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Abstract. Let M be a weakly d-Koszul module and let G(M) be its associated
graded module. We give some relations between the minimal projective resolutions of
such M and G(M ). Moreover, the notion of d-Koszul block module is introduced. For
a perfect graded module M, we show that M is a d-Koszul block module if and only
if the Koszul dual £(M) = @,~, Exty (M, Ag), is finitely 0-generated as a graded
E(A) = ®i>0 Extfg (Ag, Ag)-module.
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1. Introduction

The so-called weakly d-Koszul module was first introduced in [4], which is a
natural generalization of weakly Koszul module introduced before by Martinez-
Villa and Zacharia in [8]. Later, the author of the present paper and Wang
revisited weakly d-Koszul modules in [5], and there the following was proved:

o Let A be a d-Koszul algebra and M € gr(A). Then M is weakly d-Koszul
if and only if the associated graded module G(M) is d-Koszul.

For the definitions of d-Koszul algebra (module) and weakly d-Koszul mod-
ule, we refer to [2] and [4] for the further details. Now one can ask the following
question: For a weakly d-Koszul module M, does there exist some relations be-
tween the minimal graded projective resolutions of M and G(M)? In fact, we
obtain the following result:

Theorem 1.1. Let A be a d-Koszul algebra and M a weakly d-Koszul module.
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Let

Q== 2 0, 20, M0
and

p:...qpii)..._gali}poﬂg(]\/[)_)()

be the minimal graded projective resolutions of M and G(M) respectively. Then
we have
P = G(Qi)[6(5)], Viz=0,

where
if © is even

%0 =9 (- 1d

2

and d > 2 an integer; [ | the shift functor.

+1, ifiis odd

From [4], we know that weakly d-Koszul module is also a natural generaliza-
tion of d-Koszul module and they have some similar properties. The following
can be found in [4].

o Let M be a weakly d-Koszul module. Then the Koszul dual E(M) is finitely
0-generated as a graded E(A)-module.

In the case of d-Koszul module, the converse of the above statement is also
true. In order to get the equivalent description for weakly d-Koszul module in
terms of the Koszul dual £(M), we introduce the notion of d-Koszul block module
and we get the following result:

Theorem 1.2. Let M be a graded perfect module. Then M s a d-Koszul block
module if and only if the Koszul dual of M, E(M) is finitely 0-generated as a
graded E(A)-module.

The whole paper is arranged as follows. In Sec. 2, we recall some nota-
tions appeared in [4, 5] and give some new definitions and notations. The main
purposes of Sec. 3 and 4 are to prove Theorem 1.1 and Theorem 1.2, respectively.

2. Notations and Definitions

Throughout, we will follow the definitions and notations of [4, 5]. For examples,

A =@, Ai denotes a graded F-algebra such that

(a) Ay is a finite dimensional semi-simple Artin algebra,

(b) A is generated in degrees zero and one; that is, A; - A; = A;1; for all
0<14,j<oo,and

(¢) Vi >0, A, is a finitely generated F-module.

Let J denote the graded Jacobson radical of A, gr(A) denote the category
of finitely graded module and let grs(A) denote the full subcategory of gr(A)
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consisting of graded pure modules. Recall that WICd(A) denotes the category
of weakly d-Koszul modules...

Definition 2.1. Let M € gr(A). Then we can regrade M as follows:
M/JM @ JM)J*M & J*M/JPM @ ... . (1)

The module constructed by (1) is denoted by G(M), which is a graded G(A)-

module under the grading:
G(M) =T M/TH M,
i>0

where J* = A. More precisely,

(G(M))g=M/JM, (G(M)), = JM/J*M, ....

Therefore, G can be regarded as a functor from gr(A) to gro(A) as follows:
G : gr(A) — gro(4)

via

GM)=M/JM ®JM/J*M & J*M/J*M & . ..

and ' '

c LNy =) Y e,
where M, N € gr(A), f € Homa(M, N), and G(f)(z+JH* M) = f(z)+J N,
where x € J'M.

We will call G the associated graded functor (G-functor for short) and G (M)
the associated graded module of M (G-module for short).

Similarly, we can define G(A) for a graded algebra A.

The following are the basic properties of the functor G.

Proposition 2.2. Let M € gr(A). Then
(a) G(A) = A as a graded F-algebra;
(b) G(M) € aro(G(A)) = aro(4);
) If M is pure, then G(M)[i] 2 M as a graded A-module for some i;
) G2=G;
(e) G(J"M) = J"G(M) for all n > 0;
) Let M € Gr(A). Then M € gr(A) if and only if G(M) € gr(A);
) Let {M;}_, be a family of finitely generated graded A-modules. Then

G(@ M;) = @ G(M;).
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i.e., the functor G preserves finite direct sums;

(h) Let P € gr(A) be a graded projective module. Then G(P) is a pure graded
projective G(A)-module;

(i) Let f € Homa (M, N) be an epimorphism. Then G(f) is also an epimor-
phism from G(M) to G(N).

Proof. By definition, G(A); = J;/Ji11 = A; for all ¢ > 0 since the graded F-
algebra A = Ag® A1 ®- - - is generated in degrees 0 and 1. Now the first assertion
is clear. For the second assertion, we first prove that G(M) is a graded G(A)-
module. Indeed, we can define the module action as follows:

w:G(A) @ GM) — G(M)

via
pla+J'A) @ (m+ M) =a-m+JH M
for all a + J'A € G(A) and m + J'M € G(M). It is easy to check that p
is well-defined and under p, G(M) is a graded G(A)-module. Note that the
generating space of M is M/JM = G(M)g, now (b) is obvious. The proof of
the third assertion is similar to (a) and we omit it. Statements (d), (e) and (f)
are clear. For the proof of (g), we only need to show the case of n = 2. Note
that
J(Ml D MQ) =JM, ® JM,

and thus

J(M M)  JM@eJ M, _ JM J My
JiJrl(Ml @Mz) o JHIM @ JHIM, o JL M, JiJrlMQ,

which follows that
G(M1 ® Ms) = G(My) & G(M>).

Note that G(P) is a pure graded G(A)-module and P is a direct summand of
some copies of A[—i], where [ | is the shift functor. Now by (g), (h) is immediate
and by the definition of G(f), (i) is clear. ]

Definition 2.3. Let A be a d-Koszul algebra and M € gr(A). Let
be a minimal graded projective resolution of M. We call M a weakly d-Koszul
module if for i,k > 0, J¥ker f; = J*T1Q; Nker f; if i is even and J*¥ ker f; =
JEHI=1Q, Nker fi if i is odd.

Let WK%(A) denote the category of weakly d-Koszul modules.

Definition 2.4 Let M € gr(A) then we can find a set SM = {Sy,, Sk,, -+, Sk.}
of Ag-submodules of M such that:
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(a) k0<k1<"'<k5;
(b) Each Sk, is concentrated in degree k;;
(¢) M/JM = Sk, ® Sk, ® -+ @ Sk. as graded Ag-modules.

The submodules {Sk,) are called the graded pure submodule (GP-submodules)
of M.

If M is the direct sum of its GP-submodules, i.e. M = (Sk,) ® (Sk,) D+ ®
(Sk.), we call it perfect. A d-Koszul block module is a module which is both
perfect and weakly d-Koszul. It is easy to see that each pure graded module is
perfect and each d-Koszul module is a d-Koszul block module. We will denote
the categories of d-Koszul block modules and perfect graded modules by KB% (4)
and P(A), respectively.

Now let us discuss some easy properties of perfect graded modules.

Proposition 2.5. Let M € gr(A) and keep the same notations as in Definition
1.4. Then the following statements are equivalent

(1) M € P(A);

(2) (Skg»Skyy-+* »Sk;) € P(A), where 0 <i <'s;

(3) (Ski) = (Sk;sSkypns »Skis )/ {Sk; s Skjias++ » Skis -+ +), where Sk, means
t

o omit it.

Proof. It is immediate from the definition of perfect graded modules. [
Now we will give examples of d-Koszul block modules.

Ezample 2.6. Let M € gr(A) be generated in degrees dy < di < --- < dp. Then
there exist graded pure A-modules Ko, K1, ---, Kp, such that
(i) As Ap-modules, M = P! K;;
(i) G(M) = G(Di_ Ki);
(ii)) G(M) =@t Ki[—d;].
Moreover, if M € WlCd(A), then for all 0 < j < p, 695:0 K; e ICBd(A).

In fact, let Sq,, Sq,, <-+, Sa, be the minimal generating spaces of M and
each Sy, is an Ag-submodule of M consisting of homogeneous elements of degree
di, (0 <i <p). Let Ko = (Sq,), where (Sq,) denotes the graded A-submodule
of M generated by Sg,. Let

Ky = ((M/(Say))ar ), Ko = ((M/(Sa,))/E1)as), - - -

Now it is easy to see that each K; is a graded pure module generated in
degree d;. From the construction of each K, the statements (i), (ii) and (iii) are
clear. If M € WK?(A), from the approximation chain in [4], one can see that
each K is a d-Koszul module. Therefore, for all 0 < j < p, 520 K; e ICBd(A).
That is, we can construct a lot of d-Koszul block modules from a given weakly
d-Koszul module.
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3. The Proof of Theorem 1.1

Lemma 3.1. Let 0 - K — M — N — 0 be an exact sequence in gr(A)
and K, M, N have the same highest degree . Then for all k > 0, we have
JFK = KN J*M if and only if

0—-G(K)— G(M)—G(N)—0
is an exact sequence in gro(G(A)) = gro(4).
Proof. (=) Consider the following short exact sequence
0O—-—K—M-—N-—=0

with J*K = K N J*M for all k > 0. Obviously, we have the following commu-
tative diagram with exact rows

0 —— JHK ——= JFIM — JFIN —=0
0 JFK JEM JFN 0

where the vertical arrows are natural embeddings. By the “Snake Lemma”, we
can get the following exact sequences

0— J*K/J" K — J"M MM — JPN/ TN — 0

for all £ > 0. Applying the exact functor “@” to the above exact sequences, we
have

0—PJIE/ K - IEM/ I M - P TN/ TN — 0.
k>0 k>0 k>0

That is, we have the exact sequence
0—-GK)— GM)— G(N)—0.
(<) Suppose that we have the exact sequence,
0— G(K) — G(M) — G(N) — 0,
which yields an exact sequence

0— P JIK/JIFK - @ IEM/IFM — @@ TEN/ TN — 0.
k>0 k>0 k>0

Note that the functor “@” is exact and K, M, N have the same highest degree,
we have the following exact sequences

0— JEK/JMH K — J"M MM — JPN/ TN — 0
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for all k£ > 0, which implies that for all k& > 0, we have J*K = K N J*M.
Therefore, we are done. n

Now we can prove Theorem 1.1.

Proof. Consider the following exact sequence
0 — ker fo - Qo — M — 0.
Note that Q is minimal, which yields the following exact sequence
0 — ker fo — JQop — JM — 0.

It is easy to see that the highest degrees of ker fy, JQo and JM are the same.
Since M € WK%(A), we have

JFker fo = ker fo N J*H Qo = ker fo N J*(JQy), Vk > 0.

Now by Lemma 3.1, we have the following exact sequence

0 — G(ker fo) = G(JQo) — G(JM) — 0,
which yields the following exact sequence

0 — G(ker fo)[1] = G(Qo) — G(M) — 0.

Now consider the following exact sequence
0 — ker fj — Q1 — ker fo — 0.

Note that M € WK%(A), we have the following exact sequence

0— ker fi — J91Q — J¥ tker fy — 0.

Observe that the highest degrees of ker f1, J91Q; and J¢~! ker f, are the same
and M € WK?(A), we have

J¥ker fi =ker fy N J*TIQ) = ker £, N JH(JQy), VK > 0.
Now by Lemma 3.1, we have the following exact sequence
0 — G(ker f1) = G(J9'Q1) — G(J¥ " ker fy) — 0,
which yields the following exact sequence
0 — Gker f1)[d — 1] = G(Q1) — G(ker fo) — 0,
and we have the exact sequence

0 — G(ker f1)[d] — G(Q1)[1] — G(ker fo)[1] — 0.
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Repeat the above argument and by induction, we have a minimal graded pro-
jective pure resolutions in gr(A)

= G@)[6(n)] = -+ = G(Q[6(1)] = G(Qo) — G(M) — 0.
Now consider the following commutative diagram with exact rows
= G(Qn)[6(n)] — - — G(Q)[0(1)] — G(Q0)[6(0)] — G(M) —0

Y

Note that two rows are pure minimal graded resolutions of G(M), we see that
all the a; are isomorphisms for ¢ > 0 and we are done. ]

Corollary 3.2. Let A be a d-Koszul algebra and M € gr(A). Let
Q:"'HQiL"'—WhLQoﬂM*O
be a minimal graded projective resolution of M. Then
= G(@)6(n)] = -+ = G(Q1)[6(1)] = G(Qo) — G(M) — 0

is a minimal projective resolution if and only if M € WK(A).

Proof. (=) By assumption and the definition of d-Koszul modules, G(M) is
d-Koszul by [5], which is equivalent to that M is weakly d-Koszul.
(«) Follows from Theorem 1.1. n

4. The Proof of Theorem 1.2

Lemma 4.1. Let M = ®i>ko M; be a d-Koszul block module and use the
notations in Definition 2.4. Then
(1) All the GP-submodules (Sk,) are d-Koszul modules, where 0 <i < t;

(2) (S,) N JEM = JE(S,.) for all k > 0;
(3) All the A-modules (Sk;, s Skiy> s Ski, )/ (Sk;, > Sk

block modules, where

in) ios 'Ok, ) are d-Koszul

{Skil’Skiz’ T ’Skip} - {Skm Skla T aSkt}
and
{Skjl ) Skaa e aSk]'m} C {Skil 5 Ski2, cet ’Skip}'
Proof. 1t is similar to that of [4, Theorem 2.6] and we omit it. ]

Lemma 4.2. Let M € gr(A) and use the notations of Definition 2.4. Then M
is a d-Koszul block module if and only if
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(1) All the GP-submodules of M are d-Koszul modules, and
(2) M is the direct sum of all its GP-submodules.

Proof. Suppose M is a d-Koszul block module. By the definition, it is a perfect
graded module and M is the direct sum of all its GP-submodules. By Lemma
4.1, all the GP-submodules of M are d-Koszul modules.

Conversely, by condition (2), M is a perfect graded module. To complete the
proof of the theorem, we need only show M € WK?(A). We need only consider
the case M = (S, , Sk, ) since the other cases can be proved similarly. Note that
d-Koszul modules are of course d-Koszul block modules, hence weakly d-Koszul
module. Consider the following exact sequence

0— <Sk0> - <Skoa Sk1> - <Sk1> — 0,

where, by hypothesis, (Si,) and (S, ) are d-Koszul modules and J(S,) = (Sk, )N
J(Sk,, Sk, ). From [4], we have M € WK?(A). ]

Proposition 4.3. Let M € P(A) and use the notations in Definition 2.4.
Then M is a d-Koszul block module if and only if the Koszul dual of all its
GP-submodules, E((Sk,)) = @,,>0 Ext’i ((Sk,), Ao) are generated in degree 0 as
a graded E(A)-module.

Proof. By Lemma 4.1, a perfect graded module is a d-Koszul block module if and
only if all its GP-submodules are d-Koszul modules, which is equivalent to the
fact that all the Koszul duals, £((Sk,;)) = @,,>0 Ext’i ((Sk,), Ao) are generated
in degree 0 as a graded E(A)-module (by [2]). n

Theorem 4.4. Let M € P(A) and use the notations in Definition 2.4. Then
M is a d-Koszul block module if and only if the Koszul dual of M, E(M) =
D50 Exth (M, Ao) is generated in degree 0 as a graded E(A)-module.

Proof. Assume M € P(A) is a d-Koszul block module, then

E(M) = @EXtZ«Skm Skla co aSkt>a AO)

n>0

= D Ext’s ((Sko) @ (Sky) & -+ @ (Sk,), Ao)

n>0

= D (Ext4 ((Sko), Ao) © Ext4 ((Sk, ), Ao) & - - - & Exti ((Sk, ), Ao))
n>0

= (D (Ext4((Sk,), A0) & (@D (ExtZ({Sk,), Ao))

n>0 n>0

BB (@(EX&Z((S}CJ, Ao))

n>0

is generated in degree 0 as a graded E(A)-module.



270 Jia-Feng Li

Conversely, since M € P(A) and E(M) = P,,~, Ext’; (M, Ag) is generated in
degree 0 as a graded E(A)-module, then each €, <, Ext’; ((Sk,), Ao) is a direct
summand of £(M). Hence all £((Sk,)) = D,,>¢ Ext’4 ((Sk,), Ao) are generated
in degree 0 as a graded F(A)-module. By Proposition 4.3, we finish the proof.

]

Now put Theorem 4.4 and [5, Theorem 4.3] together, we complete the proof
of Theorem 1.2.
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