugmentation which respect both gradings). Indeed, if
E = @@, m)ezzEy, is a locally finite dimensional augmented cohomological
bigraded algebra, then E# is a coaugmented homological bigraded coalge-
bra, where the comultiplication of E# is the composition of the graded dual
of the multiplication of ' and cE}E, the counit of E# is the graded dual of
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the unit of E, and the coaugmentation of E# is the graded dual of the aug-
mentation of . The corresponding result given by interchanging the terms
“augmented cohomological bigraded algebra” and “coaugmented homolog-
ical bigraded coalgebra” (without the locally finite dimensional assumption)
also holds, with the obvious analogous definitions of mulplication, unit and
augmentation. Hence, one finds that the homological bigraded vector space .J
is naturally a coaugmented homological bigraded coalgebra. The counit of J
is the canonical projection onto the Jy and the unit is the inclusion of J inside
J. Moreover, the comultiplication A of J is givenby A|;, = >/, t1,i—1-

We will extend the coaugmented coalgebra structure on .J to a minimal Adams
graded coaugmented A..-coalgebra on J. For the following definitions we refer to
[32], Chapitre 3, Section 3.1 (or also [24], Déf. 1.2.1.1,1.2.1.8, using the obvious
equivalences between non(co)unitary objects and (co)augmented ones), even
though we do not follow the same sign conventions and they do not consider
any Adams grading (see for instance for several uses of Adams grading
in A,-algebra theory). Moreover, our definitions will be somehow more re-
stricted with respect to the gradings that the usual ones. We first recall that
an Adams graded augmented A..-algebra structure on a cohomological bigraded
vector space A such that the cohomological grading is nonnegative and the
component of zero cohomological degree is just k (also lying in Adams degree
zero), is the following data:

(i) a collection of maps m; : A®" — A for i € N of cohomological degree
2 — i and Adams degree zero satisfying the Stasheff identities given by
> (=) m g0 (1dFT @ m @id) =0, (4.1)
(r:s,t)€Ly,
forn € N,whereZ,, = {(r,s,t) e Ng x Nx Ng:r+s+t=n}.
(ii) amapn : k — A of bidegree (0, 0) such that
m; o (id§" @ n ®id%")
vanishes for all i £ 2 and all r,¢ > O such thatr + 1 + ¢ =4, and
mao (idg ®n) =ida =m0 (n®ida).
(i) amap e: A — k of bidegree (0, 0) such that e o = idy, e oms = ¢®?, and
eom; =0foralli e N\ {2}.

It is further called minimal if m; vanishes.

We recall that a family of linear maps {f; : C — C;}ien, where C and C; for
i € N, are vector spaces, is called locally finite if, for all ¢ € C, there exists a
finite subset S C N, which depends on ¢, such that f;(c) vanishes for all i €
N\ S. An Adams graded coaugmented A..-coalgebra structure on a homological
bigraded vector space C such that the homological grading is nonnegative
and the component of zero homological degree is just k (also lying in Adams
degree zero) is the following data:
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(i) alocally finite collection of maps A; : C' — C®* for i € N of homological
degree i — 2 and Adams degree zero satisfying the following identities

> (=)TAE @ Ay ®@1dE) 0 Apgagr =0, (4.2)
(r,s,t)€L,

forn € N.
(ii) amap e: C — k of bidegree (0, 0) such that
(dE" @ e @ idE) o A;
vanishes for all i £ 2 and all v, ¢ > O such thatr + 1 + ¢ = 4, and

(ide ®€) 0o Ay =ide = (e ®id¢) 0 As.

(i) amapn : k — C of bidegree (0, 0) such that eon = idy, Aqon(1) = n(1)®?,
and A; on(l) =0foralli € N\ {2}.

An Adams graded coaugmented A..-coalgebra C'is called minimal if A; = 0.
Note that the condition that the family {A,, },,cy is locally finite follows from
the other data if we further suppose that Ker(¢) is positively graded for the
Adams degree.

We will not introduce the definitions of morphisms between (augmented) A.-
algebras, neither for (coaugmented) A..-coalgebras, and refer to [32], Sections
3.2 and 3.3 (Déf. 3.3, 3.4, and 3.11), or [24]], Sections 1.2 and 1.3. We remark
however that these morphisms are further supposed to preserve the Adams
degree (cf. [26], Section 2).

Notice that the graded dual C# (as homological bigraded spaces) of an Adams
graded coaugmented A..-coalgebra C is an Adams graded augmented A-
algebra. Indeed, the unit of C# is the graded dual of the counit of C and the
augmentation of C# is the dual of the coaugmentation of C. Moreover, for
n € N, the multiplication m,, of C# is the composition of the canonical map
co,...c: (CH)®" — (C®™)# and the graded dual of A,,.

We shall now proceed to describe the A -coalgebra structure of .J. In order to
do so, we first construct the following maps. Let n > 3 and j = (j1,...,Jn) €
N{. We write j; = 2j] + r; foralll = 1,...,n, where j; € Ny and r; € {0,1},
and consider the direct sum decomposition

D N VmMek;o oV o ovir) 43)
NeN>> mePar,+1(N)

Let p)y be the projection of the former vector subspace of the tensor algebra
onto the N-th direct summand for N € N>,.

If j satisfies that j; is even forall 1 < | < n except for two integers 1 <
a < b < n, for which j,, j, are odd, B5) tells us that .J; ..., ;, is included
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in @3). Moreover, it is trivial to see (using definition (3.3), Lemma B.1T]and
Proposition that the n-th direct summand of the former vector space is
contained in Joji41 @ - @ Jogr 1. Let us denote by t2j,+1.... 25, +1 the map
of graded vector spaces from Jj, y...1j, to Joj 41 ® -+ @ Jojr 41 given by the
composition of the inclusion of Jj, ;...4;, in @3), the projection p’, and the
inclusion of the n-th direct summand of 3) in J, j1 41 @ - @ J2j 1. In other
words, given i = (i1,...,%,) € N” such that 4; is odd for all 1 < [ < n, we
have defined a map ¢;,,...;, of graded vector spaces from J; 4...4i,+2—n tO
Ji, ® -+ ® J;,. Suppose further that a = 1, that is, j; is odd. Then, the N-th
direct summand of [@3) is in fact contained in the N-th direct summand of

@ ( ﬂ Jj1®V(m1)®J2jé®...
NeN>z mePar,(N-1)

@ Vi) @ Ty @ V) (44)

for all N € N>9, which coincides with

Jj ® @ ( ﬂ yim) & J2jé ® .- @ V-1 g Jojr ® V(mn)),
NE€Nz»> mePar, (N-1)

by Proposition B2land Lemma[3.T1l Hence, we see that the restriction of p/, to

(.3) coincides with the restriction of id;; ® pY2:97) to the same space. On

the other hand, if we assume that b = n, i.e. j, is odd, the restriction of p% to

Jlseensdn—1)

@3) coincides with the restriction of pU/' ®1idy, to the same space.

REMARK 4.3. Note that zﬂ =(1,...,1) € N", 1y, 1 is just the composition of the
inclusion of R inside the tensor algebra with the canonical projection m,, : T (V) —
V(). More generally, for i € N even, consider i = (i — 1,1,...,1) € N" (the last
n — 1 integers are 1’s). It is easy to check that v; : J; — J;_1 ® V(=1 coincides with
the composition of the inclusion J; C J;_1 @ T(V)so with the map id;, |, ® m,—_1.
Indeed, for the case i = (i — 1,1,...,1), the direct sum decomposition (&3) gives

N

B (VM ediev®=—m)

NENs, m=0
Moreover, the N-th direct summand of the former is trivially included in the N-th

direct summand of
@ Ji1 @ VW=D
NeEN>,

for all N € N>, by Proposition B2l and Lemma BI1 Hence, the restriction of
idy, , ® m,_1 to the first direct sum decomposition coincides with the projection pl,,
so the restriction of idj, _, ® mn—1 to J; coincides with ;.
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The Ao.-(co)algebra structure of J# (resp., .J) is described in the next state-
ment.

PROPOSITION 4.4. Let A be a multi-Koszul algebra, and let {J;}ien, be the collec-
tion of graded vector subspaces of T'(V') defined by Jo = k and the recursive identities
B2) and B3). Define J = ®jen,Ji, which is considered as a homological bigraded
vector space for the grading coming from the index i. By Theorem it has the
structure of a coaugmented bigraded coalgebra, and we denote Ao the comultiplica-
tion coming from the multiplication given in the previous theorem. We consider that
Ay vanishes. Given n > 3 and i = (i1,...,i,) € N" such that i, is odd for all
1<i<nletv, i, Jistetinto—n — Jiy @@ J;, be the map of graded vec-
tor spaces introduced in the paragraph before Remark 3} and Ay |5, = > tiy,. i,
where the sum is indexed over all n-tuples of odd integers (i1, ..., i) such that
i1+ - +in+2—n = i Then J is a minimal Adams graded coaugmented
Ao-coalgebra. This in turn implies that J# is a minimal Adams graded augmented
Ao-algebra, where the multiplication m,, : (J#)®™ — J# is the map whose restric-
tion to J;‘f ® - ® Jz# is zero, if there is 1 < | < n such that i; is even, and is
ﬁy"'iin ©CJ;,..
Proof. We first note that A,, has bidegree (n—2,0) for all n € N. Moreover, it is
easy to check that the family {A,, } ,en is locally finite, since Ker(¢) is positively
graded for the Adams degree.

Since A is zero, the first, second and third of the identities [@.2) simply mean
that J is a coassociative coalgebra for the comultiplication Ay, which is a direct
consequence of the previous theorem.

Suppose now that n > 3. The assumption that A,, vanishes on J; if ¢ is odd,
and that its image is included in the sum of tensors of n factors, each of which
has odd homological degree, tell us that the (n + 1)-th defining identity @2)
simplifies to give

L . J;, Otherwise.

n—1
S (-1)(dG @ A@idT " T )0 A, = (id @ AR)0 Ay —(—1)" (A, ®id )0 Ay,
r=1

(4.5)
It suffices to show the previous identity restricted to each subspace J;. Note
that the image of each term of the previous identity must be thus in the direct
sum of (independent) subspaces J;, ®- - -®J;,,,,, wherei = i+ - -+ipq1+2—n.
Then, it suffices to prove @D) for the special case that we restrict to J; and
we compose with the projection p;, .. ,,, onto J;, ® --- ® J;,,,, where i =
i1+ - -+int1+2—n. We shall refer to this new identity also as the (i1, ..., 9p+1)-
specialization of (@3). By the assumption on the higher multiplications m,, for
n > 3, the image of any of the terms of (£.5) must be in the direct sum of the
subspaces J;, ® - -- ® J;,,,,, where there exists at most one 1 < j < n + 1 such
that i, is even. If we compose the restriction of {5) to J; with the projection
onto J;, ®---® J;,,,, the only cases left to consider are thus:

(1) alliq,...,i,4+1 are odd,
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(ii) 47 is even and is, ..., 1,41 are odd,

(iii) 4, iseven and iy,...,1, are odd,

(iv) there is 1 < j < n + 1 such that ¢; is the only even integer among
’L'l, ey ’L'n+1.

Let us write how the composition of (n+ 1)-th defining identity (4.0) restricted
to J; and the projection onto J;, ®- - -®.J;, ., further simplifies in each case, and
how this identity follows from the construction of the higher comultiplication
AV

In case (i), the (i1, ..., i,+1)-specialization of (f.5) simplifies to give

Piv,.cyingr © (ldJ ® An) © AQ

Ji — (71)npi17m,in+1 © (An ® 1d7) oAy

Jis

for all the terms of the left member of (.5) vanish. By the Koszul sign rule this
identity is equivalent to the commutativity of the square

Liy ig+-tip 1 +2—m
Jistotippr42-n ————————> Jiy @ Jisqtin 1 +2-n

Ligdeodrin+2—n,ip 41 id]i1 ®L7,2,___77,n+1

Lil,m,in®ld1in+1

Ji1+~~~+in+2—n ® Jin+1 e —— Jil ® e ® J’L'n+1

Note that, since all iy, .. ., i, +1 are odd the upper horizontal and the left verti-
cal maps are the plain inclusions. The commutativity easily follows from the
definitions. Indeed, consider the direct sum decomposition of the form

@ ( ﬂ Vi@ g, @@Vt @ gy @V ime2)), (4.6)
NeN>, mePar,42(N)

which trivially includes J;, 4...44,, +2—n. Proposition B.2land Lemma B.IT]tell
us that the N-th direct summand of the former is trivially included in the N-th
direct summand of

B ( Nrevrme, evVimle. oVimgr, joVmie ),
NEeNsoymePar, (N—2)

for all N € N>,, which, also by Proposition and Lemma 3.17] coincides
with

@ Ji, @ ( ﬂ VM @ g, 1@ ® i1 ® V(m")) @ Jipyr-
NEN>, mePary, (N—2)

Hence, by the comments at the end of the paragraph before Remark 4.3l we
see that the restriction of id;, ® plzin) @i, to ([@6) coincides with the

n—1 int1
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restrictions of pﬁfl""’i”) ® id.iin+1 and of id;,, ® pﬁ?""’i"“) to the same space.
This proves the claimed commutativity.

In case (i7), the (i1, ..., 4,+1)-specialization of (£5) simplifies to give

Ditsoryinis © (A ® id?(nfl)) oA,

Ji = Piv,.ing © (1d] Y An) oAy

Jiy

for all the other terms trivially vanish. This identity is equivalent to the com-
mutativity of the square

Liyigtetipy1+2-n
Jil ® Ji2+“'+in+1+2*n

Jil +ting1+2-n

Lig+ig,ig, . vin 41 iy, ®tig, . yipiy

Lig,ip ®idu;, ®"'®idJin+1

Ji1+i2 ® Ji3 - ® Jin+1 - Jil Q- ® Jin+1

The assumption on the integers i1, ..., 7,1 tells us that the horizontal maps
are the plain inclusions. The commutativity follows directly from the defini-
tions, but we provide a proof. Consider the direct sum decomposition

@ (( ﬂ Vi) g, VM) @J, 10 ® Jipi1-1® V(m"“))
NEN>, mePary,12(N)

N ( ﬂ V) @ g1 @V @ 0 10 @ i1 ® V(m"“))).
mePar,11(N)
(4.7)

It contains J, 4...44, ., +2—n. On the one hand, Proposition[3.2land Lemma[B11]
tell us that the N-th direct summand of the former is trivially included in the
N-th direct summand of

@ Ji1®( n V(77L1)®Ji2—1®v(m2)®"'®V(mn)®J’in+1—1®v(mn+l))7
NeEN>, mePar,+1(N)

forall N € N>s. On the other hand, it is obvious that the N-th direct summand
of @.7) is contained in the N-th direct summand of

@ ( n V(m1)®<]i1+i271®v(m2)®Jz‘3—1®'"®Ji"+171®v(m"+l)),
NeN>> mePar,11(N)

for all N € N>o. It is trivial to see that each independent family given by the
N-th direct summands of each of the two previous direct sum decompositions
is a subfamily of the independent family

{ N Ju®taeVime, Ve e, , 10V yen.,.
mePar, (N)
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The comments at the end of the paragraph before Remark B3] tell us that
the restriction of id, ® plizint1) yo @) coincides with the restrictions of

plriiseintt) 6 the same space. This proves the claim.

Dually to (¢7), under the assumptions of (¢i¢), the (i1, ..., in41)-specialization
of @5) simplifies as

Piy,.ing © (id?(n_l) ® A2) © ATL'Ji = Pit,yingr © (An ® idJ) o A2|Ji7

for all the other terms are easily seen to vanish. This identity is equivalent to
the commutativity of the square

Lig oo dipg+2—n,0p 41
Jistootin2-n @ Ji,

Jil +tipp1+2-—n

Ligyeip—1sintin 41 Liq,... in ®idy;
+ n+1

idJi1 ®...®id‘]7’"71 ®L-;.,L,in+1
® Ji7L+i7L+1 I — Jil ® e ® Jin+1

Jiy @@ Ji,
Notice that the hypotheses on the integers iy, . .., i,41 imply that the horizon-
tal maps are the plain inclusions. The commutativity is clear from the defini-
tions and follows by an analogous argument to the one given in the previous
paragraph.

Finally, in the case (iv), the (i1, ... ,i,+1)-specialization of (A.3) gives

Pir.iner © (15972 @ Ay @id5 ") 0 A,
= Dir,o i1 © (id?(j_l) ® AQ ® id?(n_j)) © An

Ji»

for all the other terms are easily seen to vanish. This identity is equivalent to

(idy, ® - @idy,, , @i, @idy, | ©---®idy

P41 7’7L+1)
Oliy iy, i1 55,0541, sint1

= (101%1 R ® idjij71 @ Lijije ® ide]w2 R id‘]7'n+1)

Oliy,.yij1yij+ije1 ijaa, ing1r (48)
By the assumption on the integers i1, . . ., i,+1 we have that the left maps of the

left and right compositions are inclusions. This identity is proved as follows.
Consider the direct sum decomposition

B N VvV™esaev™e el _, 10V,

NEN>; mePar, (N—2)

®Ji; @ Ji, @V @ Jy , eVt g eVt g g e V),
4.9)
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which trivially includes J;, 4...44,,,+2—». Furthermore, its N-th direct sum-
mand includes the N-th direct summand of the decomposition &3) corre-
sponding toj = (il, N VRN AR 7 I PR T ,i7L+1) and j = (’L'l, celio1, 0+
ij+1,%+2,-.-,iny1) for all N € Nss. So, the restriction of the projection
of this decomposition onto the n-th direct summand to the space @3) for
J = (i1, ij—2,4j—1 +4j,ij41,- -, in+1) coincides with pJ, and the same ap-
pliesif j = (i1,...,%j—1,4j + 441,442, - -, in+1). This proves identity (8).

The properties satisfied by the counit and the augmentation are also clear. The
proposition is thus proved. O

REMARK 4.5. Note that the pattern of the proof is, roughly, (the dual of) the one
given by [16], Thm. 4.5, even though our case is much involved. This similarity is for
us, however, another indication that this definition of multi-Koszul property resembles
the notion of generalized Koszul algebras given by Berger.

REMARK 4.6. It is easy to check that the A..-algebra structure for J# given in the
proposition coincides with the one given in [19], Rmk. 3.25, in the particular case
that A is finitely generated in degree 1 and has a finite dimensional space of relations.

The following definitions are the duals to the ones given by Kadeishvili in [20],
p- 235, and we refer to [32], Chapitre 3, Section 5, even though the sign con-
vention is different. We recall that a linear map 7 : C' — A of cohomological
degree 1 and Adams degree zero from a coaugmented Adams graded A..-
coalgebra C' to an augmented Adams graded dg algebra A is called a twisting
cochain (sometimes called homotopical or generalized twisting cochain) if the com-
position of 7 with the augmentation of A vanishes, the composition of the unit
of C with 7 is also zero, and if

doT = ZM(") oT®m o A,
neN

where d is the differential of A and p(™) denotes the (n — 1)-th iteration of the
product of A, as explained for the tensor algebra at the beginning of Subsec-
tion B.1] Note that the previous sum is finite when evaluated at ¢ € C, for
the family {A;};en is locally finite. We denote by B*(—) the bar construc-
tion of an augmented A..-algebra and by Q*(—) the cobar construction of an
augmented A -coalgebra. Moreover, 7¢ : C' — Q1(C) indicates the universal
twisting cochain, given by the composition of the projection C' — C/Im(n), the
shift and the canonical inclusion, where 1 denotes the coaugmentation of C
(see [32], Déf. 3.14). Dually, for an augmented Adams graded dg algebra A,
its universal twisting cochain is the map 74 : BT(A) — A, given by the com-
position of the minus canonical projection onto Ker(e), the shift and canoni-
cal inclusion, where ¢ denotes the augmentation of A (see [32], (2.23)). Then,
twisting cochains 7 : C' — A are in correspondence with morphisms of dg al-
gebras f; : QT (C) — Avia f. o ¢ = 7 (see [32], Lemme 3.17). In this case we
may consider the twisted tensor product C @, A, whose underlying vector space
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is given by the usual tensor product. We will consider it only in the case A has
vanishing differential. Under this assumption the twisted tensor product is
given by the complex of graded right A-modules for the regular right action
of A provided with a differential d, defined as

> (ide @ p™) o (ide ® T @ida) o (A, @ ida).
neN

The following theorem must be well-known to the experts, but we sketch a
proof. It was announced by B. Keller at the X ICRA of Toronto, Canada, in
2002.

THEOREM 4.7. Let C be a minimal Adams graded coaugmented A.-coalgebra and
A be a nonnegatively graded connected algebra. Then, the following are equivalent:

(i) There is a quasi-isomorphism of Adams graded augmented minimal Ao-
algebras
Eaxt® (k, k) — C*.

(ii) There is a twisting cochain T : C' — A such that the twisted tensor product
C @, A is a minimal projective resolution of the trivial right A-module k.

Proof. Let us show that (i) = (7). First note that we have a morphism of
augmented dg algebras f, : QT (C) — A, which in turn induces a morphism
of augmented dg coalgebras B*(f.) : BT (Q"(C)) — BT (A). By [32], Thm.
3.25, we know that f; is a quasi-isomorphism if and only if B*(f;) is so, if
and only if BT (Q1(C)) Of oty A is acyclic (in the sense given by [32],
Déf. 1.26). Using the adjunction quasi-isomorphism ¢ : ¢ — B*T(Q(C))
(see [32], Thm. 2.28, or [24], Lemme 1.3.2.3) we get that C' ®, A is quasi-
isomorphic to BT (Q1(C)) @, 0r,, (c) A (see [32], Thm. 3.23 for the existence
of the map. The fact that it is a quasi-isomorphism follows easily, see for
instance [32], Thm. 2.8, (i)). Hence, the assumption that C' @, A is acyclic
yields that the map B*(f) : BT (Q"(C)) — B (A) is a quasi-isomorphism
of coaugmented dg coalgebras. If we consider the composition of the adjunc-
tion quasi-isomorphism ¢ : C — BT (2 (C)) of coaugmented A..-coalgebras
with the quasi-isomorphism BT (f;) we get thus a quasi-isomorphism of
coaugmented A..-coalgebras C' — BT (A), which in turn induces a quasi-
isomorphism of augmented A..-algebras BT (A)# — C#. Using the quasi-
isomorphism Ext% (k, k) — BT (A)# of augmented A -algebras given by the
theorem of Kadeishvili, we get the desired quasi-isomorphism of augmented
Axo-algebras. It further preserves the Adams degree for all the involved maps
preserve it.

We will now prove the converse. Suppose thus that f : ExtS(k,k) — C#
is a quasi-isomorphism of minimal Adams graded augmented A..-algebras.
This implies that we have a quasi-isomorphism of augmented A..-algebras
g : BY(A)#* — C#. Define T as the twisting cochain composition of g# and
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the universal twisting cochain 74 : B*(A) — A of A (see [32], Déf. 3.21 and
Lemme 3.22). Since g7 is a quasi-isomorphism, we get that the map g% ®@ id4
defines a quasi-isomorphism from C ®, A to BT (A) ®,, A, which is always
acyclic (see for example [32], Thm. 3.19). See [32], Thm. 3.23 for the proof
that this map is a morphism of complexes of A-modules. The fact that it is a
quasi-isomorphism follows easily (see for instance [32], Thm. 2.8, (i)). Hence
C ®, Ais also acyclic. O

For the coaugmented A..-coalgebra structure defined on J, we now set 7 :
J — A as the linear map given by the composition of the canonical projection
J — J; =V and the inclusion V' C A. It is easy to check that 7 is a twisting
cochain, and furthermore J ®, A coincides with the right multi-Koszul com-
plex of A. Indeed, we first note that the underlying homological bigraded vec-
tor space of J ®, A coincides with the corresponding one of K (A),. Moreover,
the differential d restricted to J; @ A for i odd is trivially seen to coincide with
the differential b, of K(A),. The case i even follows from Remark &3] Hence,
by Proposition E.4land the previous theorem we have the following result.

THEOREM 4.8. Let A be a multi-Koszul algebra, and let {.J;}icn, be the collection
of graded vector subspaces of T(V') defined by Jo = k and the recursive identities
(B2) and B3). Then the Adams graded augmented A..-algebras Ext% (k, k) and J#
are quasi-isomorphic, where the structure of Adams graded augmented A.-algebra of
J# was given in PropositionE4)
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