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Introduction

It is well known that finite dimensional modules over finite dimensional
algebras admit minimal projective resolutions. The explicit knowledge of a
minimal projective resolution for a given module permits to reduce computa-
tion of Ext-groups involving this module to an, albeit sometimes complicated,
linear algebra problem.

The present article was conceived in the sequence of our research of Ext-
groups between Weyl modules for the general linear group GL,, or, equiv-
alently, of Ext-groups between Weyl modules for Schur algebras. The de-
termination of ExtiGLn(M ,N), where M, N are Weyl modules, is an open
problem in the representation theory of GL, and of other algebraic groups,
see [8], [9] for the cases of SLy and GLs. We hope that the construction of
suitable projective resolutions of Weyl modules over Schur algebras can shed
some light on this problem.

In our work to explicitly build these projective resolutions, we found that
it is important to be able to pass between different abelian categories with
suitably chosen functors. These functors should preserve minimal projective
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resolutions, not necessarily for all objects, but at least for the objects we are
interested in.

In this article we present our results concerning three of these functors.
Let T" be a monoid. The first two functors are defined on the category of
['-graded modules over a I'-graded algebra. The first functor is the forgetful
functor that erases the grading information. The second functor is defined
as a twisted product — xp IV for a B-module N, where B is a I'-algebra (the
explicit definitions are given in Section 3). In Sections 2 and 3 we determine
sufficient conditions for which these functors preserve minimal projective
resolutions for all objects.

In the last section we study the functor A/I ®4 —, where A is an algebra
and [ is an ideal. This functor usually does not preserve (minimal) projec-
tive resolutions for all objects, but in favorable circumstances it preserves
(minimal) projective resolutions of A/I-modules considered as A-modules.
In this case we say that [ is a stratifying ideal. The equivalent condition for
I to be stratifying is that Tori (A/I, A/I) =0 for k > 1.

If R is a subring of A which does not necessarily lie inside the center of
A, one can define relative torsion groups Tor,(gA’R)(A JI,A/I) (see [7]). In [11]

we found a combinatorial criterion for Tor,iA’R)(A/ ILA/I) =0, k> 1. In
the last section of the article we establish a sufficient condition on the triple
(A, R, I) under which Tor,(CA’R)(A/I,A/I) = 0 for £ > 1 implies the same
for Tory!(A/I, A/I). Thanks to this, one can use the combinatorial criterion
from [11] to prove that [ is a stratifying ideal in A.

For the convenience of the reader, in the first section of the article, we prove
some results concerning minimal projective resolutions in general abelian
categories. Despite the fact that these results are sometimes accepted as
true in this general context, we were not able to find explicit proofs for them
in the literature. So we chose to provide full details in their treatment.

1. Superfluous subobjects and minimal projective covers
in abelian categories

In this section we work in a very abstract setting, collecting definitions and
proving results in general abelian categories. These results and concepts will
be then applied to concrete categories in the following sections of the article.

Let C be an abelian category. We follow MacLane [6], and define a subobject
of Y € C as an equivalence class of monomorphisms ©: X — Y, where
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Y~ X' — Y if there is an isomorphism p: X — X’ such that ¢/ o p = ).
We use upper case letters to denote objects and italic uppercase letters to
denote subobjects. To indicate that X is a subobject of Y we write X C Y.
If X and Z are subobjects of Y represented by monomorphisms ¢x: X — Y
and ¢z: Z — Y we say that Z is contained in X and write Z < X if there
is ¢: Z — X such that ¢x o ¢ = 15. Given an object Y we denote by ) the
maximal subobject of Y, i.e. the subobject given by the equivalence class of
idy .

Dually a quotient of Y is an equivalence class of epimorphisms 7: Y — Z,
where 7 ~ 7/: Y — Z’ if and only if there is an isomorphism p: Z — Z’ such
that po71 = 7/.

We adopt the convention that for an arrow ¢: X — Y the kernel ker ¢ and
the image Im ¢ of ¢ are subobjects of X and Y, respectively. Similarly the
cokernel Coker ¢ of ¢ is a quotient of Y. This is a legitimate point of view
as explained in [6, VIII.1].

As usual we use i; to denote the canonical embeddings associated with
direct sums. For an object A we denote by V4 the codiagonal map, which
is determined by the universal property of the direct sum

0 A

Given two subobjects X7 and X5 of Y € C, we define the sum &} + X, as
the image of Vy o (1 @ 19) in Y, where, for ¢ = 1, 2, the map 1; is a
representative of Aj.

For a morphism ¢: X — Y and a subobject N of X represented by a
monomorphism ¢y : N — X, we define the subobject ¢(N') to be Im(¢pohy).

Now, if M is a subobject of Y represented by a monomorphism ¢,;: M —
Y, we define ¢~ (M) C X as the image of the left vertical arrow in the
pull-back diagram

M—M
| | 1)
X

—¢>Y.
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Suppose X C Y. We say that X is a superfluous subobject of Y if for any
subobject T of Y the equality X + 7 = )Y implies T = Y. We will write
X €Y in this case.

We will define minimal projective covers using superfluous subobjects. As
in this article we study preservability of projective covers under various func-
tors, it is convenient to have at hand various elementary properties of super-
fluous subobjects, which will be given in Proposition [1.3] These properties
are well-known and easy to prove in the case C is the category of modules
over a ring. To lift these properties to arbitrary abelian categories, we will
use the Freyd-Mitchell embedding:

Theorem 1.1. Let B be a small abelian category. Then there exists a ring
R such that there is a full and faithful exact functor F': B — R-Mod.

Notice that the above result refers only to small abelian categories. As we
work with arbitrary abelian categories, we will use the following fact proved
on page 85 of [3].

Theorem 1.2. Let C be an abelian category and X a set of objects in C.
Then there is a full subcategory B(X) of C such that

i) X C ObB(X);

ii) B(X) is a small abelian category;
iii) B(X) is stable under finite limits and colimits.

We say that a functor F' between abelian categories is exact if one of the
two equivalent conditions holds:

i) I preserves exact sequences;
ii) F' preserves finite limits and finite colimits.

Below we list standard properties of fully faithful exact functors, which we
will use without further reference. If F': B — C is a full and faithful exact
functor between abelian categories, then
e F(0) =0;

e [ preserves and reflects monomorphisms and epimorphisms;
e F preserves and reflects kernels, cokernels, and, thus, also images.

Given X C Y in B, we define F(X) C F(Y) as the equivalence class of
F(1¢x), where ¢y : X — Y is a representative of X'. Then there hold

o If X}, Xy, C Y, then F(Xl + Xg) = F(Xl) + F(XQ),

o If X} and &5 are two different subobjects in Y then F(X)) # F(X,);
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e [ preserves images and pre-images of subobjects.

We can now state and prove the properties of superfluous subobjects that we
mentioned before.

Proposition 1.3. Let C be an abelian category. Then the following state-
ments hold:

(i) Suppose that N € M and ¢: M — M’ is an arrow in C. Then ¢(N) €
M.
(ii) Let N}, € M in C, for k in some finite index set I. Then Y, ., N € M.
(111) Let Ny, C My, k € I, be a finite family of subobject-object pairs in C.
Then the following two assertions are equivalent:
(a) Ny @ My, for allk € I;

(0) Y keritWNi) € Bper Mi

Proof: ({) Let 7 C M’ be such that ¢(N)+T = M’. Our first aim is to show
that N+¢ 1(T) = M. Let ¢7: T — M’ and ¢y : N — M be representatives
of T and N, respectively. Denote by B the category B(T, N, M, M'), whose
existence is asserted by Theorem [[.2] Since B is stable under finite limits
and colimits, it is enough to show that N'+ ¢~ }(7T) = M in B.

Let R be a ring, such that there is a full and faithful exact functor F': B —
R-Mod. Applying F' to ¢(N)+T = M’ we get (Fo)(FN)+F(T) = F(M').
Now, for every m € F(M) there are n € F(N) and t € F(T) such that
(Fp)(m) = (F¢)(n) +t. In particular, (F'¢)(m —n) =t belongs to F(T).
Therefore, m —n € (F¢) '(FT). This shows that m = n + (m — n) is
an element of F(N) + (F¢) '(FT). Since m was an arbitrary element of
FM, we get that F(N) + (F¢) ' (FT) = F(M). Since F is exact this
implies N+ ¢ (T) = M. As N @ M, we get ¢~ 1(T) = M. In particular,
N < ¢ HT). Hence p(N) < ¢ (T) < T. Therefore T = ¢(N)+T = M.

It is enough to prove the statement in case the cardinality of I is 2. Let
T C M be such that N; +No+T = M. Since N1 @ M, we get No+T = M.
Now Ny @ M, implies T = M.

Suppose Ny, € M, for all k € I. Then, by (f) we get ix(Ni) € D;c; M;.
Therefore ), ;i (Ny) € @Dyc; My, by statement of the proposition.

Conversely, suppose Y, ;i (Ny) € @ef Mi. Fix ¢ € I. We will show
that Ny @ M,. Suppose T C M, is such that N, + T = M,.
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Define & = iy(T) + > p2pix(My). Then Yy ir(Np) +8 = 30 pie(My) is
the top subobject of @, .; Mj. Since >, ; ix(Ny) is a superfluous subobject
of B,c; My, weget S =, i(M;y). Applying the fth canonical projection
pe: Brey My — My, we get T = M,. This shows that Ny € M,. ]

It should be noted that the properties stated in Proposition and
(iii) cannot be extended to infinite sums. To give counter-examples we need
the notion of radical. Given a ring R and an R-module M we can define
Rad(M) as the sum of all superfluous subobjects in M. This definition is
equivalent to the usual one via the intersection of maximal subobjects by [,
Proposition 9.13].

Now consider the case R = Z and M = Q/Z. By [I, Exercise 9.2], we
have Rad(Q/Z) = Q/Z. This shows that Rad(Q/Z) is not a superfluous
submodule of Q/Z despite being a sum of superfluous submodules.

Next let R be aring and M an R-module such that Rad(M) is not superflu-
ous in M. Denote by S the set of all superfluous submodules in M. The set
S is infinite as otherwise we would get a contradlctlon to Proposition u.

Consider the submodule N := = @Pyeg N of M = @Dryeg M. Then N is an
infinite direct sum of superfluous submodules. We will show that N is not

superfluous.

Since Rad(M) is not a superfluous subobject of M, there is a submodule
T C M such that T'# M and T + Rad(M) = M. We define

ZmNET}.

NeS

~

T = { (mn)nes € M

We will show that N + 7 = M and T =+ M. For the second assertion, note
that if we take m € M \ T and N € S then ix(m) is not an element of T".

Now we will show that 7+ N = M. For this it is enough to check that
for every m € M and N € S the element ix(m) belongs to T + N. Since
T+Rad(M) = M and Rad(M) is the sum of all superfluous subobjects we can
write m as a linear combination m = ¢ + ZN,GS/ my, te€T, my € N,
where S’ is a finite subset of S. Now iy/(m N/) € N for every NV "€ 5. Further
the elements iy(t), iy(my) — in/(mys) of M lie in T. Therefore

in(m) = ( )+ Z in(my) —in(myr) ) + Z in'(myr)

N'eS’ N'es’
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is a sum of an element in T and of an element i in N. This shows T+ N = M
and thus N is not a superfluous submodule of M despite being a direct sum
of superfluous subobjects in the corresponding components.

For completeness of the exposition we recall the definitions of projective
object and projective resolution. An object P in C is called projective if for
every epimorphism ¢: X — Y inC the map C(P, f): C(P,X) — C(P,Y) is an
epimorphism. A projective cover of Y in C is a projective object P together
with an epimorphism 7: P — Y such that kerm € P. If a projective cover
of Y exists it is unique up to isomorphism (cf. [12, Theorem 5.1]).

A projective resolution of an object M € C is an exact complex P, =
(Py, k > —1) with differentials dy: Pry1 — Py, P.1 = M, and P} projec-
tive. This resolution is called minimal if, additionally, ker(d;) € Py for all
k> —1.

It follows from the definition, that if P, is a minimal projective resolution
of M, then d_y: Py — M and dj: Pyy1 — ker(dy_1) for k > 0 are projective
covers. Since a projective cover is unique up to isomorphism, we see by an
induction argument, that a minimal projective resolution of M is unique up
to isomorphism.

2. Graded algebras and modules

Let R be a commutative ring with identity, I' a monoid with neutral element
e, and A a I'-graded associative R-algebra, that is we have an R-module

decomposition
1=@a.,

~vel’

satisfying A, A,, C A,,,, for all 71, 72 € I'' We also assume that the identity
eq of A is an element of A..

A left A-module M is I'-graded if M = P, - M,, where each M, is an R-
submodule of M, and A, M., C M,,,, for all y1,v2 € I'. We will work with the
category A-I'-gr of left I'-graded A-modules and A-module homomorphisms
respecting the grading: a map of A-modules f: M7 — M is in A-I'-gr if
f(M;,) C My, for all v € I'. This category A-I'-gr is abelian (see for
example Proposition 3.1 in [12]).

Given a I'-graded A-module M, the support of M is

supp(M) = {~ € T'[ M, % 0} .
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We call a monoid I' equipped with an order < an ordered monoid if for
any three elements «, 3, v € I' such that a < [ we have that also ay <
B~y and ya < yB. Notice that we require that the multiplication with ~
preserves strict inequalities. This is a stronger condition than to require just
preservability of non-strict inequalities. Terminological conventions on this
matter can vary from article to article.

A poset (P, <) is called well-founded if every strictly decreasing sequence of
elements in P is finite. With this definition we can speak about well-founded
ordered monoids.

The following theorem is a reformulation of Proposition 5.2 in [10].

Theorem 2.1. Let I' be a well-founded ordered monoid such that e is the
least element of I'. Then every I'-graded A-module has a projective cover if
and only if every A.-module has a projective cover.

Consider the general monoid I'. For every 8 € I' and every I'-graded
A-module M, we define the I'-graded A-module M[3] to be M as a left A-
module with the homogeneous components given by MI[5], = @aﬂzv M,.
Note that each component M, of M appears exactly once in the decomposi-

tion M[B] = @, r M[B],, since M, is a direct summand of M[B],5 and not
a direct summand of any M 5], for v # ap.

It is proved in [10, Proposition 4.3], that the set { A[5] |5 € '} is a set of
projective generators for the category of I'-graded A-modules. This fact will
be used in the proof of the following proposition.

Proposition 2.2. Let I' be a monoid and A a I'-graded algebra. If P is a
projective I'-graded A-module, then P is projective as an A-module.

Proof: Since P is a projective I'-graded A-module it is a direct summand of
D AlG], for some family B of elements in I'. As A[S] = A as an A-module
we get that P is a direct summand of the free A-module Pgz A. Hence P
is a projective A-module. |

Proposition implies that if P, is a projective resolution of a I'-graded
A-module M then P, is a projective resolution of M considered as an A-
module. If P, is minimal as I'-graded projective resolution, it is not always
true that it is minimal if considered without grading. Our next step will be
to determine conditions under which minimality is preserved upon forgetting
the grading.
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Proposition 2.3. Let I' be a well-founded ordered monoid with least element
e, and A a I'-graded algebra. Suppose M is a I'-graded A-module with finite
support and N is a superfluous subobject of M in the category A-I'-gr. Then
N is a superfluous subobject of M in the category A-Mod.

Proof: We will prove the proposition by induction on the cardinality of the
support of M. If |supp(M)| = 1 there is nothing to prove, as any A-
submodule of M is automatically I'-graded. Suppose the result holds for
all M with |sup(M)| < n — 1. Consider M with |supp(M)| = n. Let T be
an A-submodule of M such that N +T = M. We have to show that T'= M.
Let v be a maximal element of supp(M). Define M’ as the I'-graded A-
submodule of M generated by €, Mz, that is My = My if 8 # v, and
M; = @5@ EBW:V A,Mpg. Note that in the last sum, we can take 5 < v
and not just 5 # v, as the existence of o such that a8 = ~ implies that
v > 3. Also, since 7 is a maximal element of supp (M), both M. and M, are
['-graded A-submodules of M. We will prove first that

M, CT. (2)
By Proposition , we have that
(N+M,)/a, € M /ar, (3)

in the category A-I'-gr. Since the support of M / M., has cardinality n — 1,
by the induction hypothesis we get that also holds in A-Mod. Obviously

(N + M)/, + (T + M) /ar, = M /pg
Therefore
(T'+ M) /pr, = M /b, (4)
It is now easy to show . In fact, we only have to check that A,Mg C T
for every § < v and «, such that a8 = . Note that, for such a we have
a # e and so a > e. Let y € Mg and a € A,. It follows from that there

is z € M, such that y + z € T. Thus also a(y + z) € T. Since ay > « and
v is a maximal element of supp(M), we get that az = 0. Thus ay € T, i.e.

AyMp C T. Now define
M:M/M;, N — (N+M;)/M§ c M, T:T/M; c M.

Note that M is the internal direct sum of M, and € Bty M 4 in the category
of T-graded A-modules. Our next step is to prove that N € M in the
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category A-Mod. By Proposition 1.3({) we have that N € M in the category
A-I'-gr. Since N is I'-graded, we get that N, is a I'-graded A-submodule
of M, and @, 5y Ny is a I'-graded A-submodule of Ds, M. Moreover
(@/B N Ng)@ N, = N. Therefore from Proposition [1.3(fii), we have that
N, € M, and @,., Ny € @5¢7Mﬁ in the category A-T'-gr. Since the
cardinalities of the supports of M, and of @5 L Mg are less than n, the
induction assumption gives that N € M., and D Ng € Ds., Mg in A-
Mod. Applying Proposition [T.3|(iii) Wlth C the category A-Mod, we conclude

that N € M in A-Mod. Thus N +T = M implies that T = M. Therefore
T =M. |

We will use the result of Proposition only in the case M is a projective
module. It is natural to wonder if the condition of finiteness on |supp(M)|
is redundant. The next example shows that this is not the case.

Let R be a commutative ring with identity, with the property that its
Jacobson radical J = J(R) is not left T-nilpotent. For example, we can take
R = Z,), the localization of Z at the ideal (p), for some prime p. Consider
R as an N-graded ring with Ry = R and all other homogeneous components
equal to zero. Define the N-graded R-module F' by F,, = rR. Clearly F'
is a projective N-graded R-module. If we consider F' as an R-module, by
Proposition 9.19 in [I], we have N := Rad(F) = @,y /. In particular, N
is an N-graded submodule of F'. It is easy to check that N €@ F' in R-N-gr.
Indeed, if T" = €, T is another N-graded R-submodule of F' such that
N+T = F, then for each component n we have N,,+T,, = R,i.e. J+T, = R.
Since J € R in R-Mod, this implies 7,, = R and T' = F.

By Proposition 17.10 and Lemma 28.3 in [I], we know that N = JF, and
that JF' is a superfluous subobject of F'in R-Mod if and only if J is a left
T-nilpotent ideal. Hence, under our assumption on the ring R, N is not
a superfluous submodule of F' in R-Mod. This shows that forgetting the
grading can render a superfluous subobject to become non-superfluous.

Proposition 2.4. Let I' be a monoid, A a I'-graded algebra with finite sup-
port, and M a I'-graded A-module with finite support. Then there exists a
projective resolution Py of M in A-I'-gr such that each Py has finite support.

Proof: It is enough to show that for every M with finite support there is
a projective I'-graded A-module P with finite support and an epimorphism
f: P — M. Then using this fact for ker(f), we get P» — ker(f), and
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hence the first two steps of a projective resolution of M with finite support.
Repeating this process recursively we obtain a projective resolution of the
required type.

Since { A[f] |8 € '} is a set of projective generators of A-I'-gr, there is
P = @ser AlB]", where kg are cardinals, and an epimorphism of I'-graded
A-modules f: P — M. Suppose 3 ¢ supp(M). Then the restriction of f to
each summand A[f] in P is zero. In fact, the module A[f3] is generated as
an A-module by the element e € A, C A[f]s, and its image under f is in
Mg = 0. Therefore, without loss of generality, we can assume that kg = 0 for
all 8 ¢ supp(M). Since |supp(A[5])| < |supp(A)| and A has finite support,
we get that [supp(P)| < > sequpp(ar) | SUPP(A[B])| < [supp(M)] - [supp(A)|
is finite. |

We can now state and prove the main result of this section.

Theorem 2.5. Let I" be a well-founded ordered monoid with least element e,
and A a I'-graded algebra with finite support. Given a I'-graded A-module M
with finite support, let Py be a minimal projective resolution of M in A-T"-gr.
Then P, is a minimal projective resolution of M in the category A-Mod. In
other words, the grading forgetting functor from A-I'-gr to A-Mod preserves
manimal projective resolutions of I'-graded A-modules with finite support.

Proof: We know that P, is a projective resolution of M in the category A-
Mod by Proposition [2.2 Thus we have only to check that it is minimal.

By Proposition |T_4 there is a projective resolution P, of M in A-I'-gr such
that all Py, k > 0, have finite support. Since P, is a minimal projective res-
olution (by applying for example Theorem 5.1 in [12]) there is an embedding
of P, into P,. Thus each P;, k > 0, has finite support. Since the resolution
P, is minimal in A-I’-gr, all the maps d_1: Py — M and di: Pyy,1 — Py
for k& > 0 have superfluous kernels in A-I'-gr. From Proposition [2.3], these
kernels are also superfluous in A-Mod. |

3. Twisted products

We start this section with an overview of the concept of twisted product
of rings. Then we specialise to twisted products of I'-graded algebras and
modules, and study under which conditions the functor — xp N, defined
below, preserves minimal projective resolutions.

Given rings S, A, and A, , suppose we have ring homomorphisms ¢;: S —
A;, for 1 = 1,2. We say that A is a twisted product of A; and As over S if
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there are a ring homomorphism ¢: S — A and an S-bimodule isomorphism
v: A1 ®g Ay — A such that

Y(P1(s) @ 1) =v(1 @ ¢a(s)) = é(s), Y(a1 ® az) = v(a1 @ 1)y(1 ® ay)

Yaa; @ 1) =y(a1 @ Dy(ay @ 1), (1@ agay) = (1@ az)y(1 @ ay).
(5)
If A is a twisted product of A; and A over S, one can define a twisting
homomorphism of abelian groups

T: A2 ®SA1 —)Al ®5A2
as @ ay =y (Y(1 @ ag)y(ag ® 1)).

Note that it is then possible to reconstruct A from ¢y, ¢o and T. The
name twisted product is justified by the existence of the map 7.

Twisted products of algebras over fields where studied in [4]. A more
general approach, that can be applied to monoids in arbitrary monoidal cat-
egories, was considered in [2].

Next we study a twisted product involving a I'-graded algebra. As usual,
all the unnamed tensor products are considered over R.

We say that an R-algebra B is a ['-algebra if there is a right action of I" on
B

r-BxT — B
(b,7y) = b7,

such that for each v € I' the map b — b” is an algebra homomorphism.
Let A be a I'-graded R-algebra and B a I'-algebra. We define a binary
operation m on A ® B by

(a®Db)(d @V)=ad @V, forac A,, d € A, bV € B.

The R-module A ® B when considered together with the binary operation
m will be denoted by A xp B. It is routine to check that the following
proposition holds.

Proposition 3.1. The pair (AxpB,m) is an R-algebra with identity 14®1p.
It is a twisted product of A and B (over R), where ¢4, ¢p, and ¢pax.p are the
unity maps, and v: AQ B — A Xp B is the identity map. Moreover A X B
is I'-graded, with the grading given by (A xr B), = A, ® B, v € I.
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Note that the maps A — A xr B and B —+ A xr B given by
ar—a®lp b—14®Db

are homomorphisms of algebras, being the first one a homomorphism of I'-
graded algebras.
Let N be a B-module and M = P, . M, a I'-graded A-module. We define

an (A xp B)-module structure on M ® N as follows
Ay, @ bR My, @ T ay,my, @ b2,

for all a,, € A,, b€ B, m,, € M,, and x € N. We denote this module by
M xp N. This is a I-graded module, with (M xpr N), = M, ® N.

Let ¢: M7 — M5 be a homomorphism of I'-graded A-modules and ¢: Ny —
N5 a homomorphism of B-modules. We write ¢ X ¢ for the map

M1 X1 N1 — M2 X1 N2
m e p(m) @ ().

Clearly ¢ X 1 is a homomorphism of I'-graded A xp B-modules. It follows
that the correspondence

(M,N) — M xp N
(¢, 0) = @ Xp ¥

gives a bifunctor from the categories A-I'-gr and B-Mod to the category
(A xp B)-I'-gr. In particular, for each B-module N, we have the functor
—Xxp N from the category A-I'-gr to the category (A xp B)-I'-gr. This functor
is exact if and only if N is a flat R-module. Note that — xp IV preserves
arbitrary direct sums. In fact, the R-isomorphism

é: (@M) xp N = ED(M; xp N)

iel iel
(Mm;)icr @ x +— (M @ T)ieg.
is also an isomorphism of I'-graded A X B-modules.

Next we will establish a sufficient condition for the functor — xp N to
preserve projective objects. For every 8 € I', we denote by g/NV the B-module
with the same underlying abelian group as N but with the B-action defined
by

bgx =10, (6)
for every x € N and b € B.
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Proposition 3.2. Let A be a I'-graded R-algebra and B a I'-algebra. Suppose
that N is a B-module with the property that all the B-modules 3N, B € T,
are projective. Then, for any projective I'-graded A-module P, the I'-graded
A Xp B-module P xp N 1s projective.

Proof: First we consider the case P = A[f], for some f € I'. We claim
that A[8] xpr N = (A xp gN) [5] as ['-graded A xp B-modules, and so it is
projective. For this note that, for any o’ € A,,a € A, b€ B, and x € N, the
A xp B-action on A[3] xp N gives (a ®b)(a' @ ) = ad’ ® b*’z. On the other
hand, in (A xp gN) [8] there holds (a®b)(d' ®x) = ad' ® (b*)’z = ad' @b z.
Therefore the identity map gives the desired isomorphism.

Now let P be an arbitrary projective I'-graded A-module. Then P is a
direct summand of P A[f], for some family I of elements in I'. Since
the functor — xp N preserves direct sums, we get that P xp N is a direct

summand of
(D) xeN=@ (4181 % N).

pel pel

which is projective. Therefore P xp N is a projective I'-graded A xp B-
module. |

Let N be a B-module which is flat as an R-module and such that all gV are
projective B-modules. Then Proposition shows that the functor — xp N
preserves projective resolutions. Note that it does not map in general a
minimal projective resolution into a minimal projective resolution.

Proposition 3.3. Suppose My @ My in A-I'-gr. Then, for any B-module N
which 1s finitely generated over R, we have My xpr N @ My xp N in A Xy B-
['-gr.

Proof: Let T be a I'-graded A xp B-submodule of My x N such that
My xpr N+1 = My xp N. (7)

Every I'-graded A xp B-module can be considered as a I'-graded A-module
via the canonical homomorphism A — A xp B. Therefore also holds in
the category of I'-graded A-modules. Let {z1,...,2;} be a generating set
of N over R. Since M; € M, in A-I'-gr, we get from Proposition [1.3|(iil),
that @;?:1 M, ® Rx; € @5:1 M ® Rx; in A-I'-gr. Consider the canonical
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epimorphism

k
gbl @MQ@RIJ — My xp N
j=1

of I'-graded A-modules. We have ¢ (@le M; ® ij) = My xp N. Thus,

by Proposition [L.3([), M7 xp N € My xp N in A-I'-gr. Therefore T =
My xp N. [ |

The following corollary is an immediate consequence of Propositions |3.2

and 3.3

Corollary 3.4. Let ¢: P — M be projective cover in A-I'-gr. Suppose that
N s a B-module which is flat and finitely generated over R, and such that
all 3N are projective B-modules. Then ¢ xp N: P xp N — M xp N s a
projective cover in A Xp B-I'-gr.

For future reference, we bring together in the next theorem the results
proved in this section.

Theorem 3.5. Let A be a I'-graded algebra and B a T'-algebra. Suppose
that N is a B-module which is flat and finitely generated over R, and such
that for all B € T' the B-modules gN are projective. Then the functor
— Xp N: A-T'-gr = A Xy B-I'-gr preserves minimal projective resolutions.

4. Relative stratifying ideals and projective resolutions

In this section we adopt a different setting. Once more R denotes a com-
mutative ring with identity, but A is simply an associative R—algebra. Given
an ideal I of A, we are interested in determining conditions for the functor
A/l ®4 —: A-Mod — A/I-Mod (or, equivalently, the functor N — N/IN)
to preserve minimal projective resolutions. For this we will use relative ho-
mological algebra. So we start with a brief overview of this topic.

We say that an A-module P is (A, R)-projective if for every epimorphism
f: M — N which is split as an epimorphism of R-modules, the homomor-
phism Homy (P, f) is surjective.

Given an A-module M and an exact complex P, — M, we say that P, is an
(A, R)-projective resolution of M if every Py is an (A, R)-projective module
and the complex P, — M is split as a complex of R-modules. Every A-
module M admits a canonical (A, R)-projective resolution, £, (A, R, M) —»
M, known as bar resolution. Recall that 8y, (A, R, M) = A*2*+1) @p M, and
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the differentials and the splitting maps are the usual ones and can be found
in [7].

Let N be a right A-module and M a left A-module. Given an (A, R)-
projective resolution P, of M, we define the relative tor groups T01‘§c ’ >(N M)
Hiy(N®yPF,),allk > 0. It follows from Theorem [X.8.5 in [7], that the groups

Tor](cA’R)(N , M) are independent of the choice of the (A, R)-projective reso-
lution of M and, in particular, can be computed using the bar resolution of
M.

As we mentioned in the introduction, in [I1] we obtained an efﬁcient combi-

natorial criterion for a triple (A, R, I) to have the property Tork A (A JI,A/T)
0 for k£ > 1. In the next series of propositions we derive various consequences
of this property under additional conditions on (A, R, I') culminating in The-
orem[4.3] This gives a criterion for the functor A/I®— to preserve (minimal)
projective resolutions.

Proposition 4 1 Let A be an R-algebra and I an ideal of A such that,
for k > 1, Tork (A/I A/l = O Suppose that A and A/l are projective

as right R-modules. Then Tork H (A/] M) =0, fork > 1 and any M €
A/I-Mod.

Proof: Since Tork . (A/] AJI) =0 for k> 1, we get that the complex
AT ®@aB(ARAJL) — A/l @4 A/

is exact. Moreover, the differentials in this complex are homomorphisms of
A/I-bimodules. Further, the first term of this complex is A/IT® A/l = A/
and every other term is of the form A/I@4 A®*F DA/ =2 A/IQ A @A/,
where all the unnamed tensor products are over R and £ > 0. Now, since
A/I is a projective right R-module, we get that A/I ® A is a projective right
A-module. This fact together with the fact that A is a projective right R-
module, implies that A/I ® A is a projective right R-module. Continuing,
we get that A/I ® A®F are projective right R-modules, for all £ > 0. Thus
A/l @ A®% @ A/I is a right A/I-projective module. Therefore the exact
complex A/l ®4 B(A, R, A/I) - A/l ®4 A/I splits in the category of right
A/I-modules. Hence A/I®@AB(A, R, A/T) @M — AJI@4A/I® 4,1 M is an
exact complex. But it is isomorphic to A/I®A6(A R M) — AJI@4M = M,
and therefore it computes the torsion groups Tor,C o (A/ I, M). We get then

that Tor!™™(A/I, M) =0, k > 1. n

112
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In the next proposition we relate relative with classical torsion groups.

Proposition 4.2. Let A be a free R-algebra, I an ideal of A, and M an
R-free left A-module. Then TOI'](CA’R)(A/[, M) = Tori(A/I, M), for all k.

Proof: We consider the bar resolution 5(A, R, M) of M. Every module in
this resolution is of the form A ® A%* @ M, with k > 0, where all the tensor
products are taken over R. Since M and A are free R-modules, A%* @ M is
a free R-module. Hence A ® A®* @ M is a free A-module. This shows that
B(A, R, M) is a projective resolution of M in the category of left A-modules.
Now, both tor groups Tor,(CA’R)(A /I, M) and Tori{(A/I, M) can be computed
using the complex A/I ®4 (A, R, M). This proves the result. |

Theorem 4.3. Let M € A/I-Mod be an R-free left module. Then, in the
conditions of the previous two propositions, the functor A/I @4 — sends ev-
ery projective resolution of M in A-Mod to a projective resolution of M in
A/I-Mod. If the initial resolution of M in A-Mod is minimal, then the final
resolution in A/I-Mod is also a minimal projective resolution of M .

Proof: Let P, - M be a projective resolution of M in A-Mod. By Proposi-
tions|4.1]and 4.2, Tori!(A/I, M) = 0, for k > 1. Therefore, since Torj (A/I, M) =
A/l @4 M = M, the complex A/l ®4 P, — M is exact. As every Py is a
projective A-module, it follows that A/l ® 4 Py is an A/I-projective module.

To prove that the minimality is preserved, consider in A-Mod the minimal
projective resolution P, — M, with differentials dj: Py — P for k > —1
(for simplicity, we write P_; = M). This can be decomposed into short exact
sequences

B
0 — keraj = Pii1 — keraj_; — 0,

where d, = Pr_1a;. Write F for the functor A/I ® 4 —. Then it is easy to
see that ker(F'(dy)) = ker(F(ay)) = Im(F(Br)) = n(Im(5y)) = m(ker(ay)) =
m(ker(dy)), where m: Pyyq +— F(Pjy1) is the epimorphism given by = — 1®x.
Since ker(dy) € Pyy1, the result follows from Proposition .

]
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