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DERIVED EQUIVALENCES FOR ENDOMORPHISM RINGS

HIROKI ABE AND MITSUO HOSHINO

ABSTRACT. We provide derived equivalences for endomorphism rings associated with a
certain exact sequences.

1. NOTATION

For a ring A, we denote by Mod-A the category of right A-modules, by mod-A the
full subcategory of Mod-A consisting of finitely presented modules and by P4 the full
subcategory of Mod-A consisting of finitely generated projective modules. For M €
Mod-A, we denote by proj dim M, (resp., inj dim M,) the projective (resp., injective)
dimension of M, where we use the notation M4 to stress that the module M considered
is a right A-module, and by Q"M the nth syzygy of M. For a ring A, we denote by
gl dim A the global dimension of A. For an object X in an additive category B, we
denote by add(X) the full subcategory of B whose objects are direct summands of finite
direct sums of copies of X.

2. MAIN RESULT

In [1], we have shown the following,.

Theorem 1 ([1, Lemma 1.1]). Let 0 — Y 5 E 5 X — 0 be an exact sequence in
an abelian category A and P an object of A. Assume that E € add(P) and that both
Hom4(P,e) and Homu(p, P) are epic. Then End4(X @ P) and End4(Y @ P) are derived

equivalent to each other.
The next two propositions are direct consequences of Theorem 1.

Proposition 2. Let A be a right noetherian ring and M € mod-A. If Ext'y(M,A) =0
for 1 < i <mn, then Enda(M & A) and Enda(Q2"M & A) are derived equivalent to each
other.

Proposition 3. Let A be an Artin algebra, P € mod-A and 0 - Y — E — X — 0 an
almost split sequence in mod-A. If E' € add(P) and X,Y ¢ add(P), then Enda(X & P)
and Ends (Y @& P) are derived equivalent to each other.

The propositions above enable us to construct many derived equivalences between en-
domorphism rings. For example, we obtain the following.

Example 4. Let k be a field, R = k[X1,---, X,]/(X? — X7, X;X; | 1 < i # j <n) with
n > 2 and S the simple R-module. Then the following hold.

The detailed version of this paper will be submitted for publication elsewhere.
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(1) Endg(Q 1S @ Q7°S) and Endg(Q271S @ S) are derived equivalent to each other
for all ¢ > 1, where the first algebra has global dimension three and the last algebra
has global dimension two.

(2) Endg(Q'S & Q1S) and Endg(S & Q9) are derived equivalent to each other for
all ¢ > 1, where the first algebra has global dimension three and the last algebra
has global dimension two.

(3) Endp(Q'S & Q1S @ R) and Endgr(S & QS @& R) are derived equivalent to each
other for all © € Z, where these algebras have global dimension three.

> for all 1 € Z.

(4) Endp(Q'S®QTLS) is isomorphic to a trivial extension of ( lg kk

3. AUSLANDER ALGEBRA

In this section, we apply the results of the previous section to Auslander algebras. We
start by recalling the definition of Auslander algebras (see e.g. [3] for details).

Definition 5. Let A be an Artin algebra and 0 — A — I° — I' — ... a minimal
injective resolution in mod-A. Set dom dim A = sup{k € Z | I' € Py for 0 <i < k — 1},
which is called the dominant dimension of A. Then A is said to be an Auslander algebra
provided gl dim A < 2 and dom dim A > 2.

Let A be a representation-finite Artin algerba and assume that A is basic and connected.
Let My,--- , M, be a complete set of nonisomorphic indecomposable modules in mod-A
and set I = {1,--- ,m}. We assume that m > 2, i.e., A is not simple. Then, setting
M = @,.; M;, we have an Auslander algebra A = End (M), which will be called the
Auslander algebra of A. For each indecomposable module X € mod-A, since there exists
a unique ix € I such that X = M;,, we set I[(X) = I\ {ix}, Mx = @,c;x)M: and
Ax = Ends(My). Then by Proposition 3 we have the following.

Proposition 6. The following hold.

(1) If X is not projective then Ax is derived equivalent to A,x, where T denotes the
Auslander-Reiten translation.
(2) If X is not injective then Ax is derived equivalent to A;-1x.

We can calculate the global dimension and the dominant dimension of Ax.
Lemma 7. Assume that X is not projective, not injective and 7X = X. Then A is a
local Nakayama algebra and the following hold.
(1) If m =2, then Ax = A as algebras.
(2) If m > 2, then inj dim Ax = 2.
Proposition 8. The following hold.
(1) If X is projective (resp., injective), then gl dim Ay < 2.
(2) If X is not projective, not injective and 7X % X, then gl dim Ax = 3.
(3) If X s not projective, not injective and X = X, then gl dim Ax = oco.
Proposition 9. The following hold.
(1) If X is projective (resp., injective), not injective (resp., not projective) and not
simple, then dom dim Ay = 0.



(2) If X is projective (resp., injective), not injective (resp., not projective) and simple,
then dom dim Ax = 1.

(3) If X s projective and injective, then dom dim Ay > 2.

(4) If X s not projective and not injective, then dom dim Ay > 2.

It follows by the propositions above that Ax is an Auslander algebra if and only if X
is projective and injective.

Consider next the case where X is a simple projective module with inj dim X4 = 1.
Let P, ---, P, = X be a complete set of nonisomorphic indecomposable modules in Py
and set T' = (@?;11 P)®771X. Then T is a classical tilting module, i.e., a tilting module
of projective dimension < 1 (cf. [2]). Set B = End4(T) and Y = Ext! (T, X) € mod-B.
Then Y is a simple injective module with proj dim Yz = 1. We set Ny = Homy(T, Mx),
N =Ny @Y, I'=Endg(N) and I'y = Endg(Ny). Note that I" is the Auslander algebra
of B.

Proposition 10. We have I'y = Ax as algebras and hence for any 1,5 >0, if 7Y, 777X
are nonzero, I'.iy and A-ix are derived equivalent to Ax.

Remark 11. Set T = Hom (M, My) @ Ext!,(M, X) € mod-A. Then the following hold.

(1) Endy(T) 2 T as algebras.

(2) proj dim T) = 2.

(3) there exists an exact sequence 0 — A — T° — 7! — T? — 0 in mod-A with the
T € add(T).

(4) Exti(T,T) = 0.

(5) Ext3(T,T) = 0 if and only if A = < b-D

0 D ) with D = End4(X).

4. TILTING MODULE

Finally, we point out that the exact sequence in Theorem 1 enables us to construct
another tilting module from a given tilting module by exchanging direct summands.

Proposition 12. Let A be a ring, P € Mod-A and 0 — Y 5 E 5 X — 0 an ezact
sequence in Mod-A. Assume that E € add(P) and that both Hom (P, ¢) and Homy4(u, P)
are epic. Then X @& P s a tilting module if and only if so is Y & P. In particular, if
X @ P is a classical tilting module, then so is Y & P.

Corollary 13. Let A be a Noether algebra and X € mod-A. Assume that there exists
T € mod-A such that X ® T is a tilting module. Then the following hold.

(1) If there exists an epimorphism of the form f : T — X, then there ewists an
epimorphism ¢ : T) — X such that Ker e ® T is a tilting module. In particular,
if X ®T is a classical tilting module, then so is Ker e ® T.

(2) If there exists a monomorphism of the form g : X — T, then there exists a
monomorphism p: X — T such that Cok u@® T is a tilting module.

—3—
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THE BUCHSBAUM-RIM FUNCTION OF A PARAMETER MODULE

FUTOSHI HAYASAKA

ABSTRACT. This note is basically a summary of a part of the paper [11] with Eero
Hyry (University of Tampere). In this note we prove that the Buchsbaum-Rim function

04(8S,41(F)/NVT1) of a parameter module N in F is bounded above by e(F/N) (”jgiji;l)

for every integer v > 0. Moreover, it turns out that the base ring A is Cohen-Macaulay
once the equality holds for some integer v. As a direct consequence, we observe that
the first Buchsbaum-Rim coefficient e (F/N) of a parameter module N is always non-
positive.

1. INTRODUCTION

Let (A, m) be a Noetherian local ring of dimension d. Let F' = A" be a free module of
rank r > 0, and let S = Ss(F') be the symmetric algebra of F', which is a polynomial ring
over A. For a submodule M of F, let R(M) denote the image of the natural homomor-
phism S4(M) — Sa(F), which is a standard graded subalgebra of S. Assume that the
quotient F'/M has finite length and M C mF. Then we can consider the function

A ZZO — ZZO , UV HKA(SV/MV)

where S, and M denote the homogeneous components of degree v of S and R(M),
respectively. Buchsbaum and Rim studied this function in [4] in order to generalize the
notion of the usual Hilbert-Samuel multiplicity of an m-primary ideal. They proved that
A(v) eventually coincides with a polynomial P(v) of degree d 4+ r — 1. This polynomial
can then be written in the form

P = 3 e (U TR

with integer coefficients e;(F'/M). The coefficients e;(F'/M) are called the Buchsbaum-
Rim coefficients of F//M. The Buchsbaum-Rim multiplicity of F//M, denoted by e(F/M),
is now defined to be the leading coefficient eq(F/M).

In their article Buchsbaum and Rim also introduced the notion of a parameter module
(matrix), which generalizes the notion of a parameter ideal (system of parameters). The
module N in F' is said to be a parameter module in F', if the following three conditions
are satisfied: (i) F'//N has finite length, (ii)) N C mF, and (iii) pa(N) = d +r — 1, where
ta(N) is the minimal number of generators of V.

A starting point of this note is the characterization of the Cohen-Macaulay property
of A given in [4, Corollary 4.5] by means of the equality (4(F/N) = e(F/N) for every

The detailed version of this paper has been submitted for publication elsewhere.
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parameter module N of rank r in F' = A". Brennan, Ulrich and Vasconcelos observed
in [1, Theorem 3.4] that if A is Cohen-Macaulay, then in fact

I/+d—|—r—1)

Ca(Sy1 /N = e(F/N)< d+7r—1

for all integers v > 0. Our main result is now as follows:

Theorem 1. Let (A, m) be a Noetherian local ring of dimension d > 0.
(1) For any rank r > 0, the inequality

0a(S, 11 /NY*1) > e(F/N) (V td+r— 1)

d+r—1

always holds true for every parameter module N in F = A" and for every integer
v > 0.
(2) The following statements are equivalent:
(1) A is a Cohen-Macaulay local ring;
(it) There exists an integer r > 0 and a parameter module N of rank r in F = A"
such that the equality

b/ =etrm (VT

d+r—1
holds true for some integer v > 0.

This generalizes our previous result [10, Theorem 1.3] where we assumed that v = 0.
The equivalence of (i) and (ii) in (2) seems to contain some new information even in the
ideal case. Indeed, it improves a recent observation that the ring A is Cohen-Macaulay if
there exists a parameter ideal @ in A such that £4(A/Q"™!) = e(A4/Q) (”Zd) for all v >0
(see [8, 12]). Moreover, as a direct consequence of (1), we have the non-positivity of the
first Buchsbaum-Rim coefficient of a parameter module.

Corollary 2. For any rank r > 0, the inequality
e1(F/N) <0
always holds true for every parameter module N in F' = A".

Mandal and Verma have recently proved that e;(A/Q) < 0 for any parameter ideal @
in A (see [15], and also [8]). Corollary 2 can be viewed as the module version of this fact.
However, our proof based on the inequality in Theorem 1 (1) is completely different from
theirs and is considerably more simpler.

2. PRELIMINARIES

Let (A,m) be a Noetherian local ring of dimension d. Let F' = A" be a free module of
rank 7 > 0. Let S = Sa(F) be the symmetric algebra of F.. Let N be a parameter module
in F, that is, N is a submodule of F' satisfying the conditions: (i) £4(F/N) < oo, (ii)
N CmF, and (iii) pa(N) =d+r—1. We put n = d+r—1. Let N” be the homogeneous

—6—



component of degree v of the standard graded subalgebra R(N) = Im(S4(N) — S) of S.
Let N = (¢;;) be the matrix associated to a minimal free presentation

AN p L F/N S0
of F/N. Let X = (X;;) be a generic matrix of the same size r x n. We denote by I,(X)
the ideal in the polynomial ring A[X] = A[X;; | 1 < i < r,1 < j < n] generated by
the s-minors of X. Let B = A[X]|m x) be the ring localized at the graded maximal ideal

(m, X) of A[X]. The substitution map A[X] — A where X; — ¢;; now induces a map
¢ : B — A. We consider the ring A as a B-algebra via the map ¢. Let

b=Kerp=(X;;—¢; |1 <i<r1<j<n)B.

Set G = B", and let L denote the submodule Im(B™ B8 G) of G. Let G, and L”
be the homogeneous components of degree v of the graded algebras Sp(G) and R(L),
respectively. Then one can check the following.

Lemma 3. For any integers v > 0, we have the following:
(1) (Gysr/ L") @p (B/b) = Sypa NV

(2) Suppp(Gy41/L¥) = Suppg(B/I,(X)B);
(3) The ideal b is generated by a system of parameters of the module G, /L.

The following fact concerning G, 1/L*™! is known by [3, Corollary 3.2] (see also [13,
Proposition 3.3]).

Lemma 4. For any integer v > 0, we have G,11/L* is a perfect B-module of grade d.

The following plays a key role in the proof of Theorem 1. See [11, Proposition 2.4] for
the proof.

Proposition 5. For any p € Ming(B/I,(X)B), the equality

g, (G /L)) = g, (B/1.(X)B),) <V A 1)

d+r—1
holds true for all integers v > 0.

3. PrROOF OF THEOREM 1

In order to prove Theorem 1, we need to introduce more notation. For any matrix a
of size r X n over an arbitrary ring, we denote by K,(a) its Eagon-Northcott complex [6].
When r = 1, the complex K,(a) is just the ordinary Koszul complex of the sequence a.
See [7, Appendix A2] for the definition and more details of complexes of this type. Recall
in particular that if N is a parameter module in a free module F' as in section 2, then

e(F/N) = x(K.(N)),

where x(Ko(N)) denotes the Euler-Poincaré characteristic of the complex Ko(N) (see [4]
and [14]). Moreover, one can check the following by computing Tor) (B/IB, A) for any
p >0 (see [5]).



Lemma 6. Using the setting and notation of section 2, we have
X(K.(b) ©5 (B/1.(X)B)) = X(K.(N)).
Now we can give the proof of Theorem 1.

Proof of Theorem 1. We use the same notation as in section 2. Put I = [,(X).
(1): Fix integers v > 0. The ideal b being generated by a system of parameters of the
module G, /L" !, we get

Ca(Sys1 /N
= (5((Gy1 /L") @5 (B/b))
6([]; Gu+1/Ly+1)
>, e(b; B/p) - L5, ((Gui1/L")y)

peAsshp(Gyy1/Lr+1)

R LR on

pcAsshp(B/IB)

v

v+d+r—1
d+r—1

d+r—1

_ 6([];B/IB)<I/+d+T_1)

= x(K.(b) ®p (B/IB)) (V ;jji; 1)

_ X<K.(N))<l/+d+7“—1>

d+r—1
v+d+r—1

= e(F/N
(")

as desired, where e(b; %) denotes the multiplicity of % with respect to b.
(2): The other implication being clear, by the ideal case, for example, it is enough to
show that (ii) implies (i). Assume thus that

S /N ey (Y

d+r—1
for some v > 0. The above argument then gives
(((Gyr /L") @5 (B/b)) = e(b; G /L"),

It follows that G, 1/L**! is a Cohen-Macaulay B-module of dimension rn ([2, (5.12)
Corollary]). By Lemma 4, G, /L*™! is a perfect B-module of grade d. Thus, by the
Auslander-Buchsbaum formula,

depth B = depthy(Gyy1 /L") + pdp(Goyr /L)
= dimp(Gyy1/L"") + gradey (G4 /L)
= rn+d
= dim B.
Therefore B is Cohen-Macaulay so that A is Cohen-Macaulay, too. 0J
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REPRESENTATION RINGS OF STRING ALGEBRAS

MARTIN HERSCHEND

ABSTRACT. String algebras are a class of algebras given by certain quivers with mono-
mial relations. Thus the category of finite dimensional left modules over a string algebra
is equipped with a tensor product defined point-wise and arrow-wise on the level of
quiver representations. We describe the corresponding representation ring for any string
algebra.

1. INTRODUCTION

The category of finite dimensional representations of a group G is equipped with a tensor
product defined by diagonal action. Thus the set of isoclasses of such representations has
the structure of a semi-ring, where addition is given by the direct sum and multiplication
by the tensor product. From this semi-ring one constructs the representation ring R(G)
by including formal additive inverses.

It would be interesting to generalise this procedure to the category of left modules over
an associative algebra A instead of group representations. However, in general there is no
know way of defining a tensor product on this category. Now assume that A is given as
the path algebra of a quiver () with monomial relations, i.e. A = kQ/(X) for some set
X of paths in @) and a field k. Then finite dimensional left A-modules are given by finite
dimensional representations of () satisfying the relations X (we call such representations
(Q, X)-representations). Thus we can define a tensor product point-wise and arrow-wise.
Moreover, as in the case of group representations we obtain a representation ring R(Q, X),
which we denote simply by R(Q) in case X is empty. Our aim is to describe this ring.

By the Krull-Schmidt Theorem R(Q, X) has a Z-basis consisting of the isoclasses of
indecomposable (@, X )-representations. Thus, describing the multiplicative structure of
R(Q, X) amounts to solving the following problem: given to indecomposable (@, X)-
representations V', W decompose V ® W into indecomposables. This problem is called
the Clebsch-Gordan problem and has its origin in the study of binary algebraic forms by
Clebsch and Gordan [2].

The most classical case is when () is the loop quiver. For k algebraically closed of
characteristic zero, the solution to the Clebsch-Gordan problem for the loop was found by
Aitken [1]. The case when k is algebraically closed of positive characteristic was solved
by lima-Iwamatsu [11] and the case when k is perfect was treated in [3].

For @ a Dynkin quiver, R(Q) was described for type A and D in [10] and for type Eg
in [9]. The remaining cases E; and Eg are still unsolved to my knowledge.

The detailed version of this paper has been submitted for publication elsewhere.
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For extended Dynkin quivers of type A the solution to the Clebsch-Gordan problem
was found in [7]. There is also a solution in case @ is the double loop quiver

Nolo!

with relations o™ = " = aff = fa = 0, found in [8]. These two cases are instances of
string algebras. In the present article we shall describe the representation ring for each
quiver with relations corresponding to a string algebra.

Gelfand and Ponomarev classified the indecomposable representations of the double
loop quiver appearing above in [6], as part of their classification of Harish-Chandra mod-
ules over the Lorentz group. The indecomposables in this case fall into two classes called
strings and bands. This type of classification was later used in other settings by Ringel
[13] and Donovan-Freislich [4]. A well-rounded setting to which it applies is that of string
algebras.

2. PRELIMINARIES

Let us recall some definitions and set notation. More detail can be found in [5].
Throughout fix a perfect field k. A quiver ) consists of a set of vertices () and a
set of arrows );. Moreover, it is equipped with two maps ¢, h : )1 — (o mapping each
arrow « to its tail tav and head ha respectively. We depict this by ta — ha.

A representation V' of () consists of a collection of finite dimensional k-vector spaces
Ve, where z € @)y and linear maps V(«) : V, — V,, where z %y € Q. Let X be a
set of paths in Q. We call V' a (Q, X)-representation if for every path oy ---«a, € X the
equality V(aq)---V(ay,) = 0 holds. The category of (Q, X)-representations is denoted
1ep,(Q, X).

Given two (@, X)-representation their tensor product V @ W is defined as follows. For
each x € Qy, a € () set

VW)=V, @ W, and (V@ W)(a) = V(a)® W(a).

It is routine to check that V @ W is a (Q, X)-representation.

Let S(Q,X) be the set of isoclasses of (@, X)-representations. For all [V],[W] €
S(Q, X) set

V]+ [W]=[VeaeW]and [V][W] =V W]|.

This endows S(Q, X) with the structure of a semi-ring. Let R(Q, X) be the corresponding
Grothendieck ring [12].

Our aim is to describe R(Q,X) in case (@, X) corresponds to a string algebra. Of
particular importance is the case when () is the loop quiver:

a
In this case there is an equivalence of categories
rep, Q@ = mod k[z]

defined for each representation V' by letting = act on V, by V(«). The tensor product
induced by this equivalence on mod k[z] comes from the coproduct k[x] — k[z] ® k[z],
r— Q.
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Let V}, correspond to the indecomposable k[x]/z" under the above equivalence for every
n > 0. We have the following result from [3].

Proposition 1. Let Q) be the loop quiver and V' a Q-representation such that V(«) is an
wnvertible linear operator. Then the following statements hold.

(1) V, @ Vi = (m —n+ 1)V, ® @I 2V; for n < m.

(2) VoV, =(dimV)V, for aln.

Let I, C R(Q) be the Z-span of {[V,] | n > 0}. By Proposition 1, I is an ideal in
R(Q) and R(Q)/I, = R(k[zx,x']). The structure of R(k[z,z~!]) depends heavily on the
field k. Let us recall its description from [3]. We need to construct another ring which we
denote by R'.

If char k = 0, then set R’ = Z[T].

If char k = p > 0, then R’ is constructed as follows. For each i € N let C}: be the cyclic
group of order p’ and set R; = R(kC,). There are canonical inclusions R; C R;1q, and
we set R = J, oy Ri-

Let & be the group of invertible elements in the algebraic closure of k and Zk  the
corresponding group ring. The absolute Galois group G = Gal(k/k) acts on k and

consequently on Zk'. Denote by (ZEL)G, the ring of invariants. The following Theorem is
from [3].

Theorem 2. There is an isomorphim

R(k[z,z7Y)) = (ZE)® @z R

3. STRING ALGEBRAS
As before fix a quiver ) and a set X of paths in Q). Set [ = (X) and A = kQ/I.
Definition 3. The algebra A is called a string algebra if it is finite dimensional and
satisfies the following conditions.

(1) Each = € Qg is the tail, respectively head, of at most two arrows.
(2) For each a € 1 there is at most one § € @1 and at most one v € J; such that
Bag I and ay € 1.

Example 4. The following quiver with relations defines a string algebra for every n > 0.
ofﬂo@v Ba = af = (Bay)" =0

We proceed to describe the indecomposable modules over string algebras.

Definition 5. A quiver morphism F : P — (@ consists of two maps F' : Py — @y,
F : P, — @ such that for any arrow z = y we get Fx i Fy.

We call F = (F, P) a shape over Q if for any two distinct arrows 2, < y1, T3 3 yy € Q1
we have that Fa; = Fay implies xy # y; and xo # ys.

A morphism of shapes (F,P) — (F', P') is a quiver morphism G : P — P’ such that
F = F'G. Denote by |F’ : F|, the number of morphisms F — F'.
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We only consider shapes (F, P) and such that for any path «; - -, in P we have that
Fay---Fa, & 1.
With each shape (F, P) we associate two functors

rep, P

rep;,(Q, X)

defined as follows.
Foreach V' € rep,(Q, X),z € Pyand o € Py set (F*V), = Vp, and (F*V)(«a) = V(Fx).
For each W € rep,, P, and 2’ € @y set

(W), = B W..

Fx=x'
Let 2 % Yy € Q1. Write the linear map
(EW)(): W, — P W,
Fr=z' Fy=y'
as a matrix A with elements
s W(a) if there is % y such that Fa = o/,

00 else.
Definition 6. A shape F = (F|, L) is called linear if L is Dynkin of type A, i.e. if its
underlying graph is

We define the L-representation V' by

1 1

k k.

The string associated to F is the (@, X )-module S := F.V. It is always indecomposable.
A shape G = (G, 2) is called cyclic if it has trivial automorphism group and Z is
extended Dynkin of type A, i.e. if its underlying graph is

Now let M be a k[z,z7!]-module and v € Z;. We define the Z-representation W by
M

Y
/-

M

1 PPN 1 M

where the arrow acting as x is 7. The band associated with (G, M,~) is the (Q, X)-
module Bg (M, ) := G.W. It is indecomposable if and only if M is indecomposable. For
~' € Z; we say that v and +' are oriented equally if when cycling through the vertices of
Z we encounter tvy and h7y in the same order as we encounter ¢ and h~'. In that case
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Bg(M,~') = Bg(M,~). Otherwise Bg(M,~') = Bg(M™!,~), where M~ is obtained
from M by inverting the action of x.

The following Theorem follows from [14].

Theorem 7. Assume that A is a string algebra. Then strings and (indecomposable) bands
classify all indecomposables, i.e.

(1) Each indecomposable A-module is isomorphic to either a string or band.

(2) No strings are isomorphic to bands.

(3) Two strings Sy and Sg: are isomorphic if and only if they have isomorphic shapes.

(4) Two bands Bg(M,~) and Bg:/(M',~") are isomorphic if and only if their shapes
are isomorphic via some H such that M' is isomorphic to M if H(vy) and v are
equally oriented and M' is isomorphic to M~ otherwise.

Let £ be the set of isoclasses of linear shapes and Z be the set of isoclasses of cyclic
shapes.
We need the following preliminary result.

Proposition 8. Let (F, P) be a shape over Q, V € rep,(Q, X) and W € rep,, P. Then
FWeV S E(WeFV)

Let I, C R(Q,X) be the Z-span of {[S¢] | F € L}. By Proposition 8, it is an ideal,
since [Sg|[V] = [F.(F*V)] € L.

The following Theorem completely describes the structure of R(Q, X) in the case A is
a string algebra.

Theorem 9. Assume that A is a string algebra. Then the ideal I has a unique Z-basis of
pair-wise orthogonal idempotents {ex = eg}gc,, such that the following statements hold:

(1) For each linear shape F
[SF] = Z |F . F/|6F/.
FleLl
(2) For each cyclic shape G = (G, Z), v € Z; and klx,x"']-module M
[Ba(M,v)]err = dim M |G : F'|ep.
(3) For each pair of non-isomorphic cyclic shapes Gy = (G1,2Z1), Gy = (G, Z?),
Y E Zt, vo € Z2 and k[z,x7]-modules M, N
[Ba, (M, 1)][Ba,(N,72)] = > dim M dim N|Gy : F'||Gz : F'lep.
Fel
Moreover,
[BGI (Ma ’71)”BG1 (Na ’Yl)] = [BGI(M ® N, '71)]+
> dim M dim N|Gy : F'|(|Gy : F'| — D)ep.
FeLl

We end with the following observations. As a (non-unital) subring I, = @g.,Z. On
the other hand, R(Q, X)/I, = @gcz R(k[z, z71)).
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FULLY WEAKLY PRIME RINGS
YASUYUKI HIRANO, EDWARD POON AND HISAYA TSUTSUI

ABSTRACT. Anderson and Smith studied weakly prime ideals for a commutative ring
with identity. Blair and Tsutsui studied the structure of a ring in which every ideal is
prime. In this paper we investigate the structure of rings, not necessarily commutative,
in which all ideals are weakly prime.

1. INTRODUCTION

Anderson-Smith [1] defined a proper ideal P of a commutative ring R with identity to
be weakly prime if 0 # ab € P implies a € P or b € P. They proved that every proper
ideal in a commutative ring R with identity is weakly prime if and only if either R is a
quasilocal ring (possibly a field) whose maximal ideal is square zero, or R is a direct sum
of two fields [1, Theorem 8]. On the other hand, Blair-Tsutsui [2] studied the structure
of a ring in which every ideal is prime. In this paper we first consider the structure of
rings, not necessarily commutative nor with identity, in which all ideals are weakly prime.
A necessary and sufficient condition for a ring to have such property is given and several
examples to support given propositions are constructed. We then further investigate
commutative rings in which every ideal is weakly prime and the structure of such rings
under assumptions that generalize commutativity of rings. At the end, we consider the
structure of rings in which every right ideal is weakly prime.

2. GENERAL RESULTS

We generalize the definition of a weakly prime ideal to arbitrary (not necessarily com-
mutative) rings as follows.

Definition. A proper ideal I of a ring R is weakly prime if 0 # JK C [ implies either
J C T or K C1 for any ideals J, K of R.

Our first proposition is Theorem 1 of Anderson-Smith [1] in a more general setting.
Proposition 1. If P is weakly prime but not prime, then P? = 0.

Proof. Since P is weakly prime but not prime, there exist ideals I € P and J € P but
0=1JC P. Butif P?#0, then 0 # P> C (I + P)(J + P) C P, which implies I C P or
J C P, a contradiction.

2000 Mathematics Subject Classification. 16N60, 16 W99.
Key words and phrases. Weakly prime.
The detailed version of this paper has been submitted for publication elsewhere.
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Proposition 2. Let P be an ideal in a ring R with identity. The following statements
are equivalent:

(1) P is a weakly prime ideal.
(2) If J, K are right (left) ideals of R such that 0 # JK C P, then J C P or K C P.
(3) If a,b € R such that 0 # aRb C P, then a € P or b € P.

Proof. The implications (1) => (2) and (2) => (3) are easy. The implication (3) =>
(1) can be verified by checking a number of cases.

Since weakly prime ideals are defined to be proper ideals, we shall say that every ideal of
a ring R is weakly prime when every proper ideal of R is weakly prime. In this case we
say that R is fully weakly prime.

If R? = 0, then clearly every ideal of R is weakly prime. In particular, if an ideal I of a
ring R is weakly prime but not a prime ideal, then every ideal of I as a ring is weakly
prime by Proposition 1.

Proposition 3. Every ideal of a ring R is weakly prime if and only if for any ideals I and
JofR, IJ=1]1J=J orlJ=0.

Corollary 1. Let R be a ring in which every ideal of R is weakly prime. Then for any
ideal I of R, either I?> =1 or I?> = 0.

Example 1. Let F be a field and R = F'& F & F. Then every ideal of R is idempotent
but the ideal I = F @ 0 & 0 is evidently not weakly prime, showing that the converse of
Corollary 1 is false.

Suppose that a ring R with identity has a maximal ideal M and M? = 0. One can readily
check that R is fully weakly prime, and M is the only prime ideal of R.

Corollary 1 in particular yields that if a ring R has the property that every ideal is weakly
prime, then either R? = R, or R? = 0. Notice that R? is neither 0 nor R in the example
given below.

Example 2. Let S be a ring such that S? = 0, and let I be a field. Then the ring
R=F&S®S with component-wise addition and multiplication has a maximal ideal
M=03S®S and M? = 0. However, ] = FF® 0@ S is not weakly prime since
04 (FeSa0)?CI.

If a ring R satisfying R? = R has a maximal ideal M and M? = 0, then every proper
ideal of R is contained in M. However, it is possible that M R # M. Thus, such a ring
does not necessarily have the property that every ideal is weakly prime as the following
example shows.

0 a b
Example 3. Let F' be a field and S = 0 ¢c d||abec,deF }. Then S has a
0 00
0 a b
unique maximal ideal L = 0 0 dl||abdeF } .
0 00
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Let N = b€ F 3. Consider the factor ring R = S/N. While R? = R and

o OO
o OO
o o o

M = L/N is a maximal ideal whose square is zero, the proper ideals RM and MR are
not weakly prime.

Proposition 4. If every ideal of a ring R is weakly prime and R*> = R, then R has at
most two maximal ideals.

Proof. By contradiction.

The following example shows that the condition R? = R in Proposition 4 cannot be
dropped.

Example 4. Let R be the unique maximal ideal of Z,.Then S = R®& R® R is an example
of a ring all of whose ideals are weakly prime and having more than 2 maximal ideals.

Proposition 5. Suppose that every ideal of a ring R is weakly prime. If R has two
maximal ideals M, and My, then their product is zero. Furthermore, if R has an identity
element, then R is a direct sum of two simple rings.

Proof. Note My M, C M; N M,. If R has an identity, then M; N My = (My N M) (M, +
Mg) - O

We denote the prime radical of R by P(R), and the sum of all ideals whose square is zero
by N(R).

Theorem 1. Suppose that every ideal of a ring R is weakly prime and R?> = R. Then
P(R) = N(R) and (P(R))* = (N(R))* = 0.

Proof.  Any finite sum of square-zero ideals is nilpotent, and hence square-zero, so
N(R)? =0. Thus N(R) C P(R).

Either P(R) is not prime (in which case P(R)? =0, so P(R) C N(R)), or P(R) is prime,
in which case N(R) can be shown to be prime (apply Theorem 1.2 of Blair-Tsutsui [2] to
R/P(R)).

Corollary 2. Suppose that every ideal of a right Noetherian ring R with identity is
weakly prime and R?> = R. Then P(R) = N(R) = J(R) and (J(R))> = 0, where J(R) is
the Jacobson radical of R.

Proof. If (J(R))” = J(R), then J(R) = 0 C P(R) by Nakayama’s lemma. If (J(R))* = 0,
then J(R) C P(R).

Note that for a ring R in which every ideal is weakly prime, in general it is possible that

P(R) = N(R) # J(R) [2, §5 An Ezample].

Corollary 3. Suppose that every ideal of a ring R is weakly prime. Then every nonzero
ideal of R/N(R) is prime.

Corollary 4. Suppose every ideal of a ring R is weakly prime. Then (N(R))* = 0 and
every prime ideal contains N(R). There are three possibilities:

(a) N(R) = R.
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(b) N(R) = P(R) is the smallest prime ideal and all other prime ideals are idempotent
and prime ideals are linearly ordered. If N(R) # 0, then it is the only non-idempotent
prime ideal.

(c) N(R) = P(R) is not a prime ideal. In this case, there exist two nonzero minimal prime
ideals Jy and Jy with N(R) = J; N Jy and J1Jy = JoJ; = 0. All other ideals containing
N(R) also contain J, + Jy and they are linearly ordered.

Proof. Use Theorem 1. If we are not in case (a) or (b), apply [2, Theorem 1.2] and [4,
Theorem 2.1] to R/N(R).

Example 5. Let R be a ring and M an R-bimodule. Define
RxM = {(r, m)|r € R, m € M}
with component-wise addition and multiplication
(r, m)(s,n) = (rs, rn +ms).

Then R * M is a ring whose ideals are precisely of the form I * N where [ is an ideal of
R and N is a submodule (a bimodule) of M containing /M and MI.

(a) Let R be a prime ring with exactly one nonzero proper ideal P. For example, the ring
of linear transformations of a vector space V over a field F' where dimg V' = Ny has such a
property. Then every ideal of S; = R* P is weakly prime: the maximum ideal P, = Px P
is idempotent and the nonzero minimal ideal P, = 0 % P is nilpotent, both of which are
prime.

(b) Every ideal of Sy = S; * P, is weakly prime: The maximum ideal Q)1 = P; % Py is
idempotent and the three nonzero nilpotent ideals are Qs = P x P, Q3 = 0 x P, and
Q4 = P2 * O

(c) If we redefine the multiplication above as
(r, m)(s,n) = (rs, rn + ms + mn),

then S; in (a) has an additional minimal ideal P3 = {(p, —p)| p € P}. In this case,
N(S)) = PN P, =0.

We don’t know of an example of Corollary 4, case (c) where N(R) # 0.

3. COMMUTATIVE RINGS AND (GENERALIZATIONS THEREOF

We now consider the structure of rings in which every ideal is weakly prime under the
assumption of the ring being commutative or with commutative-like conditions.

Proposition 6. Let R be a commutative ring in which every ideal is weakly prime. If
R? = R, then R has a maximal ideal.

Proof. If N(R) is not maximal there exists a prime ideal I. Apply [2, Theorem 1.3] to
R/I.

We note that a commutative ring R with the property R? = R does not necessarily have
a maximal ideal. For example, if a commutative ring § has a unique nonzero maximal
ideal M and M? = M, then M as a ring cannot have a maximal ideal.
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The next corollary follows from Propositions 4 and 6.

Corollary 5. Let R be a commutative ring all of whose ideals are weakly prime. Suppose
that R?> = R. Then R has either a unique maximal ideal or exactly two maximal ideals.

Theorem 2. Let R be a commutative ring all of whose ideals are weakly prime. Suppose
that R*> = R.

(1) If R has a unique maximal ideal M, then M? = 0.
(2) If R has two maximal ideals M and N, then MN = 0.
Proof. By contradiction.

Proposition 7. Let R be a commutative ring all of whose ideals are weakly prime.
Suppose that R?> = R. Then every proper ideal is contained in a maximal ideal.

Proof. Use the preceding theorem.

Corollary 6. Let R be a commutative ring and suppose that every ideal of R is weakly
prime. If R? = R, then R has an identity element.

Proof. We show that if a commutative ring R satisfies the following conditions, then R
has an identity element:

(a) R? =R,

(b) every proper ideal is contained in a maximal ideal, and

(c¢) R has a finite number of maximal ideals My, Mo, ..., M,.

Choose x € R such that z ¢ M; for any j. Let (z) = {tR+ nz|n € Z}. If =R C M,,
then R = R* = (M, + (x))? C Mj, a contradiction. Hence R = R and consequently, R
has an identity element.

Corollary 7. Let R be a commutative ring all of whose ideals are weakly prime. Then
one of the following holds:

(a) R* =0,

(b) R is a ring with identity and a square zero maximal ideal M, or

(c) R is a direct sum of two fields.

For the case (b) in Corollary 7, the following theorem further determines the structure of

R.

Theorem 3. Let R be a commutative ring with a square-zero maximal ideal M and
R?* = R. If (ch(R/M) = 0, then R is isomorphic to (R/M) * M (as defined in Example
5).

Proof. Note that if F is a subfield of R/M and ¢ : E — R is a homomorphism satisfying
7o = id|g, then the map ¢ : Ex M — R given by o((Z,m)) = ¥(z) +m is a
monomorphism. So, it suffices to show such a map 1) exists for E = R/M (in this case ¢
is also onto); the proof proceeds by defining 1) on successively larger subfields £ C R/M.

Using the same idea, the result also holds for ch(R/M) = p if pR = 0 and R/M is
separable over F. In general, however, the theorem is false if ch(R/M) = p # 0.
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Example 6. (a) Let R = Z,2 where p is prime. Then R has maximal ideal M = pR #
0 but p(R/M % M) = 0.

(b) Let R = g g ]Where F is a field. Then R? = R # 0, and every ideal of R is

weakly prime but R does not contain an identity element.

As a natural generalization of commutative rings, we next consider polynomial identity
(PI) rings.

Theorem 4. Let R be a Pl-ring with identity. If every ideal of R is weakly prime, then
one of the following folds:

(a) R/P(R) is a finite dimensional central simple algebra.

(b) R is a direct sum of two finite dimensional central simple algebras.

Proof. Use Corollary 4 and [2, Theorem 3.3].

More general than the class of Pl-rings is the class of fully bounded rings. Using [2,
Theorem 3.4] yields the following theorem.

Theorem 5. Let R be a ring with identity in which every ideal is weakly prime. If R is
a right fully bounded, right Noetherian ring, then one of the following holds:

(a) R/P(R) is a simple Artinian ring.
(b) R is a direct sum of two simple Artinian rings.

4. RINGS IN WHICH EVERY RIGHT IDEAL IS WEAKLY PRIME

Definition. We define a proper right ideal I of a ring R to be weakly prime if 0 # JK C [
implies either J C [ or K C [ for any right ideals J, K of R.

For a ring R that is not square zero, Koh[3] showed that R is simple and a € aR for all
a € R if and only if every right ideal of R is prime. Now consider the structure of rings
in which every right ideal is weakly prime. For the commutative case, it is evident that
such rings need not be simple. Example 6 (b) gives an example of a ring R = R? in which
every right and left ideal is weakly prime.

Unlike the case of weakly prime two sided ideals, there exists a nonzero idempotent

a,b,cEF},

weakly prime right ideal that is not prime. For example, if R = { [ g [é ]

0t
a prime right ideal.

then K = { [ 00 } ‘ t e F}is a weakly prime right ideal and K? = K # 0. But K is not

We conclude with the following generalization of Corollary 7.

Theorem 6. Suppose that every right ideal of a ring R is weakly prime. Then one of
the following holds:

(a) R* = 0.

(b) R has a square zero maximal ideal.

(c) R is a direct sum of two division rings.
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Under an additional condition we can say more about case (b).
Proposition 8. Let R be a ring all of whose right ideals are weakly prime. Suppose R
has a square zero maximal ideal N # 0. If NR = 0, then RN = N and either:

(a) R/N is a simple dense ring of endomorphisms over the infinite-dimensional vector
space N (and every nonzero endomorphism is surjective), or

(b) R/N is a division ring and R is isomorphic to
a b
(o - uven).
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ON GALOIS EXTENSIONS WITH AN INNER GALOIS GROUP
AND A GALOIS COMMUTATOR SUBRING

SHUICHI IKEHATA, GEORGE SZETO AND LIANYONG XUE

ABSTRACT. Properties of a Galois ring extension with an inner Galois group are given,
and equivalent conditions for a Galois extension with a Galois commutator subring are
shown.

1. INTRODUCTION

In 1960’s, Galois theory was developed for rings by M. Auslander-O.Goldman ([2]),
S.U. Chase-D.K. Harrison-A. Rosenberg ([3]), F.R. DeMeyer ([4], [5]), M. Harada ([7]),
Y. Miyashita ([13]), T. Nagahara ([14]), T. Kanzaki ([12]), K. Sugano ([15], [16]), and
others. It was shown ([4], Theorem 6, [5], Theorem 3) that B is a central Galois algebra
over its center C' with an inner Galois group G if and only if it is an Azumaya projective
group algebra CGy where f : G x G — units of C' is a factor set. In section 3, we shall
generalize the above theorem to any Galois extension B with an inner Galois group G
where G = {g € G'|g(z) = UyaU; " for some U, € B and for all z € B}. It is shown
that B contains a projective group algebra C'Gy. An equivalent condition for a central
Galois algebra C'G ¢ with Galois group induced by G is given, and characterizations for a
Galois extension B with an inner Galois group G generated by {U, |g € G} over BY are
obtained. When B is also an Azumaya algebra, in section 4, some properties are given for
a Galois extension B with an inner Galois group GG. We note that any Galois extension
with an inner Galois group G is a Hirata separable extension of BE ([17], Corollary 3).
For a Hirata separable Galois extension B with Galois group G (not necessarily inner),
in [17], Sugano investigated the Galois commutator subring Vz(B) of B¢ in B. We
shall study when Vz(B%) is a Galois extension with Galois group induced by G for any
Galois extension B with Galois group G in section 5. Equivalent conditions are given in
terms of a composition Galois extensions: B D BY - Vz(BY) D B and crossed products
respectively. Some examples are also given to demonstrate the results.

2. BASiCc DEFINITIONS AND NOTATIONS

Let B be a ring with identity 1, C' the center of B, GG a finite automorphism group of
B, B¢ the set of elements in B fixed under each element in G. Following the definitions
as given in the references, we call B a Galois extension of B¢ with Galois group G if there
exist elements {a;,b; in B, i = 1,2, ..., m for some integer m} such that Y " a;g(b;) = 01,4
for each ¢ € G ([4]). Such a set {a;,b;} is called a G-Galois system for B. A Galois
extension B of BY is called a Galois algebra if B is contained in C' ([21]), and a central
Galois algebra if B¢ = O (]20]). We call B a center Galois extension with Galois group

The detailed version of this paper will be submitted for publication elsewhere.
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G if C is a Galois algebra over C¢ with Galois group G|¢ = G, and a commutator Galois
extension of B¢ with Galois group G if Vg(B%) is a Galois extension of (Vz(B))¢
with Galois group Gly,pey & G. Let A be a subring of B with the same identity 1.
We denote Vp(A) the commutator (also called centralizer) subring of A in B, that is,
Ve(A) = {b € Blbx = xb for all = € A}. We call B a separable extension of A if
there exist {a;,b; in B, i = 1,2,...,m for some integer m} such that »_ a;b; = 1, and
Y ba; ® by = Y a; @ b;b for all b in B where ® is over A. An Azumaya algebra is a
separable extension of its center. A Galois extension B of BY with Galois group G is
called an Azumaya Galois extension if BY is an Azumaya C%-algebra ([1]). A Galois
extension B of BY with Galois group G is called a DeMeyer-Kanzaki Galois extension if
B is an Azumaya algebra over C' which is a Galois algebra over C¢ with Galois group
G|lc = G. A ring B is called a Hirata separable extension of A if B® 4 B is isomorphic to
a direct summand of a finite direct sum of B as a B-bimodule, and B is called a Hirata
separable Galois extension of BY if it is a Galois and a Hirata separable extension of BY.
Let R be a commutative ring with 1 and U(R) the set of units of R. As given in [4], for
a factor set f: G x G — U(R) (that is, f(g,h)f(gh,k) = f(h,k)f(g,hk) for all g, h,
and k in G), RGy = dec RU, is called a projective group algebra over R if RGy is an
algebra with a free basis {U, ‘ g € G} over R where U, is an invertible element for each
g € G, the multiplications are given by (r,U,)(r,Us) = ryrpU Uy, and U Uy, = f(g, h)Uyp,
for ry, 7, € R and g, h € G; that is, f(g,h) = UgUhUg_hl.

3. GALOIS EXTENSIONS WITH AN INNER GALOIS GROUP

Let B be a Galois extension of B¢ with an inner Galois group G whose order |G|
is invertible in B where G = {g € G |g(x) = UyzU," for some U, € B and for all
x € B}. We shall show that B contains a projective group algebra CG; where C' is the
center of B. An equivalent condition is given for a central Galois algebra C'G;. Thus
several characterizations are obtained for B generated by {U,|g € G} over BY. These
characterizations generalize the results for a central Galois algebra with an inner Galois
group ([4], Theorem 6).

Theorem 3.1. ([23], Theorem 2.1) Let B be a Galois extension of B¢ with an inner
Galois group G, G ={g|g(z) = UgasUg_1 for some U, € B and for all x € B}, and C' the
center of B. Then B contains a projective group algebra CGy of G over C' with a factor
set f: G X G — units of C.

Proof. We first claim that {U, | g € G} are linearly independent over C. Let {z;,y; €

Bli=1,2,...,m for some integer m} be a G-Galois system such that Y ", z;g(y;) = 1,4
for each g € G. Let > ., a,U, = 0 for some a, € C. Then

Zmi ZagUgh_l(yi) = 0 for each h € G and

=1 gelG
Z a, Z zigh™ (y)U, = Z ag01 gn-1Uy = apUy,.
geqG =1 geG
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Noting that a, € C and U,h™(y;) = gh™*(y:)U,, we have that

Z:&Z%Uh (%) Zagzngh (i) Us;

= geqG geG i=1
and so apU, = 0. But U, is invertible in B, so a, = 0 for each h € G. Also, noting
that Ug_hlU Uy, is a unit in C', we have a factor set f : G x G — units of C' by f(g,h) =
Uah 'U,Uy. Thus =CGy C B.

gEG

Let Z be the center of G and G the restriction of G to CG;. Then G = G/K where
K ={g€Z|f(g,h) = f(h,g) for all h € G}. Next is necessary and sufficient condition
for a central Galois algebra C'Gy with an inner Galois group G.

Theorem 3.2. ([23], Theorem 2.2) Let B be a Galois extension of BY with an inner
Galois group G of order n invertible in B and CGy as giwven in Theorem 3.1. Then CG
is a central Galois algebra over its center S with an inner Galois group G if and only if
{Us]7 € G} are linearly independent over S where Uz = U, for each g € G.

Proof. (=) Since CG; is a central Galois algebra with an inner Galois group G,
CGy = SG5 ([4], Theorem 6). Thus {Uy|g € G} are linearly independent over S.

(«=) Since {U;|g € G} are linearly independent over S, SG; = &;.5SU; is a
projective group algebra of G over S with factor set f : G x G — units of S in-
duced by f : G x G — units of C. Noting that {U,|g € K} C S, we have that
CGy = &yc65U7 = SG But CGy is an Azumaya S-algebra (for n is a unit in C), s
SG; is an Azumaya S- algebra Thus SG; is a central Galois S-algebra with an inner
Galois group G ([5], Theorem 3). Therefore CG} is a central Galois algebra over S with
an inner Galois group G.

Theorem 3.2 can be generalized to a projective group ring RGy of a group G over a
ring R (not necessarily commutative) with a factor set f : G x G — units of the center

of R.

Theorem 3.3. ([22], Theorem 3.2) Let RG; be a Galois projective group ring of
G over a ring R, C the center of RGy, and Ry the center of R. Then the following
are equivalent: (1) RGy is a Galois extension of (RGf)é with an inner Galois group G
induced by {Uy|g € G}. (2) C’@y is a central Galois projective group algebra of G over
C with factor set f : G x G — units of C induced by f : G x G — units of Ry. (3)
{U;19 € G} are free over RC and RC = © )i U, where Uz = Uy for each g € G
and K = {g € the center of G| f(g,9") = f(¢,g) for all ¢ € G}.

Proof. Let Z be the center of G. We first note that G = G/K where K = {g €
Z| f(g,9) = f(d,g) for all ¢ € G} and that {U;|g € G} are free over C where Uy = U,
for each ¢ € G by the argument used in the proof of Theorem 3.1. Next we prove
(1) = (2) and leave other implications (2) = (1) and (2) = (3) = (2) to readers.
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Since RG; is a Galois extension of (RG;)% with an inner Galois group G, {U;|g € G}
are free over RC. Noting that f : G x G — units of Ry contained in C, we have that
C@y is a projective group algebra of G over C' with factor set f : G x G — units
of C' where f is induced by f : G x G — units of Ry. Moreover, since RyK s C C,
> gea(RoKy)Us C CGy. But G = G/K, so

RGy =Y RU, = R(RoGy) C R(Y_CUy) = R(CG5) C RGy.

geG ge@G

Hence RGy = R(C’af). Thus a|C§? =~ G. Next we claim that C is also the center of

de@ CUz (= C’é?). In fact, clearly, C'is contained in the center of C’a?. Conversely, for
any x € the center of Ca?, x is in the center of deé CUj. Also, for any r € R, rT =2,
so z is in the center of R(} ;.5 CUy) which is RGy. Thus z € C. Therefore CGy is an

Azumaya C-algebra; and so CG is a central Galois C-algebra with an inner Galois group
5\6@7 =~ G ([4], Theorem 6).

We give two examples of Galois extensions with an inner Galois group G.

Example 1. Let R[i, ], k] be the real quaternion algebra over real field R with inner
automorphism group G = {1, i, j, k} where i(z) = izi~!, j(z) = jrj~', and k(z) =
kxk=! for x € R[i,j,k]. Then R[i,j,k] = R® Ri ® Rj ® Rk, a projective group algebra
RG ¢ with center R; and so it is a central Galois algebra over R with an inner Galois
group G.

Example 2. Let T = R[i] C R[i,j, k] as given in Example 1 and H; = {1, i} C G.
Then (R[4, j, k])"* = R[i] and R[i, j, k] is a noncommutative Galois extension of R[i] with
a cyclic Galois group H;. We note that any Galois algebra with a cyclic Galois group is
commutative ([4], Theorem 11).

By using Theorem 3.2, we derive some characterizations for a Galois extension B as
given in Theorem 3.2 which is generated by {U, | g € G} over B®. We recall that C'is the
center of B, S the center of CGy, Z the center of G, and K = {g € Z| f(g,h) = f(h,9)
for all h € G}.

Theorem 3.4. ([23], Theorem 2.3) Let B be a Galois extension of B¢ with an inner

Galois group G of order n invertible in B. Then the following are equivalent:

(1) B=73,cc B°Uy, i.e., B is generated by {Uy| g € G} over BY,

(2) B = BYGy, a projective group ring of G over B¢ with factor set [ : G x G —
units of C;

(8) C=S5;

(4) 3_geq CUy, the subring of B generated by {U, | g € G} over C, is a central Galois
C-algebra with Galois group G = G;

(5) 3 yec CUy is an Azumaya C-algebra;
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(6) K = (1) and {U;|g € G} are linearly independent over S.

4. THE AZUMAYA ALGEBRA

Let B be a Galois extension of B with an inner Galois group G whose order n is
invertible in B as given in Theorem 3.2, G = {g € G| g(z) = UyzU, " for some U, € B and
for all z € B}, C the center of B, Z the center of G, and K = {g € Z| f(g9,h) = f(h,9)
for all h € G}. Assume that B is an Azumaya C-algebra. We shall show an equivalent
condition for a central Galois algebra CG; in terms of the Galois extension BX of B¢
with Galois group G/K.

Theorem 4.1. ([23], Theorem 3.1) Let B be given in Theorem 3.2. If B is an Azumaya
C-algebra, then Vg(B¢) = CGj.

Proof. Since n is invertible in B, CGy is a separable subalgebra of the Azumaya C-
algebra B. Hence Vp(Vp(CGy)) = CGy. Noting that Vp(CG;) = B¢, we have that
Vp(BY) = CGy.

Theorem 4.2. (23], Theorem 3.2) Let B be given in Theorem 3.2. Assume B is an
Azumaya C-algebra. Then CGy is a central Galois algebra over its center S with Galois

group G (= G/K) if and only if BX = BY . (CGy).

Proof. (=) Since CGY is a central Galois algebra with Galois group G (= G/K), CG
has a G-Galois system. Clearly, CG; C B¢-(CG;) C BX and (B¢ (CGy))¢ = (B¥)¢ =
BY, so BY . (CGy) and BY are also Galois extensions with the same Galois system as
CG by noting that the restrictions of G' to B® - (CG) and BX are isomorphic with G
(= G/K). Thus BX = BY . (CGy).

(<=) By hypothesis, B is a Galois extension of BY with an inner Galois group G of
order n invertible in B, so BX is a Galois extension of BY with an inner Galois group
G/K. Let S be the center of CGy. Since CGy is a separable C-subalgebra of the Azumaya
C-algebra B, Vg(Vp(CGy)) = CGy. Hence CGy, B¢ (= Vg(CGYy)), and BY - (CGy) have
the same center S. By hypothesis, BX = B¢ . (CGy). Thus S is the center of BX. But
BX is a Galois extension of B® with an inner Galois group G (= G/K), so BX contains
the separable projective group algebra S@? where f : G x G — units of S induced by
f: G x G — units of C by Theorem 3.1. Thus {U;|g € G} are linearly independent
over S. Therefore CG} is a central Galois algebra with Galois group G' by Theorem 3.2.

Corollary 4.3. ([23], Corollary 3.1) Let B be given in Theorem 4.2. Then BYX is a
Galois projective group ring of G over B¢ S with factor set f : G x G — units of C.

Proof. By Theorem 4.2, BX = B¢ . (CG}) and CG; = SE?, so BE = BY. (CGy) =
BG(SE?) = (B%S )@; which is a Galois projective group ring of G over BYS with factor
set f: G x G — units of C.
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5. THE GALOIS COMMUTATOR SUBRING

We note that a Galois extension with an inner Galois group G is a Hirata separable
extension of BY ([17], Corollary 3). In [17], let B be a Hirata separable Galois extension of
B with Galois group G and A = Vg(BY) = {b € G |ba = ab for each element a € B“},
the commutator subring of BY in B. A sufficient condition was given for A being a
Galois algebra with Galois group G/N where N = {g € G|g(z) = x for all z € A}
We shall study the problem for a Galois extension B of B¢ with Galois group G such
that A is a Galois extension with Galois group G/N. Such a Galois extension B with
Galois group G will be characterized in terms of a composition of two Galois extensions:
B D BY-Vp(BY) D BY and in terms of crossed products respectively.

We begin with two lemmas whose proofs are straightforward.

Lemma 5.1. ([24], Lemma 3.1) Let T' be a ring and G an automorphism group of T.
Then (1) Vp(TY) is a G-invariant subring of T and (2) (Vp(T9))Y is contained in the
center of Vo (TC) (hence Vi (TC) is an algebra over (Vp(T<))Y).

Lemma 5.2. ([24], Lemma 3.2) Let B be a Galois extension of B¢ with Galois group
G and A a G-invariant subring of B under the action of G. If A is a Galois extension of
B¢ with Galois group induced by and isomorphic with G, then A = B.

Theorem 5.3. ([24], Theorem 3.3) Let B be a Galois extension of B¢ with Galois
group G, A = Vg(BY), and D = AY. Then the following statements are equivalent: (1)
A is a Galois algebra over D with Galois group induced by and isomorphic with G/N
where N = {g € G|g(z) = z for all x € A}. (2) BYA is a Galois extension of B¢
with Galois group induced by and isomorphic with G/N and A is a finitely generated and
projective module over D. (8) B is a composition of two Galois extensions: B D BEA
with Galois group N and BA D> BY with Galois group induced by and isomorphic with

G/N such that JgiA) is a finitely generated projective module over D for each g € G/N
where JE(A) ={be Albx = g(x)b for all x € A}.

Proof. (1) = (2) Since the automorphism groups induced by G/N on BYA and A are
isomorphic and A is a Galois algebra over D where D = A%, BYA is a Galois extension
of (BYA)Y (= BY) with Galois group induced by and isomorphic with G/N.

(2) = (1) Since BA D B¢ is a Galois extension with Galois group induced by and
isomorphic with G/N, the crossed product

(B¢A) % (G/N) = Hompe(BYA, B¢A).
Denoting G/N by G, we have that

a: (BYA) x G =2 Hompe(BA, BYA)
by (a(_geq a59)) (%) = 3 _zcq agg(x) for each x € BYA. Then

A x 6 = VBGA*é(BG) = VHomBG(BGA,BGA)(a(BG))'
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It can be verified that VHomBg(BGA,BGA)(a<BG)) = Homp(A, A) where D = A% = AY.
But A is a finitely generated and projective module over D, so A is a Galois algebra over
D with Galois group isomorphic with G.

(2) = (3) Since BYA c B such that (BYA)Y = BY = (BM)Y and BYA is a
Galois extension of BY with Galois group induced by and isomorphic with G (= G/N),
BY = BYA by Lemma 5.2. Moreover, noting that Vgaa(B) = A =&Y . & Jg(A) ([12],

Proposition 1 and Theorem 1), we conclude that Jg(A) is a finitely generated projective
module over D for each g € G/N.
(3) = (2) is clear.

By Theorem 5.3, we shall derive some consequences for several well known classes of
Galois extensions. We recall that B is a center Galois extension with Galois group G if its
center C' is a Galois algebra over C¢ with Galois group G|¢ = G, and B is a commutator
Galois extension of BY with Galois group G if Vz(BY) is a Galois extension of (Vg(B%))%
with Galois group G|y, o) = G.

Corollary 5.4. Let B be a Galois extension of B¢ with Galois group G. If B = BYC

such that C' is finitely generated and projective over C¢, then B a center Galois extension
with Galois group G.

Corollary 5.5. Let B be a Galois extension of B¢ with Galois group G. If B = B¢A

such that A is finitely generated and projective over AY, then B a commutator Galois
extension with Galois group G.

Remark. Since a DeMeyer-Kanzaki Galois extension is also a center Galois extension
([4], Lemma 2) and an Azumaya Galois extension is a commutator Galois extension ([1],
Theorem 2), Corollary 5.4 and Corollary 5.5 hold for the classes of DeMeyer-Kanzaki

Galois extensions and Azumaya Galois extensions.

Corollary 5.6. Let B be a Hirata separable Galois extension of B¢ with Galois group
G. If B= BCA, then A is a Galois algebra with Galois group induced by and isomorphic
with G/N.

Proof. Since B is a Hirata separable Galois extension of B¢ with Galois group G, Jy
is a finitely generated and projective rank one module over C¢ for each g € G ([17],
Theorem 2). The corollary holds by Theorem 5.3.

We continue to characterize a Galois commutator subring A in terms of crossed prod-
ucts.

Theorem 5.7. Keeping the notations of Theorem 5.3, the following statements are
equivalent: (1) A is a Galois algebra over A® with Galois group induced by and isomorphic

with G/N where N = {g € G|g(x) =x for allx € A}. (2) Let Ax(G/N) be the crossed
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product of G/N over A with trivial factor set. Then A x (G/N) is an Azumaya algebra
over AY. (8) Let (BYA) x (G/N) be the crossed product of G/N over BYA with trivial
factor set. Then (B¢A)* (G/N) is a Hirata separable extension of B¢ such that BC is a
direct summand of (BEA) * (G/N) as a B%-bimodule.

Proof. (1) = (2) Since A is a Galois algebra over AY with Galois group G induced
by and isomorphic with G/N, A% G = Homac (A, A) where A is a finitely generated and
projective module over A®. Noting that A is an algebra with 1 over A%, we have that
Homac (A, A) is an Azumaya algebra over A®. Hence A * G is an Azumaya algebra over
A%,

(2) = (1) By hypothesis, A * G is an Azumaya algebra over A% so A * G is a
Hirata separable extension of A ([8], Theorem 1). Since A is a progenerator of A, A is a
progenerator of A +G. Thus A is a Galois algebra over A with Galois group isomorphic
with G.

(2) = (3) Since A * G is an Azumaya algebra over A%, B¢ @,¢ (A * G) is a Hirata
separable extension of B%; and so, as a homomorphism image of (B®@ac A)*G, (BEA)xG
is also a Hirata separable extension of B. Since A x G is an Azumaya algebra over A
again, A is a Galois algebra over A with Galois group G by (2) = (1). Hence there
exists an element d € A such that trg(d) = 1 ([12], proof of Proposition 5) where trg( ) =
> gec 9( ). Thus trg( ) : BEA — BY — 0 is exact as B¢-bimodule homomorphism,
and so B¢ is a direct summand of BA as B%bimodule homomorphism. Noting that
BEA a direct summand of (B¢A) x G as a B%-bimodule, we conclude that so is BC.

(3) = (2) Since (BYA) x G is a Hirata separable extension of B such that B¢ is a
direct summand of (B¢A) * G as a B%-bimodule, V(BGA)@(BG) is a separable algebra
over the center of (BA)x G ([16], Theorem 1). But Vigoa).g(BY) = A * G, so A x
G is a separable algebra over the center of (BA) x G. We claim that the centers of
A % G and (B€A) * G are A%, In fact, by hypothesis, (BYA) x G is a Hirata separable
extension of BY such that BY is a direct summand of (BYA) * G as a B%-bimodule
again, V(BGA)@(V(BGA)*@(BG)) = BY ([16], Theorem 1). Hence the center of (BA) x G
is contained in B%; and so it is contained in the center of B¢. Conversely, the center of
B is clearly contained in the center of (BA)*G. Thus, the center of (BA) G is equal
to the center of BY. Moreover, since the center of B® is A®, the center of (B€A) * G is
A% But the centers of A * G and (B€A) * G are the same, so the center of (B¢A) * G
is AY. Therefore, A * G is an Azumaya algebra over AC.

Corollary 5.8. Let B satisfy the equivalent conditions of Theorem 5.7. Then N = (1)
if and only if B = B¢A such that A® = C% where C is the center of B.

Corollary 5.9. Let B satisfy the equivalent conditions of Theorem 5.7. If N is a

mazximal subgroup of G, then A is a commutative Galois algebra over A® with a cyclic

Galois group G/N ([4], Theorem 11).
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EXTENSION OF THE MATLIS DUALITY TO A FILTERED
NOETHERIAN RING

N.KAMEYAMA*

ABSTRACT. A ring theoretic investigation of the Iwasawa algebra is accomplished. There-
fore, we look at a filtered pseudocompact algebra (abbreviation:FPC algebra) which is a
reasonable generalization of the Iwasawa algebra (1.1). It is shown that an FPC algebra
has the Matlis duality between suitable categories. When an FPC algebra is Auslander
regular and with homogeneity condition, we study the local cohomology and local dualty.

Key Words:  Iwasawa algebra, pseudocompact algebra, local cohomology, local du-
ality.

2000 Mathematics Subject Classification:  13D45, 16E30, 16E65, 16P40

1. INTRODUCTION

This paper is a summary of [12]. A class of (non)commutative Iwasawa algebras,
studied as main objects in Iwasawa theory, occupies quite interesting position in that of
noncommutative Noetherian rings. Moreover, they possess a filtered ring structure which
is an algebraic device of topological notion. In the present paper, we study ring theoretic
properties of Iwasawa algebras, through a filtered pseudocompact algebra, FPC algebra,
for short.

Let us explain essential properties of Iwasawa algebras shortly. Let p be a prime number,
and G a compact p-adic analytic group. The Iwasawa algebra is defined by

A(G) = lmZ,[G/U],

where U ranges over all open normal subgroups of G. A key fact for us is the following.
Assume that G is a uniform pro-p group. Then A(G) is a right and left Noetherian ring
([6], Corollary 7.25) and local Auslander-regular domain ([2], 4.1, 4.3, 5.1, 5.2). It has a J-
adic filtration FA(G), where J = radA(G), with F;A(G) := J* (i < 0), = A(G) (i >0).
A(G) is complete with respect to this filtration ([2], 3.5). Suppose that G is a p-valued
compact p-adic Lie group or a uniform extra-powerful pro-p group, then the filtration
FA(G) is Zariskian ([5], §7 or [20], Theorem 3.22, see also [9], Chapter I §2, 2.1.2 Theorem
(4)). For these cases, A(G) is a typical example of an FPC algebra.

We can say that a reasonably generalized algebra of the [wasawa algebra is a pseudo-
compact algebra due, for example, to [3], [19]. There is a duality between the category of
pseudocompact I'-modules and that of discrete I'-modules for a pseudocompact algebra
I'. This is a basic result for homological study of such algebras. To begin with, we make
this duality over for the suitable categories over an FPC algebra (see 1.4). Then we study
the local cohomology and local duality over such algebras. This provides a generalization

The detailed version of this paper will be submitted for publication elsewhere.
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of [20], §85,6. Further, we expect that the homological properties such that Bass number,
Gorensteiness etc. are within view as module-finite algebras [8].

2. DUALITY OVER A FILTERED PSEUDOCOMPACT ALGEBRA

2.1. Assumption. Let A be a left and right Noetherian filtered ring with a Zariskian
filtration FA = {F;A};ez ([9], Chapter I, §2) such that

(al) H; = F;A is an ideal of A for every i € Z,
(a2) A is complete with respect to F'A,
(a3) A/H,; is of finite length as a right and left A-module for every i € Z.

For further use, it is desirable that A is an algebra over a commutative ring. Let
(R, m, k) be a commutative local Noetherian ring and A an R-algebra. We consider that
R is a subring of A via a structure map R — A.

Put I, := RN H;(i € Z) and FR = {[;}(i € Z). Then FR is a filtration of R. We
assume that

(bl) R is complete with respect to F'R,

(b2) R/I; is a finite length R-module for every i € Z,

(b3) m™ is open for all n > 0, i.e., m" D I; for some i € Z,

(b4) A/H; is a module-finite R/I;-algebra for every i € Z, i.e., A/H; is a finitely gener-
ated R/I;-module.

We call an R-algebra satisfying all above assumptions a filtered pseudocompact algebra
and FPC algebra for short. Moreover, A/H; is a finite length R-module for every i.
Therefore all finite length A-modules are finite length R-modules.We sometimes consider
a filtered A-module (M, FM) as a filtered R-module with the same filtration F'M, but
regard as an R-module. We assume that all filtrations are separated.

Let E := Egr(k) be an injective hull of k& as an R-module. It follows that E is an
injective cogenerator of ModR. Put FE; := {x € E|I_;z = 0} an R-submodule of E for
every ¢ € Z. The assumption (b3) and [13], Theorem 18.4 implies £ = UE;, so E is a
filtered R-module with a filtration F'/E = {E;}icz

2.2. Filtration and filtration topology. Let R be a filtered ring and M, N filtered
R-modules. Let F,HOMRz(M,N) = {f € Homg(M,N)|f(F;M) C Fi,N for all i € Z}.
Put HOMp(M, N) := U,z F,HOMRg(M, N).

In some cases, all homomorphisms are of finite degree. In particular, the following will
be used frequently.

Proposition 1. Let M be a filtered R-module with a filtration FM = {F;M };cz. Assume
that M is of finite length. Then Hompg(M, E) = HOMg(M, E).

2.3. Pseudocompact modules and copseudocompact modules. We put the cate-
gory Fy as follows,
Objects: all filtered A-modules,
Morphisms: all A-homomorphisms of finite degree, i.e.,
the elements of HOM, (M, N) for M, N € Fj.
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We put MY := HOMg(M, E) by regarding M as a filtered R-module with a filtration
{FiM}icz. Then (—)Y = HOMg(—, E) turns out to be a contravariant functor between F
and F°°. We put (=)' := Hompg(—, E'), which induces usual Matlis Duality. Let M be a
filtered A-module with a filtration FM. We call M pseudocompact, if M = @M/EM7
that is, M is complete (][9], Chapter I, §3, 3.5) and H,M C F;M for every i € Z (cf. [3],
[19]). Dually, a filtered A-module N with a filtration FN is called copseudocompact, if
N = lii>nFiN and H_;F;N = 0 for every i € Z.

Proposition 2. Let M, N € Fy. Then
(1) If M is pseudocompact, then M = lim(M/F;M)".
(2) If N is copseudocompact, then NY = lim(F;N)".

2.4. Duality. Let C be a full subcategory of F, consisting of all finitely generated pseudo-
compact A-modules, and D a full subcategory of F, consisting of all finitely cogenerated
copseudocompact A-modules. Here, a module is finitely cogenerated if and only if its
socle is essential and finitely generated (cf. [1], Proposition 10.7).

Theorem 3. Let M, N € Fx. Then
(1) If M is pseudocompact, then M is copseudocompact.

(2) If N is copseudocompact, then NV is pseudocompact.
(8) A=AV and AV is Artinian.

Theorem 4. Let M, N € F5. Then
(1) If M € C then MY € D and MVY = M.
(2) If N € D then NY € C and NYY = N.

Proof. (1): Since M is finitely generated, there is an epimorphism f : A — M. Dualizing
it, we have a monomorphism fV : MV — AY", so M" is Artinian, and MV € D. We see
MYV = lim(M/F;M)YY = lim(M/F;M)" 2 lim M/F;M = M.

P Py P
(2)similarly. O

3. LOCAL COHOMOLOGY

3.1. Depth and Auslander-Buchsbaum Formula. We assume that a FPC algebra A
is

1) Auslander regularity with gl.dimA=d ([9], Chapter I, §2, 2.1.7),

2) the homogeneity condition,

where the homogeneity condition (cf. [7], (hc13) and (hcl4), p.326) is that every simple
left (respectively, right) A-module is contained in E? (respectively, E'¢), where 0 — A —
E° - E' — ... — E% — 0 (respectively, 0 = A — EF° - B — ... 5 F'4 - 0)isa
minimal injective resolution of A as a left (respectively, right) A-module. Let J = radA
be a Jacobson radical of A.

Definition 5. The depth of a finitely generated A-module M is defined by
depthM := min{i > O|Ext’ (A/J, M) # 0}.
It equals oo, whenever Ext’ (A/J, M) = 0 for all i > 0.
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The direct consequence of homogeneity condition is the following determination of
depthA.

Proposition 6. It holds that depthA = d.
Theorem 7. Let M € modA. Then
pdM + depthM = depthA = d.

3.2. Local cohomology and local duality. Let M be a A-module. Put I'(M) := {x €
M|H_;x = 0 for some ¢ > 0}. Then I' is a left exact additive functor: ModA — ModA
such that I'(M) = lim Homy (A/H_;, M).

Definition 8. The local cohomology functors, denoted by H*(—), are the right derived
functors of I'(—).

The following lemma is indispensable for proving the important property of local coho-
mology modules.

We can determine the structure of the last term E¢ of a minimal injective resolution of
A.

Proposition 9. Let M € ModA. Then, for anyi > 1,
(1) H' (M) is a copseudocompact module for some filtration. Moreover, if M is finitely
generated, then H'(M) € D,
(2) Hi(M) 2 lim Exti, (A/H_,, M),
As is usually done, we describe depth using the local cohomology modules.
Theorem 10. Let M be a finitely generated A-module. Then
depth M = min{i > 0 : H'(M) # 0}.
Proof. The proof is done by modifying that of [20], Lemma 5.5. Note that H_, C J for
every p > 0. U

We also observe that A is copseudocompact. We write X|Y, When X is isomorphic to
a direct summand of copies of Y. Then by the above corollary, we see E4|AY and AV|E?.
As concerns the local cohomology module of A, we see

Proposition 11. There is an isomorphism H%(A) = E1.

Proposition 12. Assume that A is basic. Then there is the isomorphisms AV = F¢ =~
HA(A).

Proposition 13. Assume that A is basic. Let a A-module M be in C or D. Then
Homy (M, HY(A)) = MV.

We establish the local duality theorem using the above results. All the assumptions for
A given before are preserved, that is, 1.1, 2.1 and to be basic.

Theorem 14. (Local duality) Let M be an arbitrary finitely generated A-module. Then,
for all integers 1, there are natural isomorphisms

H'(M) = Exti{(M,A)" and
Ext’ (M, A) = H™H(M)Y.
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Proof. Using the above preparation, we can show the statement by the similar way to the
commutative case. U
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ALMOST COMPARABILITY AND RELATED COMPARABILITIES
IN VON NEUMANN REGULAR RINGS

MAMORU KUTAMI

ABSTRACT. There are many comparabilities in von Neumann regular rings: general
comparability, the comparability axiom, s-comparability, weak comparability, almost
comparability etc.. In the article, we mainly investigate von Neumann regular rings
satisfying almost comparability, comparing with other comparabilities.

Key Words: ~ Von Neumann regular rings, Comparability.

2000 Mathematics Subject Classification:  Primary 16E50; Secondary 16D70.

1. INTRODUCTION

In the article, we mainly study regular rings satisfying almost comparability, comparing
with other related comparabilities: general comparability, the comparability axiom, s-
comparability, weak comparability. In section 1, we give definitions and histories of the
above related comparabilities. We begin with some notations and elementary definitions
which will be needed in the article. For details, we can refee Goodearl’s book [5].

Throughout this article, R is a ring with identity and R-modules are unitary right
R-modules.

Notation 1. For two R-modules M, N, we use M < N (resp. M <g N, M < N,
M <4 N) to mean that there exists an isomorphism from M to a submodule of N (resp.
a direct summand of N, a proper submodule of N, a proper direct summand of N). For
a submodule M of an R-module N, M <g N (resp. M < N, M <g N) means that M is
a direct summand of N (resp. a proper submodule of N, a proper direct summand of N).

For a cardinal number k£ and an R-module M, kM denotes the direct sum of k-copies of
M.

Definition 2. A ring R is said to be (von Neumann) regular if, for each z € R, there
exists an element y of R such that xyx = x, and a ring R is said to be unit-reqular if,
for each = € R, there exists a unit element (i.e. an invertible element) u of R such that
zuxr = x. It is well-known that a regular ring R is unit-regular if and only if A B = AGC
implies B = (C' for any finitely generated projective R-modules A, B,C. An R-module
M is directly finite provided that M is not isomorphic to a proper direct summand of
itself. A ring R is directly finite if the R-module Ry is directly finite, and R is said to be
stably finite if the ring M, (R) of n X n matrices over R is directly finite for all positive

This paper is based on the author’s talk and the detailed proof of some results in this paper will be
submitted for publication elsewhere.
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integers n. It is known that a ring R is stably finite if and only if every finitely generated
projective R-module is directly finite.

Now, we recall definitions and histories of the related comparabilities.

Definition 3. A regular ring R satisfies general comparability if, for each z,y € R, there
exists a central idempotent e € R such that e(xR) < e(yR) and (1—e)(yR) < (1—e)(zR).

General comparability is the typical and oldest comparability, which evolved from oper-
ator algebras and Baer rings. All right self-injective regular rings are typical examples of
regular rings with this comparability, which worked usefully to study these regular rings.

Definition 4. A regular ring R is said to satisfy the comparability axiom if, for each
x,y € R, either xR < yR or yR < xR.

The comparability axiom is a special case of general comparability, which means that
“each two principal right ideals are comparable”. The notion was given by K.R. Goodearl
and D. Handelman in 1975. All prime right self-injective regular rings are typical examples
of regular rings with this comparability, and they investigated these regular rings using
the comparability axiom.

Definition 5. Let s be a positive integer. A regular ring R is said to satisfy s-
comparability if, for each z,y € R, either zR < s(yR) or yR < s(xR). Note that
1-comparability means the comparability axiom above. It is well-known in [4] that s is
either 1 or 2 only for any regular rings with s-comparability.

Connecting with the comparability axiom, s-comparability was also given by K.R.
Goodearl and D. Handelman in 1976 to characterize uniqueness of rank functions on
certain simple regular rings. But, the detailed study of regular rings with s-comparability
became after one of regular rings with weak comparability. In the study of regular rings,
there is a famous outstanding Open Problem: Is every directly finite simple regular ring
always unit-regular? To solve the problem, K.C. O’Meara gave the notion of weak com-
parability and some interesting result, as follows.

Definition 6 ([11]). A regular ring R satisfies weak comparability if, for each nonzero
x € R, there exists a positive integer n such that n(yR) < Rg implies yR < xR for all
y € R, where the n depends on .

Theorem 7 ([11]). Every directly finite simple reqular rings with weak comparability are
unit-reqular.

After that a criterion of weak comparability for simple regular rings was given, as
follows.

Theorem 8 ([3]). For a simple reqular ring R, the following are equivalent:

(a) R has weak comparability.

(b) nA < nB implies A < B for any finitely generated projective R-modules A, B and
any positive integer n.
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2. ALMOST COMPARABILITY

In Section 2, we give some fundamental results of almost comparability for finitely
generated projective modules over regular rings satisfying almost comparability. We begin
with the history for almost comparability. The notion of almost comparability for regular
rings was first introduced by Ara and Goodearl [1], for giving an alternative proof of
O’Meara’s Theorem that every directly finite simple regular rings with weak comparability
are unit-regular (Theorem 7). After that the study of almost comparability for simple
regular rings was continued by Ara et al. [3], who showed that, for simple regular rings,
s-comparability for some positive integer s is equivalent to the ring satisfying almost
comparability. Thus directly finite simple regular rings satisfying almost comparability
are unit-regular, from a result in O’Meara [11]. Also, Ara et al. [4] studied regular
rings with s-comparability, and fixed the relation between s-comparability and almost
comparability giving some examples. Here we give the definition of almost comparability,
as follows.

Definition 9 ([1]). A regular ring R satisfies almost comparability if, for each x,y € R,
either 2R <, yR or yR <, R, where 2R <, yR (called “almost subisomorphic”) means
that R < yR @ C for all nonzero principal right ideals C' of R.

From the definition of almost comparability, we see that “l-comparability = almost
comparability = 2-comparability” obviously. Thus almost comparability is a middle
condition between 1-comparability and 2-comparability. But the converse implications do
not hold from the following examples.

Example 10 ([4]).

(1) There exists a non-simple stably finite regular ring satisfying almost comparability
which is not unit-regular. Hence the ring does not satisfy 1-comparability.

(2) There exists a unit-regular ring with 2-comparability but not almost comparability.

Now we investigate the properties for regular rings satisfying almost comparability,
comparing with 1-comparability or 2-comparability. First we ask if almost comparabil-
ity for regular rings is Morita invariant. To see this, we need the definition of almost
comparability for finitely generated projective modules, as follows.

Definition 11. Let R be a regular ring, and P be a finitely generated projective R-
module. Then P satisfies almost comparability if, for each direct summands A, B of P,
either A <, Bor B <, A, where A <, B means that A < B@® C for all nonzero principal
right ideals C' of R. Also, P satisfies strictly almost comparability if, for each direct
summands A, B of P, either A <, B or B <, A, where A <, B means that A < B® C
for all nonzero principal right ideals C' of R.

For the above definitions, we can tell that the notion of almost comparability is the
just same as one of strictly almost comparability as below, which result can be used as a
criterion for almost comparability.

Lemma 12. Let R be a regular ring, and P be a finitely generated projective R-module.
Then the following are equivalent:
(a) P satisfies almost comparability.
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(b) P satisfies strictly almost comparability.

Lemma 13. Let R be a regular ring satisfying almost comparability. For every nonzero
finitely generated projective R-modules A, B, there exists a nonzero principal right ideal
X of R such that both X < A and X < B. In particular, if S is a simple right ideal of
R, then S < M for all nonzero finitely generated projective R-modules M.

Here, we recall the definition of separativity for a ring and its criterion, which were
born in the study of s-comparability and will be used in proofs of the results after.

Definition 14 ([2]). A ring R is separative if A A= A® B = B® B implies A = B
for any finitely generated projective R-modules A, B.

Lemma 15 ([2]). For a ring R, the following are equivalent:

(a) R is separative.

(b) For any finitely generated projective R-modules A, B,C, if A® C = B ® C with
C <g mA and C <g nB for some positive integers m,n, then A = B.

We also recall the definition of exchange rings.

Definition 16. A ring R is said to be an exchange ring if the R-module R satisfies
the exchange property, where an R-module M satisfies the exchange property if for every
R-module A and any decompositions A = M’ & N = @, A; with M’ = M, there exist
submodules A, < A; such that A = M’ @ (®;cA;). It is known that regular rings are
typical examples of exchange rings.

For exchange rings with s-comparability, we recall an interesting result as follows.

Lemma 17 ([12]). Any exchange ring with s-comparability is separative. Thus any reqular
ring satisfying almost comparability is separative.

Using Lemmas 12,13,15,17 above, we can obtain the following result.

Proposition 18. Let R be a reqular ring, and assume that nR satisfies almost comparabil-
ity for some positive integer n. Let A, B,C, D be finitely generated projective R-modules,
all which are subisomorphic to nR.

(1) IfA<,C and B <, D, then A® B <,C®D.

(2) If A<, C and B <, D, then either A® D <, B&C or B&C <, A® D.

Almost comparability is inherited by direct summands. Hence, using Proposition 18
above and the mathematical induction, we have the following result.

Proposition 19. Let R be a reqular ring. Then the following are equivalent:
(a) R satisfies almost comparability.
(b) Any finitely generated projective R-module satisfies almost comparability.
(¢) nR satisfies almost comparability for all positive integers n.
(d) There exists a positive integer n such that nR satisfies almost comparability.

By the way, we have almost subisomorphic relations of the family of all finitely generated
submodules between a finitely generated projective R-module over a regular ring R and its
endomorphism ring, as Lemma 20 below shows. To see this, for an R-module Mg, we put
add(Mpg) = {an R-module N | N <g nM for some positive integer n}. Then we see that
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the lemma follows from equivalences of the Hom and Tensor functors by Hompg(sMg, —)
and — ®g s Mg between the categories add(Mg) and add(Ss), where S = Endgr(M).

Lemma 20. Let R be a regular ring, and P be a finitely generated projective R-module.
Set a ring T = Endg(P). Then the following are equivalent:

(a) P satisfies almost comparability.

(b) T satisfies almost comparability.

Combining Proposition 19 with Lemma 20, we can answer whether almost comparabil-
ity for regular rings is Morita invariant, as follows.

Theorem 21. Let R be a regular ring. Then the following are equivalent:

(a) R satisfies almost comparability.

(b) For any finitely generated projective R-module P, Endgr(P) satisfies almost compa-
rability.

(¢) Any ring S which is Morita equivalent to R satisfies almost comparability.

(d) For all positive integers n, M, (R) satisfies almost comparability.

(e) There exists a positive integer n such that M, (R) satisfies almost comparability.

Also we can show Theorem 22 below, from Proposition 19.

Theorem 22. Let R be a regular ring satisfying almost comparability. Then the family
of all finitely generated projective R-modules satisfies almost comparability, which means
that either A <, B or B <, A for any finitely generated projective R-modules A, B.

In addtion, more generally, we can extend almost comparability for the family of all
finitely generated projectives to the family of all countably generated projectives, as fol-
lows.

Theorem 23. Let R be a reqular ring satisfying almost comparability. Then the family of
all countably generated projective R-modules satisfies almost comparability, which means
that either P <, Q) or Q) <, P for any countably generated projective R-modules P, Q).

The results in Theorems 22,23 above can be used in §3.

3. CANCELLATION AND UNPERFORATION

In Section 3, we treat the cancellation and unperforation properties for regular rings
satisfying almost comparability. As we mentioned in §2, any directly finite simple regular
rings satisfying almost comparability are unit-regular, but there exists a non-simple stably
finite regular ring R satisfying almost comparability but not unit-regularity, from which
A C < B®C does not imply A < B for some finitely generated projective R-modules
A, B,C. Thus, instead of the above property, we consider the strict cancellation property
for a regular ring R which means that A ® C < B @ C implies A < B for any finitely
generated projective R-modules A, B, C'. Obviously, any unit-regular rings always have
the strict cancellation property. First, we ask if any directly finite regular rings satisfy-
ing almost comparability have the strict cancellation property. Then we can show the
following result.
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Theorem 24. Let R be a regular ring satisfying almost comparability, and A, B,C be
directly finite and finitely generated projective R-modules. If A& C < B&C, then A < B.

From the above, we have the following Corollary 25 as desired.

Corollary 25. Let R be a directly finite reqular ring satisfying almost comparability, and
A, B,C be finitely generated projective R-modules. If A® C < B® C, then A < B.

We note that Corollary 25 remembers the result in [8] that every directly finite regular
ring with weak comparability has the strict cancellation property. By the way, we can
give a more general result in Theorem 29 below, by using Theorem 24. To see this, we
need the definition and a well-known result for stable range of a ring.

Definition 26. A row (ay,...,a,) of elements from a ring R is said to be right unimodular
if >, a;R = R. Given a positive integer n, a ring R is said to have n in the stable range
provided that for any right unimodular row (as, ..., a,) of r > n+ 1 elements of R, there
exist elements by,...,b,_; € R such that the row (a; + a.by,...,a,—1 + a,b,_1) is right
unimodular. If n is the least positive integer such that R has n in the stable range, then
R is said to have stable range n. It is well-known that a regular ring R has stable range
1 if and only if R is unit-regular.

We notice that the stable range for a ring nearly relates with the cancellation property,
as follows.

Lemma 27 ([13, 14]). Let R be a ring, and A be an R-module such that Endr(A) has n
in the stable range for some positive integer n. If B and C' are any R-modules such that

AB=A®C andnA <g B, then B = C.

Here we recall the following interesting result on the stable range for regular rings with
2-comparability.

Lemma 28 ([4]). Let R be a reqular ring with 2-comparability, and A be directly finite
and finitely generated projective R-module. Then Endg(A) has stable range at most 2.

Using Theorem 24 and Lemmas 27,28 above, we can show one of main results, as
follows.

Theorem 29. Let R be a reqular ring satisfying almost comparability. Let A, B be
projective R-modules, and C' be directly finite and finitely generated projective R-module.

Next, we treat the following properties.

Definition 30. A ring R has the unperforation property provided that nA < nB implies
A < B for any finitely generated projective R-modules A, B and any positive integer
n. Also, a ring R has the strict unperforation property provided that nA < nB implies
A < B for any finitely generated projective R-modules A, B and any positive integer n.

For the above properties, we can recall some interesting results. Goodearl [6] ensured
the existence of a simple unit-regular ring R with weak comparability which does not have
the unperforation property, and the ring R satisfies 2-comparability too (hence satisfies
almost comparability). Thus, simple directly finite regular rings satisfying either almost
comparability or weak comparability do not have the unperforation property in general.
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On the other hand, it was shown in [9] that every regular ring with weak comparability
has the strict unperforation property. But Ara et al. [4] showed that unit-regular rings
with 2-comparability do not have the strict unperforation property in general. In spite of
the above result, we can show that every regular ring satisfying almost comparability has
the strict unperforation property, as follows.

Theorem 31. Let R be a reqular ring satisfying almost comparability, and A, B be finitely
generated projective R-modules. If nA < nB for some positive integer n, then A < B.

Moreover, we can generalize Theorem 31 by using Lemmas below.

Lemma 32. Let R be a regular ring satisfying almost comparability.

(1) Let Xy, Xy, X3 be finitely generated projective R-modules. If X7 <, Xo, Xo <4 X3,
then X1 <, X3.

(2) Let Xy,---,X, be finitely generated projective R-modules. Then there ezists a
positive integer k (1 < k < n) such that X; <, Xy for alli=1,... n.

Lemma 33 ([7]). Let R be a regular ring with 2-comparability. Then every directly finite
projective R-module is countably generated, and every finite direct sum of directly finite
projective R-modules is directly finite.

Using Lemmas 32,33 and the strict cancellation property (Theorem 29) effectively, we
have the following result.

Theorem 34. Let R be a reqular ring satisfying almost comparability, and A, B be
projective R-modules such that A is either finitely generated or directly finite. If nA <g
nB for some positive integer n, then A < B.

We also can show the following result, by using Theorem 34 above.

Theorem 35. Let R be a regular ring satisfying almost comparability, and A, B be
projective R-modules such that A is either finitely generated or directly finite. Then the
following are equivalent:

(a) A <, B.

(b) nA <, nB for some positive integer n.

(¢) nA <, nB for all positive integers n.

Finally, we inform some interesting problems concerned with the above results. By
Corollary 25 and Theorem 31, every directly finite regular ring satisfying almost com-
parability has the strict cancellation property and every regular ring satisfying almost
comparability has the strict unperforation property. Also, any regular rings with weak
comparability have similar results, from talks after Corollary 25 and Definition 30. But,
there exists a unit-regular ring with 2-comparability which does not have the strict un-
perforation property, from the talk before Theorem 31. Also we can construct a directly
finite regular ring R which does not have the strict cancellation property. For example,
we may take R = S x T, where S, T are nonzero stably finite regular rings such that S is
not unit-regular (see Example 10(1)). Thus we have the problems:

(A) Which directly finite regular rings have the strict cancellation property?
(B) Which regular rings have the strict unperforation property?

44—



Acknowledgment. This work was supported by JSPS KAKENHI (21540041).

[1]

REFERENCES

P. Ara and K.R. Goodearl, The almost isomorphism relation for simple reqular rings, Publ. Mat.
UAB 36 (1992), 369-388.

P. Ara, K.R. Goodearl, K.C. O’Meara and E. Pardo, Separative cancellation for projective modules
over exchange rings, Israel J. Math. 105 (1998), 105-137.

P. Ara, K.R. Goodearl, E. Pardo and D.V. Tyukavkin, K-theoretically simple von Neumann reqular
rings, J. Algebra 174 (1995), 659-677.

P. Ara, K.C. O’Meara and D.V. Tyukavkin, Cancellation of projective modules over regular rings with
comparability, J. Pure Appl. Algebra 107 (1996), 19-38.

K.R. Goodearl, Von Neumann Regular Rings, Second Ed. Krieger, Malabar, Florida, 1991.

K.R. Goodearl, Torsion in Ky of unit-regular rings, Proc. Edinburgh Math. Soc. 38(2) (1995), 331-
341.

M. Kutami, On regular rings with s-comparability, Comm. Algebra 27(6) (1999), 2917-2933.

M. Kutami, On von Neumann regular rings with weak comparability, J. Algebra 265 (2003), 285-298.
M. Kutami, On von Neumann regular rings with weak comparability II, Comm. Algebra 33(9) (2005),
3137-3147.

[10] M. Kutami, On regular rings satisfying almost comparability, Comm. Algebra 35(7) (2007), 2171-

11

2182.
] K.C. O’Meara, Simple regular rings satisfying weak comparability, J. Algebra 141 (1991), 162-186.

[12] E. Pardo, Comparability, separability, and exchange rings, Comm. Algebra 24(9) (1996), 2915-2929.
[13] R.B. Warfield, Jr., Notes on cancellation, stable range, and related topics, Univ. of Washington

(August 1975).

[14] R.B. Warfield, Jr., Cancellation of modules and groups and stable range of endomorphism rings,

Pacific J. Math. 91 (1980), 457-485.

DEPARTMENT OF MATHEMATICS
FACULTY OF SCIENCE
YAMAGUCHI UNIVERSITY
YAMAGUCHI 753-8512 JAPAN

E-mail address: kutami@yamaguchi-u.ac. jp

f45f



AMPLENESS OF TWO-SIDED TILTING COMPLEXES AND FANO
ALGEBRAS

HIROYUKI MINAMOTO

ABSTRACT. From the view point of noncommutative algebraic geometry (NCAG), a two-
sided tilting complex is an analog of a line bundle. In this paper we define the notion of
ampleness for two-sided tilting complexes over finite dimensional algebras of finite global
dimension, and prove its basic properties, which justify the name ”ampleness”. From the
view point of NCAG, Serre functors are considered to be shifted canonical bundles. A
finite dimensional algebra A of finite global dimension is called Fano if the shifted Serre
functor A*[—d] is anti-ample. Some classes of algebras studies before are Fano. We show
by an example that the property of A*[—d] from the view point of NCAG captures some
representation theoretic property of the algebra A.

From our view point, we give a structure theorem of AS-regular algebras. AS-regular
algebras are defined to extract a good homological property of polynomial algebras. Our
theorem shows that AS-regular algebra is polynomial algebra in some sense.

1. INTRODUCTION

The notion of two-sided tilting complex is introduced independently by Rouquier-
Zimmermann [RZ] and Yekutieli [Y] based on the Rickard’s derived Morita theory [Ricl].
Let A be a ring. A two-sided tilting complex ¢ is, by definition, the bounded above
complex of A-bimodule such that the derived tensor product — ®% o gives an autoequiva-
lence of the derived category D (Mod-A). If algebra A is noetherian and has finite global
dimension, then a complex o of A-bimodules is a two-sided tilting complex if and only if
— ®% o gives an autoequivalence of D’ (mod-A).

— ®% 0 : D’ (mod-A) - D” (mod-A).

From the view point of noncommutative algebraic geometry(NCAG), one thinks of a
triangulated category 7 as the derived category DP(coh X) of coherent sheaves of some
"space” X. ;From this view point, a two-sided tilting complex is an analog of a line
bundle. In algebraic geometry, for line bundles ampleness is an important notion. In
this paper we define the notion of ampleness of tilting complexes over finite dimensional
k-algebras.

We justify this definition by using the theory of noncommutative projective schemes
due to Artin-Zhang [AZ] and Polishchuk [Po]. In the theory of noncommutative projective
schemes, for a graded coherent ring R over k, we attach an imaginary geometric object
proj R = (Cohproj R.R, (1)) An abelian category cohproj R is considered as the category
of coherent sheaves on proj R.

The final version of this paper will be submitted for publication elsewhere.
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In [Le] and [GL], geometric notions are introduced to study certain class of algebras.
These works are the inspiration for this work.

Notation and convention. Throughout this paper k£ denotes a field. For a ring A
we denote by Mod-A (resp. mod-A ) the abelian category of right A-modules (resp. the
abelian category of finite right A-modules). For a k-vector space M, we denote by M* its
k-dual vector space. Let D (A) be the derived category of an abelian category A. We
denote the standard t¢-structure in D° (A) by (D=°(A), D=°(A)) , i.e., D=°(A) (resp.
D=0 (A)) is the full subcategory of D’ (A) with objects F* such that H (F") = 0 for i < 0
(resp. ¢ > 0). If there is no danger of confusion, we identify the two-side tilting complex
o with the autoequivalence — ®@% o. For example oM = M &% o for M € D (Mod-A)
and 0" := 0 ®% - @% o (n times) for n € N.

2. AMPLENESS OF TWO-SIDED TILTING COMPLEXES

We start by reformulating the Serre’s criteria of ampleness in the theory of derived
categories. Let X be a variety over k and let 7 := D®(coh X) be the bounded derived
category of coherent sheaves on X.

Definition 1. Let £ be a line bundle on X. The full subcategory 7529 (resp. T5=0) of
D® (coh X) consists of objects F~ which satisfy

R Hom (Ox, F @ L") € D=°(k-vect) for n >0
(resp. RHom (Ox,F @ L") € D=*(k-vect). for n>>0)
We define 7 := (7520, T5=0),

Theorem 2 (Serre’s criteria of ampleness [Har, Propsition I11.5.3]). Suppose that X is
proper. Then a line bundle £ on X is ample if and only if T* is the standard t-structure
in D° (coh X).

Reversing this observation, to formulate ampleness in the study of derived categories,
we define the following.

Definition 3. Let A be a k-algebra and let ¢ be a two-sided tilting complex over A. The
full subcategory D=9 (resp. D?=%) of D’ (mod-A) consists of objects M" which satisfy

o"M € D=°(Mod-A) for n >0
(resp. o"M € D=°(Mod-A) for n>> 0).
We define D° := (D7=" D7=).

Since 0" M ~ R Hom(A, 0" M), we think of A as the "structure sheaf” in Definition 3.
A two-sided tilting complex o is called pure if H'(o) = 0 for i # 0. We give the
definition of ampleness of two-sided tilting complexes.

Definition 4. Let A be a finite dimensional k-algebra and let ¢ be a two-sided tilting
complex over A.

(1) The two-sided tilting complex o is called ample if o™ is pure for n > 0 and D7 is
a t-structure in D°(mod-A) .
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(2) The two-sided tilting complex o is called very ample if H(0) = 0 for i > 1 and o
is ample.

(3) The two-sided tilting complex o is called extremely ample if o™ is pure for n > 0
and D7 is a t-structure in D’(mod-A) .

To give a justification of this terminology. we need a bit of notations. Let S = Sy &
S1®Sy®--- be aN-graded ring. We denote by Gr S the abelian category of graded right
S-modules. An element x of a graded right S-module M is called a torsion element if
xS>, = 0 for some n € N. We define Tor S to be the full subcategory of Gr.S consisting
of those objects M such that each element x € M is a torsion element. Note that if S
is finitely generated over Sy then Tor S is a localizing subcategory of GrS. In the case
when our graded ring S is finitely generated over Sy we define QGr S to be the quotient
category Gr S/ Tor S.

Definition 5. A right (resp. left) graded S-module M called right (resp. left) coherent
if it satisfies the following two conditions:
(a) M is finitely generated;
(b) for every homomorphism f : @ ;S(s;) — M of right S-modules, the kernel ker(f) is
finitely generated.

A graded ring S is called right (resp. left) coherent if S and S/S>; are right (resp.
left) graded coherent as a right (resp. left) graded S-module. A graded ring S is called
coherent if S is both right and left coherent.

We denote by coh S the full subcategory of Gr S consisting of right coherent S modules.
We define tor S to be the intersection between Tor S and coh S. In the case when S is
right coherent we define cohproj S to be the quotient category coh S/ tor S.

The following is the one of our main theorem.

Theorem 6. Let A be a finite dimensional algebra of finite global dimension. Let o be a
two-sided tilting complex over A such that H'(c) =0 fori > 1 and o™ is pure for n > 0.
Then the followings holds.

(1) There is the following equivalence of k-linear triangulated categories:
D(QGr-T)) ~ D(Mod-A).

(2) The following conditions are equivalent.
(a) T is a right graded coherent algebra.
(b) D is a t-structure in D*(mod-A).

(3) If the conditions (a) or (b) holds, then there is the following equivalence of k-linear
triangulated categories:

D(cohproj T) ~ D°(mod-A).
As a corollary we prove the following.

Corollary 7. Let A be a finite dimensional algebra of finite global dimension and let o be
a very ample two-sided tilting complex. Then there is a natural equivalence of triangulated
categories

D (mod-A) — D" (cohprojT).
where T := To(H(0)) is the tensor algebra of H(c) over A.
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In [Be] Beilinson showed that P is derived equivalent to a finite dimensional algebra.
This result has been generalized to other varieties. The above corollary gives a partial
converse.

3. FANO ALGEBRAS

Let A be a finite dimensional k-algebra of finite global dimension. The k-dual A* has the
natural A-bimodule structure. It is known that — ®@% A* : D®(mod-A) — D®(mod-A)
is the Serre functor ([Hap, 1.4.6]). For a nonsingular projective variety X over k, the
[dim X]-shifted derived tensor — ®% wx[dim X] of the canonical bundle wy is the Serre
functor of DP(coh X). {From a view point of noncommutative algebraic geometry A* is
thought as ”shifted canonical bundle”. For example, if (A*)™ ~ [n] for some positive

integers m, n, then A is called fractional Calabi-Yau of C'Y dimension —, which is named

m
after analogy to the property of the derived category of a Calabi-Yau variety.

Definition 8. Let A be a finite dimensional k-algebra of finite global dimension, let d be
a integer, and set w := (A*[—d]). A is said to be a Fano algebra of Fano dimension d if
the two-sided tilting complex w™! is ample. A is said to be an extremely Fano algebra of
Fano dimension d if w™! is extremely ample.

Let X be a Fano variety or a variety with ample canonical bundle. Then the cele-
brated Bondal-Orlov’s Theorem [BO, Theorem 3.1] state that the k-linear triangulated
autoequivalence group (up to natural isomorphisms) is described by the term of alge-
braic geometry of X. A weaker version holds for Fano algebras and algebras with ample
”canonical bundle”.

Theorem 9. Let A be a finite dimensional k-algebra of finite global dimension and let d
a natural number. Set w := A*[—d]. If the two-sided tilting complex w or w™! is ample,
then every k-linear triangulated autoequivalence F' is standard, i.e. there exist a two-sided
tilting complex o such that there is a natural isomorphism of functors F ~ — @% 0.

Remark 10. It is known that same property holds for hereditary algebras [MY, Theorem
1.8].

The following Theorem gives examples of Fano algebras.

Theorem 11. Let A be a finite dimensional k-algebra of finite global dimension. Set
w = A*[=1]. Ifw" (resp. w™) is pure forn > 0. Then D¥ (resp. D*"") is a t-structure
in D(mod-A).

4. A NONCOMMUTATIVE ALGEBRO-GEOMETRIC CHARACTERIZATION OF
REPRESENTATION TYPE OF A QUIVER

Let ) be a connected finite acyclic quiver, i.e., a connected quiver with finitely many
vertexes and finitely many arrows without loops and oriented cycles. Then the path
algebra A = k@ of ) is a finite dimensional k-algebra of global dimension 1. Set wg :=
A*[—1]. Note that — @ wél is the inverse of the Auslander-Reiten translation in Happel’s
derived version of Auslander-Reiten theory [Hap|. By [Hap, 11.4.7] if the quiver @) has
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infinite representation type, then wy," is pure for any n > 0. Therefor by theorem 11 we
prove the following proposition.

Proposition 12. Let () be a connected finite acyclic quiver of infinite representation type.
Then the path algebra kQ of Q) is a Fano algebra of Fano dimension 1.

If a finite acyclic quiver ) has finite representation type, then its path algebra k@ is
fractional Calabi-Yau. (This fact has been known by specialists. See [MY] for the precise
CY dimension of these algebras.)

Now we have the following characterization of representation type of quivers from the
view point of noncommutative algebraic geometry.

Theorem 13. A finite acyclic quiver has finite representation type if and only if its path
algebra is fractional Calabi- Yau, and a finite acyclic quiver has infinite representation type
of and only if its path algebra is Fano.

Remark 14. For canonical algebras in the sense of Ringel [Rin] the same type characteri-
zation holds.

By Theorem 7 and Theorem 12 we obtain the following corollary.

Corollary 15. Let ) be a finite acyclic quiver of infinite representation type. Then there
1 a natural equivalence of triangulated categories

D*(mod-kQ) — D*(cohproj II(Q))
where 11(Q) is the preprojective algebra of Q.

Remark 16. The similar result is proved in [Le].

5. A STRUCTURE OF AS-REGULAR ALGEBRAS ( JOINT WORK WITH I.MORI. )

Definition 17. A connected graded algebra R is called AS-regular if it has finite global
dimension d and satisfies the following Gorenstein property:

k(e) for some e€ Z ifqg=d

Extl, . (kgr, R) &
Exty p (ki 1) {0 otherwise
The integer e is called Gorenstein parameter.

Remark 18. In some paper these algebras are called regular algebra. In Artin-Schelter’s
original definition [AS], (AS-)regular algebras are defined by three conditions: above two
conditions and finiteness of Gelfand-Kirillov dimension.

We use the r-th quasi-Veronese algebra introduced by I.Mori.

Definition 19 ([Mo]). Let » > 1 be a natural number. The r-th quasi-Veronese algebra
RI' of R is a graded algebra defined by

Rnr Rnr-ﬁ-l e R(nJrl)T,l
R, _ R - R B
Rl = @ nr—1 nr (n+1)r—2
n>0 R(n—l)T—H R(n—l)r+2 R,

f50f



with the multiplication defined as follows: for (a;;) € (RI"),, (b;;) € (RI'), where a,; €
Rpr+j—i> bi,j € Rqr+j—i7
r—1

(ai;)(bij) = (Z ak,jbz',k) € (RM).

k=0

We define F' to be the degree 0 part (R!¥) of e-th quasi Veronese algebra RIl. Note
that F' is a finite dimensional algebra of finite global dimension. Set w := F*[—(d — 1)].

Theorem 20. (1) w™™ is pure forn > 1.
(2) Let T be the tensor algebra Tr(w™) of w™* over F. There is an automorphism ¢ of
T as graded algebras. such that the e-th quasi Veronese algebra R!¥ is isomorphic
to the twisted algebra T as graded algebras.

Rlel o~ Tp(w™)?

Artin and Schelter gave the definition of AS-regular algebras to extract good homo-
logical property of polynomial algebras. Our structure theorem shows that AS-regular
algebras are polynomial algebra in some sense. The point is that we do not consider
connected graded algebras over a field k, but consider connected graded algebras over a
finite dimensional algebra F'.

As an application we reprove the following statement.

Corollary 21 (Piontkovski [Pi]). An AS-regular algebra R of global dimension 2 is co-
herent.

Remark 22. This corollary is already proved by D. Piontkovski [Pi]. He used the descrip-
tion of AS-regular algebras of global dimension 2 obtained by J. J. Zhang [Z2].

In the case when d = gl.dim R = 0 the above statement is trivial. Since AS-regular
algebra of global dimension 1 is isomorphic to polynomial ring k[x] in one variable, the
case d = 1 is also trivial.

A.Bondal conjectured that all AS-regular algebras are coherent.
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STICKELBERGER RELATIONS AND LOEWY SERIES OF A GROUP
ALGEBRA Map(F,,F,)

KAORU MOTOSE

ABSTRACT. In this note, we present a proof of the Stickelberger relation (see [1]) using
Loewy series of a group algebra Map(F,,F,) of the additive group of a finite field F,.
This relation is essential in a proof of the Eisenstein reciprocity law. We also present
partial solutions to the Feit-Thompson conjecture for primes 3 and 5 by a special case
of this law.

Key Words : Gaussian sum, Power residue symbol, Feit-Thompson conjecture.
2000 Mathematics Subject Classification : Primary 11A15; Secondary 20D05.

§1. Loewy series of group algebras Map(F,, F,)

Let F = IF, be the finite field of order ¢ = p/, where p is a prime, and let A = Map(F, K)
be the set of mappings from F to a subring K of a field. We define a convolution product
x in A as follows,

(fxg)(@):= > fla)g(B)for f, g€ Aand o, 8,7 €F.

atf=y

We say a character by a group homomorphism from the multiplicative group F* to K.
Let X be the set of characters. We define the trivial character e by ¢(a) = 1 for all o € F*.
It is convenient to set €(0) = 1 and x(0) = 0 for x # €. In virtue of this definition, we can
see X is contained in A. In case K is a field, X is a group by the usual product, namely,
(M) (@) := M) (). This group isomorphic to the group F*. Let u,, be the characteristic
function of a € F,, namely,

w®={0 5a

This definition shows u, * ug = a4+ and so the set {u, | o € F} is the additive group
of F. Moreover A is a group algebra of the additive group of F over K. It is easy to see
that {u, | @ € F,} are linearly independent over K and

f= Z f(a@)u, for f € Map(F,, K).

acl,

§1, §2 in this note is the detailed proof of Theorem 1 in the published paper [3]. The detailed version
of §3 in this note will be submitted for publication elsewhere.
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Thus {u, | @ € F,} is a basis of A. In case ¢ —1 # 0 in K, the set {up} U X is also a basis
of A because orthogonal relations shows

(¢ —Duy = Zn Y for a # 0 and y = ZX
nex ackF

In the remainder of this paper, we assume K = [F,. We define Jacobi sums as follows

Z)\ )for \, p€ X and o, 3,y € F

By=a

and we set J(\, ) = Ji(\, p).
Lemma 1. We set A\, p € X and a € F.

(1) Ja(e,€) = 0.

2) Jo(A, 1) =0 for A # .

al ,u) = (@) J (A, p) for a # 0.

MATH) = TN A7) = =X(=1) for X #e.

(A, p) is contained in the prime field .

1= J (A, p)Au.

Proof. (1) Ju(e,€) = p/ = 0.

(2) Jo(A, 1) = D e AB)(=F) = (1) 3 gep An(5) = 0.
(3) Ja(A 1) = Aul@) Yog i A(Ba™Hp(ya™) = Au(a) J(A, p).
(4) Using (3), we have

TN = JAANTY = AT+ (= DJAAT) =D T\ A

= O amO_ At

BeFR ~yeF
Thus we have

TN = JoAAT) =D A=BATB) = D A=BA(B)

BeF BEFR

= A1) Y e(B) =AM=1)(g 1) = —A(~1).

BeF*
(5) The assertion follows from the equation
JOw ) =3 B (=8 =3 M)l = 8°) Y A1 =) = T\, ).
BeF BeF ~v€F

(6) We have Jo(\, p)ug — J(A, ) A(0)ug = 0 from (2) and (4). Thus using (3), we

obtain our result.

Asp = (Zwm) (Zu(v)%) = D MO gy = Y ol pu

BeF ~veF B,yeF a€lR

= JwAp+ Jo(A, wuo — J(A, 1) Au(0)ug = J(A, ) Ape.
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Lemma 2. Let n be a generator of F* and ¢ : n* — n=% be a generator of X. We set
integers 0 < s,t,m <n=q—1 witht = p® and tm = s mod n. Then J(¢*, ¢') = —m—1.

Proof. Let L be a permutation on B = {1, ..., n— 1} such that n**) = 1 —nF and set
0 = n'. Then the order of 6 is n. We can easily verify the next equation from the formula
of a geometric series.

O (1—0") =00 0% (1 -0 for k € B.

The next equation follows from the above formula and ¢ is a power of a prime p.

J(¢%,¢") = Zof )¢' (1 —n* Z¢ Hoty

n—1
_ anksnfL(k)t _ Z nftmk(l _ nkt)fl
k=1 k=1
n—1 m
_ Ze mk -1 _ ((Z 912k> +1 L(k))
k=1 =1
m n—1 n—1 m n—1
-3 (Z ) e =S S
=1 \k=1 k=1 =1 k=1
= —-m-—1
Proposition 3. ,ug’_l] * ,u[lp Yo x /L][{J__ll] = ye # 0 where py, = ¢pk7 v €F and x1" is

the (th power by the product *.

Proof. 1In virtue of Lemma 1 (6), the above product is equal to ¢! = ~e with
N o= HSJJ(QSS,qut) where t = p* for k = 0,---,f —1land s = ({ + 1)t — 1 for { =
0,...,p—2 ((k,£) # (0,0)). Thus it remains only to prove J(¢°, ¢') # 0. In fact, setting
O<m=q—q/t+¢<n=q—1,1Itis easily seen that tm = s mod n and m = ¢ mod p.
It follows from Lemma 2 that J(¢%,¢') = —m —1=——1#0since 0 < ¢+ 1 < p.

§2. Stickelberger relations

Let m be a natural number. let p be a prime do not divide m, and let f be the order
of p mod m. Moreover let D,, be the rmg of algebraic integers in Q((,,) and let P be a
prime ideal containing p, where (,, = e’ . Then it is well known that qis the order of
a finite field F = D,,/P. We consider Gaussian sums g(x*) = >, X*(a )Cp ) where x
is a generator of X and tr(a) is the trace of a. Let p be the ideal generated by P and
{1 —¢%|0 < k < p} in the ring of algebraic integers Dy, of Q(Cuyp)- It is easy to see @ is
a prime ideal generated by P and 1 — (,. We set a* = by + by + - -+ + bys_; for a positive
integer a = by + byp + -+ by_1p' L.
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Theorem 4. ord,(g(x*)) = a* for 0 < a < q, namely, p* divides exactly g(x*).

Proof. Let v be a natural homomorphism:
Map(F, D,,) — Map(F, D,,/P), where D,,/P =T,

and R be the ideal generated by P and {ug — us|a € F}. Since v(0)P! =0 for € # 6 € X,
We obtain that v(#) is contained in v(R), the radical of the group algebra Map(F, D,,/P)

and so § € R. By Proposition 3 together with this implies that vx® € £¢ for the product

of Jacobi sums v € D,, \ P. The character ugz — C,t)r(ﬁ)

¢ : Map(F, D,,,) — D,y
with ¢(R) = p and ¢(yx*) = vg(x*). Thus we have ord,(g(x*)) = a*. On the other hand,
using ord,,(p) = p — 1 and g(x*)g(x*"™*) = g(x*)g(x?) = x*(=1)g = x“(=1)p/, we have

the next
ordy(g(x*)) +ordy (g(x*") = flp—1) =a" + (¢ =1 - a)’
This completes our proof.

induces the epimorphism

From this theorem we have Stickelberger relation and Eisenstein reciprocity law by
the same method in [1]. Let o; be an automoripism of Q(¢) for 0 < ¢ < m and (m,t) =1
such that 4((n) = ¢,

Theorem 5 (the Stickelberger relation). g(x)"Dm = [1,, o¢(P") where t runs over 0 <
t<m and (t,m) = 1.

We set ¢, = e’T for odd prime ¢, 6, = <E)e is the /th power residue symbol and
Dy is the ring of algebraic integers in Q((;). A non zero and non unit element o € Dy is
called primary if « is prime to ¢ and o = ¢ mod (1 — () for some ¢ € Z.

Theorem 6 (the Eisenstein reciprocity law). Let ¢ be an odd prime, a € Z and let o € D,
be primary. Each pair of €,a and a is coprime. Then 0,(a) = 6,(a).

83. Partial solutions to the Feit Thompson conjecture for primes 3 and 5

We set p < g are odd primes, and

1 a_
= and T = P 1.

qg—1 p—1
Feit Thompson conjectured that F' never divides T. If it would be proved, their odd paper
would be greatly simplified (see [4]).

Lemma 7. We set x,, = (5) pth power residue symbol, ( = e and c(g—1) =1 mod p.
P
Then n = C°(C — q) is primary in the algebraic integer ring of Q(().

(1) xy(1 = )2V = x, 1 ()T, In particular, x,(1—¢) =1 if p divides q + 1.
(2) if F divides T, then x,(p) = 1 and x,(1 — ¢) = x,(u) where u = [[2_; L=<t
In particular, if p divides g + 1, then x,(u) =1 by (1).
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Using this lemma, we obtain

Corollary 8. F' never divides T in either case of the next conditions.

(1) p=3 and ¢ # —1 mod 9.
(2) p="5 and g+ 1 =50 with (¢,5) = 1.
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ON THE STRUCTURE OF SALLY MODULES OF RANK ONE

KAZUHO OZEKI

ABSTRACT. A complete structure theorem of Sally modules of m-primary ideals I in a
Cohen-Macaulay local ring (A, m) satisfying the equality e (1) = eq(I) — €a(A/I) + 1 is
given, where eqg(/) and e;(I) denote the first two Hilbert coefficients of I.

Key Words: commutative algebra, Cohen-Macaulay local ring, associated graded ring,
Rees algebra, Hilbert coefficient.

2000 Mathematics Subject Classification:  Primary 13H15, 13D40; Secondary 13H10,
13B22.

1. INTRODUCTION

This is based on a joint work with Shiro Goto and Koji Nishida.
Let (A, m) be a Cohen-Macaulay local ring with d = dim A > 0 and assume that the
residue class field k = A/m of A is infinite. Let I be an m-primary ideal in A and choose

a minimal reduction @ = (a1, as, - ,aq) of I. Let
R = R(I):= A[lt] C Alt],
T = R(Q):= AlQt],

R = R/(I):= A[lt,t7'] C A[t,t7],
G = GU):=R/tT'R = @I/
n>0

denote, respectively, the Rees algebras of I and @), the extended Rees algebras of I and
the associated graded ring of I, where ¢ stands for an indeterminate over A.
Let B = T/mT = k[X;, Xy, -+, X4, which is the polynomial ring with d indetermi-
nates over the field k. Following W. V. Vasconcelos [10], we then define
S =8¢(I)=IR/IT

and call it the Sally module of I with respect to ). We notice that the Sally module S is
a finitely generated graded T-module, since R is a module-finite extension of the graded
ring 7T'.

Let ¢ 4(x) stand for the length. Then we have integers {e;(I) }o<i<q such that the equality

s e (" 5 ) = ("I e et

holds true for all n > 0. For each integers 0 < ¢ < d, we call e; = e;(I) the i-th Hilbert
coefficients of 1.

The contents of this article are based on [1, 2]. Refer to them for the details.
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The Sally module S was introduced by W. V. Vasconcelos [10], where he gave an elegant
review, in terms of his Sally module, of the works [7, 8, 9] of J. Sally about the structure
of m-primary ideals / with interaction to the structure of the graded ring GG and the
Hilbert coefficients e;’s of 1.

As is well-known, we have the inequality ([5])

€1 Z €0 —gA(A/[)
and C. Huneke [3] showed that e; = eq — €4(A/I) if and only if I* = QI (cf. Corollary
4). When this is the case, both the graded rings G and F(I) = ,,~, ["/mI"™ are Cohen-
Macaulay, and the Rees algebra R of I is also a Cohen-Macaulay ring, provided d > 2.
Thus, the ideals I with e; = eg — £4(A/I) enjoy very nice properties.

J. Sally firstly investigated the second border, that is the ideals I satisfying the equality
er =eg—La(A/I)+ 1 but eg # 0 (cf. [9, 10]). The present research is a continuation of
[9, 10] and aims to give a complete structure theorem of the Sally module of an m-primary
ideal I satisfying the equality e; = eqg — €4(A/I) + 1.

The main result of this paper is the following Theorem 1. Our contribution in Theorem
1 is the implication (1) = (3), the proof of which is based on the new result that the
equality I = QI? holds true if e; = eg — £4(A/I) + 1 (cf. Theorem 7).

Theorem 1. The following three conditions are equivalent to each other.
(].) €1 = €y — gA(A/I) + 1.
(2) mS = (0) and rankp S = 1.
(3) S = (Xy,Xo, -+, X.)B as graded T-modules for some 0 < ¢ < d, where {X; }1<i<c
are linearly independent linear forms of the polynomial ring B.

When this is the case, ¢ = (4(I?/QI) and I* = QI?, and the following assertions hold
true.

(i) depthG > d — ¢ and depth; S =d — ¢+ 1.
(ii) depthG =d — ¢, if ¢ > 2.
(ili) Suppose ¢ < d. Then

n+d n+d-—1 n+d—c—1
EA(A/I"H)ZGO( J )—61( d—1 >+( de o1 >

for alln > 0. Hence

o 0 ifitetl,
Tl (D) dfi=crl

for2 <1< d.
(iv) Suppose ¢ = d. Then

<o) e ()

for alln > 1. Hence e; =0 for2 <i <d.

Thus Theorem 1 settles a long standing problem, although the structure of ideals I with
e1 = eg—La(A/I)+2 or the structure of Sally modules S with mS = (0) and rankp S = 2
remains unknown.
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Let us now briefly explain how this paper is organized. We shall prove Theorem 1
in Section 3. In Section 2 we will pick up from the paper [1] some auxiliary results on
Sally modules, all of which are known, but let us note them for the sake of the reader’s
convenience. In Section 4 we will construct one example in order to see the ubiquity of
ideals I which satisfy condition (3) in Theorem 1.

In what follows, unless otherwise specified, let (A, m) be a Cohen-Macaulay local ring
with d = dimA > 0. We assume that the field £ = A/m is infinite. Let I be an
m-primary ideal in A and let S be the Sally module of I with respect to a minimal
reduction Q = (ay,as, - ,aq) of I. We put R = A[lt],T = A[Qt], R’ = A[lt,t7'], and
G =R /t7'R. Let

T ) = I o (atad, - al)
n>1 n>1

denote the Ratliff-Rush closure of I, which is the largest m-primary ideal in A such that

I C 1T and e(l) =¢; forall 0 <i < d (cf. [6]). We denote by pa(*) the number of

generators.

2. AUXILIARY RESULTS

In this section let us firstly summarize some known results on Sally modules, which we
need throughout this paper. See [1] and [10] for the detailed proofs.
The first two results are basic facts on Sally modules developed by Vasconcelos [10].

Lemma 2. The following assertions hold true.
(1) m‘S = (0) for integers £ > 0.
(2) The homogeneous components {Sy}nez of the graded T-module S are given by

g o { (0) ifn<0,
" mrQr ifn>1.

(3) S =(0) if and only if I* = QI.

(4) Suppose that S # (0) and put V.= S/MS, where M = wmT + T is the graded
mazximal ideal in T. Let V,, (n € Z) denote the homogeneous component of the
finite-dimensional graded T'/M-space V' with degree n and put A = {n € Z | V,, #
(0)}. Let ¢ = maxA. Then we have A = {1,2,--- ,q} and rg(I) = q + 1, where
ro(I) = min{n € Z | I"*' = QI"} stands for the reduction number of I with

respect to Q.
(5) S =TS8, if and only if I* = QI>.

Proof. See [1, Lemma 2.1]. O

Proposition 3. Let p = mT. Then the following assertions hold true.
(1) AsspS C {p}. Hence dimr S =d, if S # (0).
(2) ba(A/ ") = eo(";d) — (eg — KA(A/[))-(”;ﬁl) —L4(Sy) for allm > 0.
(3) We have ey = eq — La(A/I) + b1, (Sp). Hence ey = eg — La(A/I) + 1 if and only if
mS = (0) and rankp S = 1.
(4) Suppose that S # (0). Let s = depth S. Then depthG =s—1ifs <d. S isa
Cohen-Macaulay T'-module if and only if depthG > d — 1.
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Proof. See [1, Proposition 2.2]. O

Combining Lemma 2 (3) and Proposition 3, we readily get the following results of
Northcott [5] and Huneke [3].

Corollary 4 ([3, 5]). We have e; > eqg — £a(A/I). The equality ey = eq — La(A/I) holds
true if and only if I* = QI. When this is the case, e; = 0 for all 2 < i < d.

The following result is one of the keys for our proof of Theorem 1.

Theorem 5. The following conditions are equivalent.

(1) €1 = €y — gA(A/I) + 1.
(2) S = a as graded T-modules for some graded ideal a (# B) of B.

Proof. We have only to show (1) = (2). We have mS = (0) and rankpS = 1 by Propo-
sition 3 (3). Because Sy # (0) and S = ) ., S, by Lemma 2, we have S = B(—1) as
graded B-modules once S is B-free. N

Suppose that S is not B-free. The B-module S is torsionfree, since AsspS = {mT'} by
Proposition 3 (1). Therefore, since rankp S = 1, we see d > 2 and S = a(m) as graded
B-modules for some integer m and some graded ideal a (# B) in B, so that we get the
exact sequence

0—S(—m)—B— B/a—0

of graded B-modules. We may assume that htp a > 2, since B = k[X7, Xy, -+ , Xy] is the
polynomial ring over the field k = A/m. We then have m > 0, since a,,.1 = [a(m)]; =
S1 # (0) and ap = (0). We want to show m = 0.

Because dim B/a < d — 2, the Hilbert polynomial of B/a has degree at most d — 3.
Hence

Ca(Sn) = La(Bpn) — Ca([B/almsn)

= (") - e

_ (n+d-1 n n+d—2 + (lower terms)
= J_1 m q_9 ower terms

for n > 0. Consequently

) = a1 =) - s

= a5 o nemen (") (")

+(lower terms)

by Proposition 3 (2), so that we get e; = —m. Thus m = 0, because e5 > 0 by Narita’s
theorem ([4]). O

The following result will enable us to reduce the proof of Theorem 1 to the proof of the
fact that I* = QI* if e; = eg — La(A/T) + 1.
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Proposition 6. Suppose e; = eq — (A(A/I)+ 1 and I* = QI?. Let ¢ = {,(I?/QI). Then
the following assertions hold true.
(1) 0 <ec<d and ug(S) = c.
(2) depthG > d — ¢ and depthgy S =d —c+ 1.
(3) depthG =d —¢, if c > 2.
(4) Suppose ¢ < d. Then La(A/I"Y) = eo("+) — e ("197Y) + ("F 0" for alln > 0.

I d d—1 d—c—1
ence
o 0 ifi#c+1
ST (D) ifi=c+1
for2 <1 <d.

5) Suppose ¢ = d. Then (A(A/T"1) = eo("T%) — ey ("19Y) for all n > 1. Hence
d d—1
e; =0 for2<i<d.

Proof. We have mS = (0) and rankg S = 1 by Proposition 3 (3), while S = T'S; since
I? = QI? (cf. Lemma 2 (5)). Therefore by Theorem 5 we have S 2 a as graded B-modules
where a = (X1, Xo, -+, X.)B is an ideal in B generated by linear forms {X; }1<;<.. Hence
0<c<d, up(S)=c, and depthy S = d—c+1, so that assertions (1), (2), and (3) follow
(cf. Proposition 3 (4)). Considering the exact sequence

0—-S—B—B/a—0
of graded B-modules, we get
EA(SH) = EA(BR) - EA([B/C‘LJ

B n+d-—1 _ n+d—c—1
N d—1 d—c—1

for all n > 0 (resp. n > 1), if ¢ < d (resp. ¢ = d). Thus assertions (4) and (5) follow (cf.
Proposition 3 (2)). O

3. PROOF OF THEOREM 1

The purpose of this section is to prove Theorem 1. See Proposition 3 (3) for the
equivalence of conditions (1) and (2) in Theorem 1. The implication (3) = (2) is clear.
So, we must show the implication (1) = (3) together with the last assertions in Theorem
1. Suppose that e; = eg—f4(A/I)+1. Then, thanks to Theorem 5, we get an isomorphism

p:S5—a

of graded B-modules, where a C B is a graded ideal of B. Notice that once we are able
to show I? = QI?, the last assertions of Theorem 1 readily follow from Proposition 6.
On the other hand, since a =2 S = BS; (cf. Lemma 2 (5)), the ideal a of B is generated
by linearly independent linear forms {X;}1<i<. (0 < ¢ < d) of B and so, the implication
(1) = (3) in Theorem 1 follows. We have ¢ = £4(I?/QI), because a; = S; = I?/QI (cf.

Lemma 2 (2)). Thus our Theorem 1 has been proven modulo the following theorem.

Theorem 7. Suppose that e; = eq — Lo(A/I) + 1. Then I* = QI*.
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Proof. We proceed by induction on d. Suppose that d = 1. Then S is B-free of rank one
(recall that the B-module S is torsionfree; cf. Proposition 3 (1)) and so, since Sy # (0)
(cf. Lemma 2 (3)), S = B(—1) as graded B-modules. Thus I* = QI? by Lemma 2 (5).

Let us assume that d > 2 and that our assertion holds true for d — 1. Since the field
k = A/m is infinite, without loss of generality we may assume that a; is a superficial
element of I. Let

A=A/(a), T=1I/(a), and Q= Q/(a).
We then have e;(I) = e; for all 0 < i < d — 1, whence

er(T) = eo(T) — ((A/T) + 1.

Therefore the hypothesis of induction on d yields T = @72. Hence, because the element
ait is a nonzerodivisor on G if depth G > 0, we have I? = QI? in that case.
Assume that depthG = 0. Then, thanks to Sally’s technique ([9]), we also have

depth G(I) = 0. Hence 5;(72/67) = d — 1 by Proposition 6 (2), because e;(I) =
eo(I) — l5(A/T) + 1. Consequently, £4(S1) = €A(I?/QI) > d — 1, because 72/@7 is a
homomorphic image of I?/QI. Let us take an isomorphism
p:S5—a
of graded B-modules, where a C B is a graded ideal of B. Then, since
la(ar) = €a(S1) > d—1,

the ideal a contains d — 1 linearly independent linear forms, say X, X, -+, X471 of B,
which we enlarge to a basis X, -+, Xy 1, Xy of By. Hence

B = k[XlaX27 e 7Xd]7
so that the ideal a/(Xy, Xs, -+, X4_1)B in the polynomial ring
B/(XhXQ, tte ;del)B — k[Xd]

is principal. If a = (X, Xy, -+, X4_1)B, then I? = QI* by Lemma 2 (5), since S = BS].
However, because £4(1?/QI) = £4(a;) = d — 1, we have depth G > 1 by Proposition 6
(2), which is impossible. Therefore a/(X;, X, -+, X4-1)B # (0), so that we have
a= (X17X27 e 7Xd—17X¢(lX)B

for some « > 1. Notice that &« =1 or @ = 2 by Lemma 2 (4). We must show that a = 1.

Assume that o = 2. Let us write, for each 1 < j < d, X; = a;t with a; € Q, where
a;t denotes the image of a;t € T in B = T/mT. Then a = (at, ast, - -+, aq_1t, (aqt)?).
We now choose elements f; € S for 1 <i < d—1 and f; € Sy so that ¢(f;) = X; for
1<i<d-—1and ¢(fs) = X3. Let z; € I for 1 <i < d—1 and 24 € I* such that

{fit1i<ica_1 and fy are, respectively, the images of {z;t}i<j<q_1 and z4t? in S. We now
consider the relations X;f; = X f; in S for 1 <i<d—1 and X§f1 = X1 f4, that is

;21 — a1%2; € Q2[

for1 <i<d-1and
a?,zl — 24 € Q1.
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Notice that
Q3 — a/lQ2 + (CLQ, as, - .- 7ad—1)2'(a27 as, - - 7a/d) + CLZQ

and write
a?lzl — U124 = 171 + To + aZTg
with 1 € Q2[, To € (CLQ, as, - - ,ad,1)2-(a2, as, - - - ,CLd)I, and T3 € QI Then
Gfg(zl —13) = a1(11 + 2q) + 72 € (a1) + (az, as, - - ,ad71)2-
Hence z; — 73 € (a1) + (az,as, - -+ ,aq_1)%, because the sequence ay, as, - - , aq is A-regular.
Let 21 — 73 = aih + I/ with h € A and I/ € (ag,as, - ,aq_1)* Then since
arlaih — (1 + zq)] = 7o — a2k’ € (az,as,- -+, aq)?,
we have a2h — (11 + z4) € (ag, a3, -+ ,aq), whence a3h € I°.

We need the following.
Remark 8. h & I but h € I. Hence I # 1.

Proof of Remark 8. If h € I, then a1h € QI, so that z; = a1h + I + 73 € QI, whence
fi=0in S (cf. Lemma 2 (2)), which is impossible. Let 1 <i < d — 1. Then

a;iz1 — a1z = ag(ath + b +73) — a1z = ay(a;h — ) + a; (W + 73) € Q*I.
Therefore, because a;(h' + 73) € Q*I, we get
ay(a;h — z) € (a1) N Q1.
Notice that
() NQ*T = (ay) N[a1QI + (ag,as,--- ,aq)*1]
= a1QI + [(a1) N (ag,as, - ,aq)*1]
= QI +ai(ay,as, - ,aq)”

alQI
and we have a;h — 2; € QI, whence a;h € I? for 1 <i < d—1. Consequently a?h € I* for
all 1 <7< d, so that h € I, whence I # I. O

Because £4(I/I) > 1, we have
er = ey—la(A/])+ 1
eo(1) — La(A/T) + [1 — L4(I/1)]
eo(1) — La(A/T)
er(1)

VARV

€1,

where eo(I) — Ca(A/ 1) <e(D) is the inequality of Northcott for the ideal I (cf. Corollary
4). Hence £4(1/I) =1 and e;(I) = eq(I) — €4(A/I), so that

I=1I+(h) and I*=QI

by Corollary 4 (recall that @ is a reduction of I also). We then have, thanks to [2,
Proposition 2.6], that I3 = QI?, which is a required contradiction. This completes the
proof of Theorem 1 and that of Theorem 7 as well. 0
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4. AN EXAMPLE

Lastly we construct one example which satisfies condition (3) in Theorem 1. Our goal
is the following. See [2, Section 5] for the detailed proofs.

Theorem 9. Let 0 < ¢ < d be integers. Then there exists an m-primary ideal I in a
Cohen-Macaulay local ring (A, m) such that

d=dim A, e (I)=ey(I) —Ca(A/I)+ 1, and c=4(I?/QI)
for some reduction Q = (a1,as,--- ,aq) of I.

To construct necessary examples we may assume that ¢ = d.
Let m, d > 0 be integers. Let

U =k{X;hicjcm Y {Vih<ica, { Zi}1<i<d]
be the polynomial ring with m + 2d + 1 indeterminates over an infinite field k& and let
b = [(X[1<j<m)+ VX [1<j<m)+(Y)+(Vi|1<i<d)]
+(ViV; 11 <i,j<d,i#j)+VP=2Y |1<i<d).
We put C' = U/b and denote the images of X, Y, V;, and Z; in C by z;, y, v;, and a;,
respectively. Then dim C' = d, since Vb = (X;|1<j<m)+Y)+(Vi|1<i<d).
Let M =Cy = (x; |1<j<m)+ (y)+ (v;|1<i<d)+ (a;| 1 <i<d)Dbe the graded
maximal ideal in C'. Let T" be a subset of {1,2,--- ,m}. We put
J=(a; |1 <i<d)+ (zo|a€el)+ (v;|1<i<d) and q=(a; |1 <1 <d).

Then M? = qM, J? = qJ + qy, and J? = q.J?, whence q is a reduction of both M and J,
and aq, as, - -, aq is a homogeneous system of parameters for the graded ring C'.

Let A= Cy, I = JA, and @ = qA. We are now interested in the Hilbert coefficients e’s
of the ideal I as well as the structure of the associated graded ring and the Sally module
of I. We then have the following, which shows that the ideal I is a required example.

Theorem 10. The following assertions hold true.

(1) A is a Cohen-Macaulay local ring with dim A = d.

(2) S = B, as graded T-modules, whence {A(I?/QI) = d.
(3) eol) =m+d+2 and ey (I) =4I +d+ 1.

(4) e;(I) =0 for all2 <i<d.

(5) G is a Buchsbaum ring with depthG = 0 and I(G) = d.

Proof. See [2, Theorem 5.2]. O
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THICK SUBCATEGORIES OF THE STABLE CATEGORY OF
COHEN-MACAULAY MODULES

RYO TAKAHASHI

ABSTRACT. Various classification theorems of thick subcategories of a triangulated cat-
egory have been obtained in many areas of mathematics. In this article, as a higher
dimensional version of the classification theorem of thick subcategories of the stable
category of finitely generated representations of a finite p-group due to Benson, Carl-
son and Rickard, we consider classifying thick subcategories of the stable category of
Cohen-Macaulay modules over a Gorenstein local ring. The main result of this article
yields a complete classification of the thick subcategories of the stable category of Cohen-
Macaulay modules over a local hypersurface in terms of specialization-closed subsets of
the prime ideal spectrum of the ring which are contained in its singular locus.

One of the principal approaches to the understanding of the structure of a given category
is classifying its subcategories having a specific property. It has been studied in many areas
of mathematics which include stable homotopy theory, ring theory, algebraic geometry
and modular representation theory. A landmark result in this context was obtained in the
definitive work due to Gabriel [21] in the early 1960s. He proved a classification theorem
of the localizing subcategories of the category of modules over a commutative noetherian
ring by making a one-to-one correspondence between the set of those subcategories and
the set of specialization-closed subsets of the prime ideal spectrum of the ring. A lot of
analogous classification results of subcategories of modules have been obtained by many
authors; see [29, 39, 36, 22, 23, 24] for instance.

For a triangulated category, a high emphasis has been placed on classifying its thick
subcategories, namely, full triangulated subcategories which are closed under taking di-
rect summands. The first classification theorem was obtained in the deep work on stable
homotopy theory due to Devinatz, Hopkins and Smith [18, 28]. They classified the thick
subcategories of the category of compact objects in the p-local stable homotopy cate-
gory. Hopkins [27] and Neeman [38] provided a corresponding classification result of
the thick subcategories of the derived category of perfect complexes (i.e., bounded com-
plexes of finitely generated projective modules) over a commutative noetherian ring by
making a one-to-one correspondence between the set of those subcategories and the set
of specialization-closed subsets of the prime ideal spectrum of the ring. Thomason [43]
generalized the theorem of Hopkins and Neeman to quasi-compact and quasi-separated
schemes, in particular, to arbitrary commutative rings and algebraic varieties. Recently,
Avramov, Buchweitz, Christensen, Iyengar and Piepmeyer [4] gave a classification of the
thick subcategories of the derived category of perfect differential modules over a commu-
tative noetherian ring. On the other hand, Benson, Carlson and Rickard [9] classified
the thick subcategories of the stable category of finitely generated representations of a
finite p-group in terms of closed homogeneous subvarieties of the maximal ideal spectrum

The detailed version of this paper has been submitted for publication elsewhere.
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of the group cohomology ring. Friedlander and Pevtsova [20] extended this classification
theorem to finite group schemes. A recent work of Benson, Iyengar and Krause [11] gives
a new proof of the theorem of Benson, Carlson and Rickard. A lot of other related re-
sults concerning thick subcategories of a triangulated category have been obtained. For
example, see [6, 7, 8, 35, 14, 10, 31, 12, 19, 41].

Here we mention that in most of the classification theorems of subcategories stated
above, the subcategories are classified in terms of certain sets of prime ideals. Each of
them establishes an assignment corresponding each subcatgory to a set of prime ideals,
which is (or should be) called the support of the subcategory.

In the present article, as a higher dimensional version of the work of Benson, Carlson
and Rickard, we consider classifying thick subcategories of the stable category of Cohen-
Macaulay modules over a Gorenstein local ring, through defining a suitable support for
those subcategories. Over a hypersurface we shall give a complete classification of them
in terms of specialization-closed subsets of the prime ideal spectrum of the base ring
contained in its singular locus.

CONVENTION. In the rest of this article, we assume that all rings are commutative and
noetherian, and that all modules are finitely generated. Unless otherwise specified, let
R be a local ring of Krull dimension d. The unique maximal ideal of R and the residue
field of R are denoted by m and k, respectively. By a subcategory, we always mean a full
subcategory which is closed under isomorphism. (A full subcategory X of a category C is
said to be closed under isomorphism provided that for two objects M, N of C if M belongs
to X and N is isomorphic to M in C, then N also belongs to X.) Note that a subcategory
in our sense is uniquely determined by the isomorphism classes of the objects in it.

We begin with recalling the definition of the syzygies of a module.

Definition 1. Let n be a nonnegative integer, and let M be an R-module. Let

Lo S Ot B p e
be a minimal free resolution of M. The n'* syzygy of M is defined as the image of the
map 0,, and we denote it by Q"M. We simply write QM instead of Q'M. Note that the
n'™ syzygy of a given R-module is uniquely determined up to isomorphism because so is
a minimal free resolution.

Next, we make a list of several closed properties of a subcategory.

Definition 2. (1) Let C be an additive category and X a subcategory of C.
(i) We say that X is closed under (finite) direct sums provided that if My, ..., M,
are objects of X, then the direct sum M; & --- ® M, in C belongs to X.
(ii) We say that X is closed under direct summands provided that if M is an
object of X and N is a direct summand of M in C, then N belongs to X.
(2) Let C be a triangulated category and X a subcategory of C. We say that X is
closed under triangles provided that for each exact triangle L — M — N — XL
in C, if two of L, M, N belong to X, then so does the third.
(3) We denote by mod R the category of finitely generated R-modules. Let X be a
subcategory of mod R.
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(i) We say that X is closed under extensions provided that for each exact sequence
0—L—M— N —0inmodR, if L and N belong to X', then so does M.
(ii) We say that X is closed under kernels of epimorphisms provided that for each
exact sequence 0 - L — M — N — 0 in mod R, if M and N belong to &,
then so does L.
(iii) We say that X is closed under syzygies provided that if M is an R-module in
X, then Q°M is also in X for all 4 > 0.

Let us make several definitions of subcategories.

Definition 3. (1) Let C be a category.
(i) We call the subcategory of C which has no object the empty subcategory of C.
(ii) Suppose that C admits the zero object 0. We call the subcategory of C con-
sisting of all objects that are isomorphic to 0 the zero subcategory of C.
(2) A subcategory of a triangulated category is called thick if it is closed under direct
summands and triangles.
(3) A subcategory of mod R is called resolving if it contains R and if it is closed under
direct summands, extensions and kernels of epimorphisms.

Remark 4. (1) A resolving subcategory is a subcategory such that any two “minimal”
resolutions of a module by modules in it have the same length; see [1, Lemma
(3.12)].

(2) Every resolving subcategory of mod R contains all free R-modules.
(3) A subcategory of mod R is resolving if and only if it contains R and is closed under
direct summands, extensions and syzygies.

The notion of a resolving subcategory was introduced by Auslander and Bridger [1] in
the late 1960s. A lot of important subcategories of mod R are known to be resolving.
To present examples of a resolving subcategory, let us recall here several definitions of
modules. Let M be an R-module. We say that M is bounded if there exists an integer
s such that BR(M) < s for all i > 0, where 37F(M) denotes the i Betti number of M.
We say that M has complezity c if c is the least nonnegative integer n such that there
exists a real number r satisfying the inequality SF(M) < ri"! for i > 0. We call M
semidualizing if the natural homomorphism R — Hompg(M, M) is an isomorphism and
Ext’% (M, M) = 0 for all i > 0. For a semidualizing R-module C, an R-module M is
called totally C-reflezive if the natural homomorphism M — Hompg(Hompg(M, C),C) is
an isomorphism and Ext%(M,C) = 0 = Ext’(Homg(M,C),C) for all i > 0. A totally
R-reflexive R-module is simply called a totally reflexive R-module. For an ideal I of R
we denote by grade(I, M) the infimum of the integers i with Ext%(R/I, M) # 0. We
say that M has lower complete intersection zero if M is totally reflexive and has finite
complexity. When R is a Cohen-Macaulay local ring, we say that M is Cohen-Macaulay
if depth M = d. Such a module is usually called maximal Cohen-Macaulay, but in this
article, we call it just Cohen-Macaulay. We denote by CM(R) the subcategory of mod R
consisting of all Cohen-Macaulay R-modules.

Example 5. Let n be a nonnegative integer, K an R-module, and I an ideal of R. The
following R-modules form resolving subcategories of mod R.
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(1) The R-modules.
(2) The free R-modules.
(3) The Cohen-Macaulay R-modules, provided that R is Cohen-Macaulay.
(4) The totally C-reflexive R-modules, where C' is a fixed semidualizing R-module.
(5) The R-modules M with Tor?(M, K) = 0 for i > n (respectively, i > 0).
(6) The R-modules M with Exti (M, K) = 0 for i > n (respectively, i > 0).
(7) The R-modules M with Ext% (K, M) = 0 for i > 0, provided that Ext},(K, R) = 0
for j > 0.
(8) The R-modules M with Exti(K, M) = 0 for i < grade K(:= grade(Ann K, R)).
(9) The R-modules M with grade(I, M) > grade(/, R).
(10) The bounded R-modules.
(11) The R-modules having finite complexity.
(12) The R-modules of lower complete intersection dimension zero.

Next we recall the definitions of the nonfree loci of an R-module and a subcategory of
mod R.

Definition 6. (1) We denote by V(X) the nonfree locus of an R-module X, namely,
the set of prime ideals p of R such that X, is nonfree as an R,-module.
(2) We denote by V(X) the nonfree locus of a subcategory X of mod R, namely, the
union of V(X) where X runs through all nonisomorphic R-modules in X

We denote by Sing R the singular locus of R, namely, the set of prime ideals p of R
such that R, is not a regular local ring. We denote by S(R) the set of prime ideals p
of R such that the local ring R, is not a field. Clearly, S(R) contains Sing R. For each
ideal I of R, we denote by V(I) the set of prime ideals of R containing I. Recall that
a subset Z of Spec R is called specialization-closed provided that if p € Z and q € V(p)
then q € Z. Note that every closed subset of Spec R is specialization-closed. Let C be
a category, and let P be a property of subcategories of C. Let X be a subcategory of
C. A subcategory )Y of C satisfying P is said to be generated by X if ) is the smallest
subcategory of C satisfying P that contains X. For a subset ® of Spec R, we denote
by V71(®) the subcategory of mod R consisting of all R-modules M such that V(M) is
contained in ®. The proposition below gives several basic properties of nonfree loci.

Proposition 7. (1) Let R be a Cohen-Macaulay local ring. Then the nonfree locus
V(CM(R)) coincides with the singular locus Sing R.

(2) One has V(X) = Supp Ext' (X, QX) for every R-module X . In particular, the non-
free locus of an R-module is closed in Spec R in the Zariski topology. The nonfree
locus of a subcategory of mod R is not necessarily closed but at least specialization-
closed in Spec R, and is contained in S(R).

(3) One has V(X) = V(res X) for every subcategory X of mod R, where res X denotes
the resolving subcategory of mod R generated by X .

(4) Let N be a direct summand of an R-module M. Then one has V(N) C V(M).

(5) Let 0 = L — M — N — 0 be an ezxact sequence of R-modules. Then one has
V(L) CV(M)UV(N) and V(M) C V(L) UV(N).

(6) For a subset ® of Spec R, the subcategory V~1(®) of mod R is resolving.

(7) For an ideal I of R, one has Vr(R/I)=V(I+ (0:1)).
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(8) One has Vr(R/p) = V(p) for every p € S(R).
(9) Let ® be a specialization-closed subset of Spec R contained in S(R). Then one has
R/p € VYD) for every p € ®.

We recall the definition of the stable category of Cohen-Macaulay modules over a Cohen-
Macaulay local ring.

Definition 8. (1) Let M, N be R-modules. We denote by Fr(M,N) the set of R-
homomorphisms M — N factoring through free R-modules. It is easy to ob-
serve that Fr(M, N) is an R-submodule of Hompg (M, N). We set Hom (M, N) =
Homp(M,N)/Fr(M,N).

(2) Let R be a Cohen-Macaulay local ring. The stable category of CM(R), which is
denoted by CM(R), is defined as follows.
(i) Ob(CM(R)) = Ob(CM(R)).
(ii) Homewmr) (M, N) = Homp (M, N) for M, N € Ob(CM(R)).

Remark 9. Let R be a Cohen-Macaulay local ring. Then CM(R) is always an additive
category. The direct sum of objects M and N in CM(R) is the direct sum M & N of M
and N as R-modules. Now, we consider the case where R is Gorenstein. Then CM(R) is
a Frobenius category, and CM(R) is a triangulated category. We recall in the following
how to define an exact triangle in CM(R). For the details, we refer to [26, Section 2 in
Chapter I] or [15, Theorem 4.4.1]. Let M be an object of CM(R). Then, since M is a
Cohen-Macaulay R-module, there exists an exact sequence 0 — M — F — N — 0 of
Cohen-Macaulay R-modules with F' free. Defining ¥M = N, we have an automorphism
Y : CM(R) — CM(R) of categories. This is the suspension functor. Let

0 L F YL — 0
1| | |
0 M2 N 5L — 0

be a commutative diagram of Cohen-Macaulay R-modules with exact rows such that F'
is free. Then a sequence

JRRERS VR A ) X
of morphisms in CM(R) such that there exists a commutative diagram

L 2N oy

al Bl Vl Eal
QR VAN LA ) X
in CM(R) such that «, 3, are isomorphisms is defined to be an exact triangle in CM(R).

Now, we define the notion of a support for objects and subcategories of the stable
category of Cohen-Macaulay modules.

Definition 10. Let R be a Cohen-Macaulay local ring.
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(1) For an object M of CM(R), we denote by Supp M the set of prime ideals p of
R such that the localization M, is not isomorphic to the zero module 0 in the

category CM(R,). We call it the stable support of M.
(2) For a subcategory ) of CM(R), we denote by Supp ) the union of Supp M where
M runs through all nonisomorphic objects in ). We call it the stable support of

Y.
(3) For a subset ® of Spec R, we denote by Supp ' ® the subcategory of CM(R)

consisting of all objects M € CM(R) such that Supp M is contained in .

The notion of a stable support is essentially the same thing as that of a nonfree locus.

Proposition 11. Let R be a Cohen-Macaulay local ring.
(1) Let M be a Cohen-Macaulay R-module. Then one has Supp M = V(M).
(2) Let X be a subcategory of CM(R). Then one has Supp X = V(X).

(3) Let Y be a subcategory of CM(R). Then one has SuppY = V(Y).
(4) Let @ be a subset of Spec R. Then one has Supp ' ® = V().

Here we recall the definitions of a hypersurface and an abstract hypersurface.

Definition 12. (1) Alocal ring R is called a hypersurface if there exist a regular local
ring S and an element f of S such that R is isomorphic to S/(f).
(2) A local ring R is called an abstract hypersurface if there exist a complete regular

local ring S and an element f of S such that the completion R of R in the m-adic
topology is isomorphic to S/(f).

Now we can state our main result.

Theorem 13. (1) Let R be a local hypersurface. Then one has the following one-to-
one correspondences:
{nonempty thick subcategories of CM(R)}

Supp J{ T Supp ™ 1

{specialization-closed subsets of Spec R contained in Sing R}

v v

{resolving subcategories of mod R contained in CM(R)}.

(2) Let R be a d-dimensional Gorenstein singular local ring with residue field k which is
a hypersurface on the punctured spectrum. Then one has the following one-to-one

correspondences:
{thick subcategories of CM(R) containing Q%k}

Supp J/ T Supp ™ 1

{nonempty specialization-closed subsets of Spec R contained in Sing R}

vl v

{resolving subcategories of mod R contained in CM(R) containing Q% }.
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Remark 14. Very recently, after the work in this article was completed, Iyengar announced
in his lecture [32] that thick subcategories of the bounded derived category of finitely gen-
erated modules over a locally complete intersection which is essentially of finite type over a
field are classified in terms of certain subsets of the prime ideal spectrum of the Hochschild
cohomology ring. This provides a classification of thick subcategories of the stable cate-
gory of Cohen-Macaulay modules over such a ring, which is a different classification from
ours.

A singular local hypersurface and a Cohen-Macaulay singular local ring with an isolated
sigularity are trivial examples of a ring which satisfies the assumption of Theorem 13(2).
We make here some nontrivial examples.

Example 15. Let k be a field. The following rings R are Cohen-Macaulay singular local
rings which are hypersurfaces on the punctured spectrums.

(1) Let R = k[[x, vy, 2]]/(2?,yz). Then R is a 1-dimensional local complete intersection
which is neither a hypersurface nor with an isolated singularity. All the prime
ideals of R are p = (z,v), q = (x,z) and m = (x,y, z). It is easy to observe that
both of the local rings R, and R, are hypersurfaces.

(2) Let R = k[[z,y, z, w]]/(y*—x2, yz2—2w, 22 —yw, 2w, w?). Then R is a 1-dimensional
Gorenstein local ring which is neither a complete intersection nor with an isolated
singularity. All the prime ideals are p = (y, z,w) and m = (z,y, z,w). We easily
see that R, is a hypersurface.

(3) Let R = k[[z,y, 2]]/(z* xy,yz). Then R is a 1-dimensional Cohen-Macaulay local
ring which is neither Gorenstein nor with an isolated singularity. All the prime
ideals are p = (z,y), 9 = (x,2) and m = (z,y, 2). We have that R, is a hypersur-
face and that R, is a field.

Applying Theorem 13(1), we observe that over a hypersurface R having an isolated
singularity there are only trivial resolving subcategories of mod R contained in CM(R)
and thick subcategories of CM(R).

Corollary 16. Let R be a hypersurface with an isolated singularity.

(1) All resolving subcategories of mod R contained in CM(R) are add R and CM(R).
(2) All thick subcategories of CM(R) are the empty subcategory, the zero subcategory,
and CM(R).

Here let us consider an example of a hypersurface which does not have an isolated
singularity, and an example of a Gorenstein local ring which is not a hypersurface but a
hypersurface on the punctured spectrum.

Example 17. (1) Let R = K[[z,y]]/(z*) be a one-dimensional hypersurface over a
field k. Then we have

CM(R) = add{R, (x), (x,y") | n = 1}

by [44, Example (6.5)] or [16, Proposition 4.1]. Set p = (z) and m = (z,y).
We have Sing R = Spec R = {p,m}, hence all specialization-closed subsets of
Spec R (contained in Sing R) are @), {m} and Sing R. We have V~1(()) = add R
and V~!(Sing R) = CM(R). The subcategory V~'({m}) of CM(R) consists of
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all Cohen-Macaulay modules that are free on the punctured spectrum of R, so
it coincides with add{R, (z,y™) | n > 1}. Thus, by Theorem 13(1), all resolving
subcategories of mod R contained in CM(R) are add R, add{R, (z,y") | n > 1}
and CM(R). All thick subcategories of CM(R) are the empty subcategory, the
zero subcategory, add{(z,y") | n > 1} and CM(R).

(2) Let R = k[[z,y, 2]]/ (22, yz) be a one-dimensional complete intersection over a field
k. Then R is neither a hypersurface nor with an isolated singularity. All prime
ideals of R are p = (z,y), q = (x,z) and m = (x,y, z). It is easy to see that both
R, and R, are hypersurfaces. Note that all the nonempty specialization-closed
subsets of Spec R (contained in Sing R) are the following four sets:

V(p), V(a), V(p,a), V(p,q,m).

Theorem 13(2) says that there exist just four thick subcategories of CM(R) con-
taining Q%, and exist just four resolving subcategories of mod R contained in
CM(R) containing Q9k.

Remark 18. Let R be a Gorenstein local ring. In the case where R has an isolated
singularity, a thick subcategory of CM(R) coincides with CM(R) whenever it contains
Q%k. Example 17 especially says that this statement does not necessarily hold if one
removes the assumption that R has an isolated singularity. Indeed, with the notation of
Example 17(1), add{(z,y") | n > 1} is a thick subcategory of CM(R) containing Q%% = m
which does not coincide with CM(R). Example 17(2) also gives three such subcategories.

Using Theorem 13(1), we can show the following proposition. As it says, the subcat-
egories of CM(R) and CM(R) corresponding to a closed subset of Spec R are relatively
“small.”

Proposition 19. Let R be a hypersurface. Then one has the following one-to-one corre-
spondences:

thick subcategories of CM(R) C nonempty thick subcategories
generated by one object of CM(R)

Suppl TSupp_1 SuppJ/ TSupp_1

{closed subsets of Spec R} C {specialization—closed subsets of Spec R}

contained in Sing R contained in Sing R

V*ll TV V*ll TV
resolving subcategories of mod R C resolving subcategories of mod R
generated by one object in CM(R) contained in CM(R)

From now on, we make some applications of our Theorem 13. First, we have a vanishing
result of homological and cohomological §-functors from the category of finitely generated
modules over a hypersurface.

Proposition 20. Let R be a hypersurface and M an R-module. Let A be an abelian
category.
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(1) Let T : mod R — A be a covariant or contravariant homological 0-functor with
Ti(R) = 0 for i > 0. If there exists an R-module M with pdy M = oo and
Ti,(M) =0 fori> 0, then T;(k) =0 fori > 0.

(2) Let T : mod R — A be a covariant or contravariant cohomological §-functor with
TY(R) = 0 for i > 0. If there exists an R-module M with pdy M = oo and
THM) =0 fori>> 0, then T'(k) =0 fori>> 0.

Proof. (1) First of all, note that each T; preserves direct sums. We easily see that for any
R-module N and any integers n > 0 and ¢ > 0 we have

) = {

Tiin(N) if T is covariant,
T;_,(N) if T is contravariant.

Consider the subcategory X of CM(R) consisting of all Cohen-Macaulay R-modules X
with T;(X) = 0 for ¢ > 0. Then it is easily observed that X is a thick subcategory of
CM(R) containing R. Since T;(Q?M) is isomorphic to T 4(M) (respectively, T;_4(M))
for i > 0 if T is covariant (respectively, contravariant), the nonfree Cohen-Macaulay
R-module Q?M belongs to X. Hence the maximal ideal m belongs to V(Q4M), which
is contained in V(X), and we have V(Q%%) C {m} C V(X). Therefore Q%% belongs to
V=HV(X)), which coincides with X by Theorem 13(1). Thus we obtain T;(Q%) = 0 for
i > 0. Since T;(Q%) is isomorphic to Tjyq(k) (respectively, T;_4(k)) for i > 0 if T is
covariant (respectively, contravariant), we have T;(k) = 0 for i > 0, as desired.

(2) An analogous argument to the proof of (1) shows this assertion. O

As a corollary of Proposition 20, we obtain the following vanishing result of Tor and
Ext modules.

Corollary 21. Let R be an abstract hypersurface. Let M and N be R-modules.
(1) The following are equivalent:
(i) Torf(M,N) =0 fori > 0;
(i) Fither pdg M < oo or pdp N < oo.
(2) The following are equivalent:
(i) Ext%(M,N) =0 fori > 0;
(i) Fither pdg M < oo oridg N < oc.

The first assertion of Corollary 21 gives another proof of a theorem of Huneke and
Wiegand [30, Theorem 1.9].

Corollary 22 (Huneke-Wiegand). Let R be an abstract hypersurface. Let M and N be
R-modules. If Torf (M, N) = Tor® (M, N) = 0 for some i > 0, then either M or N has
finite projective dimension.

Remark 23. Several generalizations of Corollaries 21(1) and 22 to complete intersections
have been obtained by Jorgensen [33, 34], Miller [37] and Avramov and Buchweitz [3].

The assertions of Corollary 21 do not necessarily hold if the ring R is not an abstract
hypersurface.

Example 24. Let k£ be a field. Consider the artinian complete intersection local
ring R = k[[z,y]]/(2 y?). Then we can easily verify Tor®(R/(x),R/(y)) = 0 and
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Ext’%(R/(z), R/(y)) = 0 for all i > 0. But both R/(z) and R/(y) have infinite projective

dimension, and infinite injective dimension by [13, Exercise 3.1.25].

Let H be a property of local rings. Let H-dimp be a numerical invariant for R-modules
satisfying the following conditions.
(2) Let M be an R-module and N a direct summand of M. If H-dimgr M < oo, then
H-dimgp N < oc.
(3) Let 0 = L — M — N — 0 be an exact sequence of R-modules.
(i) If H-dimp L < oo and H-dimg M < oo, then H-dimrp N < oo.
(ii) If H-dimg L < 0o and H-dimg N < oo, then H-dimp M < co.
(iii) If H-dimr M < oo and H-dimr N < oo, then H-dimpg L < o0.
(4) The following are equivalent:
(i) R satisfies H;
(ii) H-dimg M < oo for any R-module M;
(iii) H-dimp k < oo.
The conditions (1) and (3) imply the following condition:
(5) Let M be an R-module. If pdy M < oo, then H-dimgp M < oc.

Indeed, let M be an R-module with pdy M < co. Then there is an exact sequence
O—F,—-F,_1— - —>FN—>F,—>M-—0

of R-modules with each F; free. The conditions (1) and (3)(ii) imply that H-dimg F; < oo
for all 0 <7 < n. Decomposing the above exact sequences into short exact sequences and
applying the condition (3)(i), we have H-dimg M < 0o, as required.

We call such a numerical invariant a homological dimension. A lot of homological dimen-
sions are known. For example, projective dimension pdy, complete intersection dimension
Cl-dimpg (cf. [5]), Gorenstein dimension G-dimpg (cf. [1, 17]) and Cohen-Macaulay dimen-
sion CM-dimpg, (cf. [25]) coincide with H-dimp where H is regular, complete intersection,
Gorenstein and Cohen-Macaulay, respectively. Several other examples of a homological
dimension can be found in [2]. A lot of studies of homological dimensions have been
done so far. For each homological dimension H-dimg, investigating R-modules M with
H-dimpg M < oo but pdz M = oo is one of the most important problems in the studies of
homological dimensions. In this sense, the following proposition says that a hypersurface
does not admit a proper homological dimension.

Proposition 25. With the above notation, let R be a hypersurface not satisfying the
property H. Let M be an R-module. Then H-dimpg M < oo if and only if pdy M < oo.

Proof. The condition (5) says that pdy M < oo implies H-dimg M < oo. Conversely,
assume H-dimgr M < oco. Let X be the subcategory of CM(R) consisting of all Cohen-
Macaulay R-modules X satisfying H-dimgp X < oo. It follows from the conditions (1),
(2) and (3) that X is a thick subcategory of CM(R) containing R. Theorem 13(1) yields
X =V 1(V(X)). Suppose that pdr M = oo. Then QM is a nonfree Cohen-Macaulay
R-module. We have an exact sequence

0-QM—->Fy 41— - —F—M=0
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of R-modules such that F; is free for 0 < ¢ < d — 1. Decomposing this into short exact
sequences and using the conditions (1) and (3), we see that Q¢M belongs to X. Hence
the maximal ideal m of R is in V(X), and we obtain V(Q%) C {m} C V(X). Therefore
Q4 belongs to V"HV(X)) = X, namely, H-dim (%) < co. There is an exact sequence

00 -Gy — - —G —-Gy—k—0

of R-modules with each G; free. Decomposing this into short exact sequences and using
the conditions (1) and (3), we get H-dimpg k < co. Thus the condition (4) implies that R
satisfies the property H, which contradicts our assumption. Consequently, we must have
pdp M < oo. O
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NONCOMMUTATIVE ALGEBRAIC GEOMETRY : A SURVEY OF
THE APPROACH VIA SHEAVES ON NONCOMMUTATIVE SPACES

FREDDY M. J. VAN OYSTAEYEN

0. INTRODUCTION

To me noncommutative algebraic geometry came from the consideration of noncommu-
tative spaces defined in terms of notions like : noncommutative valuations and pseudoval-
uations, primes in algebras, prime ideals of Noetherian rings or prime torsion theories
for rings or categories. The root of the theory was in the theory of the Brauer group of
a field via suitable subrings of central simple algebras, therefore at first rings satisfying
polynomial identities played a dominating role. For such a ring R the noncommuta-
tive space prompting itself is SpecR, the prime ideal spectrum with its Zariski topology;
in [93], a structure sheaf over SpecR for a noncommutative ring R had been first con-
structed. In the case of rings with polynomial identities this could be tied to arithmetical
pseudo-valuation theory and a corresponding divisor theory leading to a noncommutative
version of a Riemann-Roch theorem for central simple algebras over curves (see [130],
[137] which turned out to be an extension of some idea of E. Witt (see the book by M.
Deuring, Algebra), This combined in the concept of noncommutative geometry in the P.I.
case, the subject being first called that in the publication [137]. Also this theory con-
nected well with maximal orders and Azumaya algebras and it developed into a branch
related to the Brauer group of schemes and varieties. Now the localization theory was
well established for abelian categories, see P. Gabriel [47], while on the other hand a
result of Van Oystaeyen, Verschoren stated that BrProjC' = Br(C, K, )-gr where C' is
a commutative positively graded ring and (C, K, )-gr is the quotient category of finitely
generated graded C-modules for the torsion theory k. associated to the positive cone
C, =0C19,...,0C,®,...of C. Deleting Br in the formula suggests that ProjC is “iden-
tified” with that quotient category. The J. P. Serre’s global section theorem does relate
the quasi-coherent sheaves over ProjC' to that quotient category, in fact when C, = k,
a field, and C' = Cy[C4], then the quotient category is just finitely generated graded C-
modules modulo finite length modules. So assuming that a noncommutative version of
J.P. Serre’s result exists, the noncommutative geometry of ProjR should be approachable
via the homological algebraic theory of the category (R, ky)-gr. It turned out that a
noncommutative versions of the global section theorem is available only in case one intro-
duces a noncommutative topology on the localizations spectrum allowing compositions
of localizations that are not again localizations. This leads to the definition of schematic
algebras and it was checked that a very large class of noncommutative rings are schematic,
inducing all interesting quantized algebras and other rings appearing in recent literature.

The paper is in a final form and no version of it will be submitted for publication elsewhere.
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Rings appearing in nature were given by generators and relations and as such they
inherited the filtration defined by the grading filtrations on the free algebra. The definition
of Zariskian filtration, introduced in [79] and the use of the Rees ring (blow-up ring)
then allowed the interplay between algebraic geometry and its projective version much
as in the commutative case. The filter-graded transfer of homological properties and
of the schematic condition provided for a fruitful technical framework to study many
interesting examples, e.g. generalized Weyl algebras, generalized gauge algebra containing
E. Witten’s gauge algebra for gauge theory of slUs, etc... Using Auslander’s regularity
condition it was possible to extend regularity from Azumaya algebras over regular center to
more general noncommutative rings, not necessarily finite over the center; the filter-graded
transfer for Auslander regularity provided many interesting examples of noncommutative
regular algebras (schemes). The study of regular algebras and their classification in low
dimension became a fruitful research direction, recently developing into the direction of
Calabi-Yau algebras (see [26]) etc...

Let us point out that a good version of geometric product may be found in the general
twisted product of algebras, cf. [83]; its good behaviour with respect to connections
provides a link with the work of A. Connes. The noncommutative geometry developed by
A. Connes after the 1980s was more based in operator theory and C*-algebras, one could
call it noncommutative differential geometry. The space in this geometry remains virtual
and one imagines the noncommutative algebra as a ring of “functions” defined on the
virtual variety. There are several contact points between both versions of noncommutative
geometry, it remains to be seen whether the phrasing in terms of noncommutative spaces
in algebraic geometry is feasable and useful in the other case.
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1. FROM PSEUDOPLACES TO NONCOMMUTATIVE RIEMANN SURFACES

In an arbitrary ring S a couple (P, S") where S’ is a subring of S and P is a prime ideal
of S’ is called a prime of S if £S5’y C P with xz,y € S yields that x of y is in P. The map
S" — S'/P is a pseudoplace of S. A couple (P, S’) dominates (P, S;) if S’ O S; and
PNS; = P;, adominating prime is one that is maximal with respect to domination. The
set Prim(.S) of all primes of S has a topology with basis D(F') = {P € Prim(S), PNF = ()}
for F' a finite subset of S. For example if K is a field and A a K- central simple algebra,
O, a valuation ring of K then any maximal O,-order A in A yields a dominating prime
(J(A),A) where J(A) is the Jacobson radical of A.

Consider a prime P.L.-ring S with quotient ring (Q(.S), which is then a central simple
algebra. A fractional ideal I of S is a twosided S-submodule of Q(S) such that ¢/ C S
for some nonzero ¢ € Z(S) (the centre of S). S is an arithmetical ring when fractional
ideals commute for the product in Q(S). Let F(S) be the set of fractional ideals of S.
Consider a totally ordered semigroup I', a pseudovaluation v on F(S) is a function
v: F(S) — T, satisfying :

i) v(IJ) = v(I)v(J) for I, JuF(S)

i) v(I +J) > inf{v(l),v(J)} for I,J € F(5)
iii) v(S) =0 and v(0) = o0
iv) If I C J then v(I) > o(
(v)

If moreover we have :
uation (a.p.v.).

Any a.p.v. on Q defines a prime (P,QF) where Q7 is the idealizer of P in @ and
P = {q € Q,v(S¢S) C 0}. Conversely any prime (P,QF) where S C QF defines an
a.p.v., v say, such that P = {q € Q,v(S¢S) D o}.

If the value semi-group of an a.v.p. is a group then the corresponding prime is dominat-
ing. Any prime (P, Q) of a central simple algebra is said to be discrete if Q¥ contains
an arithmetical ring S and satisfies the a.c.c. on ideals while P is the unique maximal
ideal of Q) such that P = mQF for some invertible 7 in Q). In the discrete case I' = Z and
QT is itself arithmetical. In particular any maximal order in @ over a dicrete valuation
ring of K = Z(Q) is a discrete prime. A set of discrete primes inducing inequivalent
valuations on K is said to be divisorial if for ¢ € @ we have v(q) = 0 for almost all
a.p.v. associated to the discrete primes in the set, this condition has to be checked only
for ¢ € Z(Q)! The elements of a divisorial set @) are called prime divisors. A divisorial
set () is associated to be chosen fixed : a divisor § of () associated to () is a formal
product HWGQ v™ with 7, € Z and 7, = 0 for almost all v € @), the exponent 7, is called
the order 7, = ord,0.

J) for I,J € F(J)
v)v(lJ) =v(I)+v(J), we say v is an arithmetical pseudoval-

Consider a subfield k, of an algebraically closed field k. In [137] we consider an affine
curve over k, as a k,-quasivariety Q(R) for some prime affine P.I. algebra R over k, having
Krull dimension 1. By a result of L. Small such an algebra is a finite module over its
centre. If n = p.i.degR then M € Q(R), correspond to m € Q(C), L = Z(R), such that
R ®g kc(m) = M, (k). For k, # k it is still true that kg(M) = R ®y, k.(m) is a central
simple algebra and P € §,(R) if and only if kr(P) has degree n (dimension : n?) if and
only if PN ' is non split.
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An algebraic function field K in one variable over k, is an extension K of k, such that
k, is algebraically closed in K and K is separable of t.d. over k,.

A function algebra in one variable over k, is a central simple K-algebra A. For an
affine prime P.I. algebra over k, there is equivalence between Q(R) (the space of maximal
ideals) being an affine k,-curve and Q(R) being a function algebra in one variable. The
complement of unramified points in Z(R) is the ramification divisor of (C') for @, these
correspond to the maximal ideals of C' that are split in R.

Let C,(R) be the set of all k,-valuation rings O, of K (those are discrete). For every
O, € Cy, (K) we choose and fix a maximal order A, over O, and write Cy, (Q) for this
set. This choice can’be made such that almost all A, contain a suitable Azumaya algebra
(obtained as N peq,(r)yflp for some R ascending the curve). Write D¢ for the group of
divisors generated by Cy, (Q). The degree of a divisor 6 € Dg,d = X f,ord,d, where f, is
the absolute residue class degree u.e. f, = dimyk,, k, the residue field of O,. We say
that 91|09 if for all v € @, ord,d; < ord,ds.

1.1 Lemma. If §;|0, then :
where for any finite subset S of the algebra of valuation vectors Vg, I'(6|S) = {a €
R,v(a) > ord,o,all v e S} (cf. [130], [137]).

In particular if S = V4 then we define L(S) as I'(6|V4) and [(0) = dimy, L(d). Valuation
forms can now also be defined in the noncommutative case and by using the reduced
trace map for () every valuation form is of the form w(7r(a—)) for some a € () and fixed
valuation form w.

1.2 Theorem. Riemann-Roch for n.c. curves Let 3 € Dqg be arbitrary and ¢
“canonical” (see Proposition XI1.3.9. p. 376 of [137]), then :

degB +1(8) = 1(7'07") + 1~ gq
where gq is a constant, called the genus of ().

The ring | = N{A,, A, € Ci,(Q)} is the ring of k,-constants it is algebraic over k, and
a central simple algebra finite dimensional over K (XI.2.14 of [137]).

1.3 Corollary.
i) L(67Y) =n—1+ gg,n = dimy, /.
i) deg(d71) =2 — 2y
iti) g = Ny — N + 1+ 15f,(r, — 1), where f, is the residual degree r, the
ramification index of v, N = dim[Q : K].

1.4 Theorem. Let k = k, and X = Q(R) an affine k-curve with central curve Y =
Q(Z(R)) then : gx = Ngy — N + 1 (since k is algebraically closed Q = Q(R) = M, (K)
by Tsen’s theorem.

1.5 Remark. If Q = M,(A) then gg = r?ga —r*+1. The Brauer group of K (not trivial
if k, is not algebraically closed) yields invariants gq for every [Q)] € BrK. What is the
relation between the commutative geometry of the central curve and these invariants ?
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1.A. Project : Noncommutative Invariants of Varieties

After [130], [137], Van den Bergh, Van Geel obtained a cohomological Riemann-Roch
result for higher dimensional noncommutative varieties. The foregoing question may be
generalized to this higher dimensional situation using the ingredients (invariants) stem-
ming from the Riemann Roch theorem.

In dimension more than two there are noncommutative invariants stemming from the
Brauer group of the function field that is now not trivial even in the case where k, is
algebraically closed. There is some work of M. Artin about maximal orders over surfaces
(see [9]) but a complete noncommutative version of the work of O. Zariski on surfaces
remains to be developed. In general the set of discrete primes of a central simple algebra
provides us with something like s noncommutative Riemann surface. The theory of a.p.v’s
works well if some arithmetical ring is given but it should be extended to more gener-
tal situations using rings in which ideals do not commute and noncommutative (totally
ordered) value groups.

1.B. Project : Valuations of Weyl Algebras, Enveloping Algebras etc..

The theory of valuations also extends to the non P.I. case; O. Schilling (cf. [117]) already
introduced noncommutative valuations on skewfields not necessarily finite dimensional
over the centre. However, the valuation theory for most quantized algebras nowadays
popular remains unexplored. In a paper with L. Willaert, I investigated valuations of the
Weyl skewfield and this led to the discovery of a subring of the Weyl skewfield having it
as a ring of fractions (therefore in some sense birational to the Weyl algebra K [X][5%] =
K< X,)Y>/(YX - XY —1)) and being a kind of antipode for the Weyl algebra. This
ring appearing as the intersection of noncommutative valuation rings is a “duo ring” i.e.
each one sided ideal is two sided and localizations at prime ideals correspond to valuation
over rings. A divisor theory for the Weyl field remained to be worked out. Up to a
particiular application related to Sklyanin algebras, the noncommutative valuation theory
remains to be applied. For example, it is an unpublished consequence of some results in
the Ph. D. thesis of L. Hellstrom (Lund T. U., Sweden) that one may construct large
families of noncommutative valuations of the skewfield appearing as the ring of fractions
of the enveloping algebra of a finite dimensional Lie algebra. Further characterization of
these n.c. valuations and calculations similar to a divisor calculus should be undertaken
and these results should have meaning in the structure theory of Lie algebras or at least
in the noncommutative geometry of their enveloping algebras. In particular some rings
appearing as intersections of families of n.c. valuation rings could shed new light on the
algebraic structure ?

2. SCHEMATIC ALGEBRAS AND NONCOMMUTATIVE SCHEMES

Algebraic geometry is built upon the correspondence between quotients of polynomial
rings and varieties embedded in affine (projective) spaces. In noncommutative algebra
the generic algebra i.e. the free algebra, is not too well behaved and the formation of
products (tensor products) is also somewhat problematic. Is it possible to fix a class of
algebras such that most operations from scheme theory may be performed whilst keeping
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a good duality with noncommuative algebra constructions ? For a given noncommutative
algebra one may of course try to extend the algebraic techniques appearing in commutative
algebraic geometry to it without trying to associate a “geometric” space to it. This
works to some extent in several cases but it is perhaps not guaranteed that one is really
studying a noncommutative geometry, it is noncommutative algebra in disguise. 1 always
wanted some kind of topological space and (coherent) sheaves on it to correspond to the
module of some ring of functions via some noncommutative version of J.P. Serre’s global
section theorem. This led to the introduction of noncommutative topology and schematic
algebras.

2.1 Noncommutative Spaces and Localization

Perhaps a few historical remarks concerning the development of this subject. During my
stay at Cambridge University in 1972-73 I worked with D. Murdoch (Vancouver University
B. C.) on localization theory and we constructed the first structure sheaf for a noncommu-
tative ring yielding the ring as global sections, cf. [93]. For me this was connected to the
primes or pseudoprimes I introduced in my thesis and I combined the ideas into a theory
of prime spectra for noncommutative rings in [134] where I also started the projective
theory by constructing Proj for a noncommutative positively graded ring. This was also
related to my search for an answer to a question J. Murre (University of Leiden) asked me
concering a purely algebraic description of the Brauer group of a projective variety during
our stay at Cambridge. Since maximal orders were at the centre of all these problems I
started a seminar on this topic at the University of Antwerp (UIA) which attracted many
students and visitors. With J. Van Geel, E. Nauwelaerts and visitor H. Marubayashi and
later L. Willaert we continued in the direction of primes of noncommutative algebras;
with A. Verschoren and L. Le Bruyn in the direction of localization and noncommutative
schemes, with L. Le Bruyn, E. Jespers, P. Wauters in the direction of graded orders and
later with M. Van den Bergh in projective noncommutative geometry. The work with A.
Verschoren (resulting in the first book with the title “Noncommutative Geometry”, cf.
[137]) was noticed by M. Artin and after a stay of A. Verschoren at the M.I.T. there was
a growing group of people involved in the development, including M. Artin, W. Schelter
etc... Starting from regularity conditions from homological algebra, M. Van den Bergh
then cooperated with M. Artin, J. Tate (cf. [6],[7]) and later with T. Stafford, P. Smith
and many more, specially on low dimensional noncommutative varieties. On the other
hand the graded constructions in the constructions of proj created a cooperation with C.
Nastasescu on graded ring theory, cfr. [97], [95], [94]. Meanwhile it turned out that the
answer to the question of J. Murre fitted completely in the framework of graded localiza-
tion. After I introduced the graded Brauer group of a Z-graded ring, A. Verschoren and I
described the Brauer group of a projective variety algebraically as the Brauer group of the
category (in modern language) appearing as a quotient category of the finitely generated
graded modules modulo those of finite length i.e. the graded quotient category associated
to the graded localization at the positive cone of the positively graded coordinate ring.
This continued in work on the cohomology of graded rings with S. Caenepeel [32] and
extended to Brauer groups of other actions and conditions leading to the Brauer group of
a quantun group, cf. [33], [34], and later with Y. H. Zhang to a theory of Brauer groups
of braided categories, cf. [142], [143]. After the beginning of the interest in graded rings,
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filtrations also became interesting, particularly because of the use of the Rees (blow up)
ring; this makes for a transfer between graded and filtered ring theory allowing several nice
applications to for example rings of differential operators and (generalized) Weyl algebras
cfr. work with Li Huishi [79], [80], and later with V. Bavula [17] [18]. The connection
with representation theory was also explored at several places and developed mainly by
L. Le Bruyn and M. Van den Bergh e.g. in the geometry of path algebras for quivers
cf. [69],[68]. This shows how the original ideas concerning a kind of noncommutative
geometry has branched into many directions that have achieved nowadays a good level of
popularity.

So originally we considered a noncommutative variety or scheme as a structure sheaf
on the prime spectrum, that prime spectrum was either determined in terms of prime
ideals (Murdoch, Van Oystaeyen) or prime torsion theories (J. Golan, J. Raynand, F.
Van Oystaeyen cf. [47]). However in the noncommutative case, the construction was not
functorial (I remember to have proved, unpublished, that functionality forces commuta-
tivity) but it was possible to view Spec as a (localization) functor on the category of
modules and to relate a ring morphism to a natural transformation of the Spec functor.
This has convinced me that the construction of a (noncommutative) topology was more
essential than the choice of points, in fact one could work with a pointless topology and
sheaf theory over that. This gave rise to the construction of virtual topology and functor
geometry, a very abstract framework for categorical algebraic geometry, cf. [135].

A noncommutative ring R is said to be (affine) schematic if there exists a finite set
of nontrivial Ore sets Si,...,S, such that for every choice of s; € S;;i = 1,...,n we
have that >  Rs; = R or equivalently NM;L£(S;) = {R} where L£(S;) is the Gabriel
filter of S;. Recall that a left Ore set S of R is a multiplicatively closed subset of
R, 0 & 5,1 € S, such that for given r € R,s € S there exists ' € R,s’ € S such
that : s'r = r’s and moreover if rs = 0 then there is an s” € S such that §"r = 0.
The right version is defined symmetrically. For an Ore set S the ring of fractions S™'R
exists and in this case the left localization at S and the right localization coincide. For
an R-module M the S-torsion part of M is My = {m € M,sm = 0 for some s € S}
and ST'M = S7'R ®@r M is the (left) localization of M at S. Clearly M/tgM is S-
torsion free ie. tg(M/tsM) = 0 and we have the standard localization morphism in
js : M — S7'M with kerjs = tgM and Imjs = M/tsM. In case R is the free algebra
it only has trivial Ore sets i.e. contained in the ground field and hence already invested
in the ring. So free algebras, the generic algebras in the associative situation, are not
schematic. On the other hand all rings frequently encountered in noncommutative algebra
seem to be schematic. For example the ring of generic matrices, the Weyl algebras,
the coordinate ring of quantum 2 x 2-matrices @Q,(Mz(C)) is schematic (1.2.11 of [131]),
quantum Weyl algebras A,(q) (1.2.14 of [131]), rings that are finite modules over their
centre, the Sklyanin algebra Sk (a, b, c) (1.2.17 of [131]), E. Witten’s gauge algebras W (C),
(1.2.21 of [131]), quantum sl (1.2.23 of [131]). Let A be a K-algebra and positvely graded
such that A = K ® Ay @ ... we write A, for A1 ® Ay & ... and K for the torsion theory
with Gabriel filter £(K,) = {L left ideal of A,L O A%} for some n € N}. We say A is
schematic (projective) if there exists a finite set of homogeneous Ore sets, say Z, such
that for every S € Z, SN Ay # () and such that for any s; € S;,i € Z, there exists
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an m € N such that (A;)™ C > ..; As; (or equivalently : N L£(S;) = L(K,) where
L(S;)) ={L C A L D As; for some s; € S;}, or equivalently x, = A;ez£(S;) holds in
the lattice of torsion theories on A-gr, the category of graded A-modules). A schematic
positively graded K-algebra need not be affine schematic, we have a weaker notion weakly
affine schematic defined as (projective) schematic plus the fact that the S; € Z are such
that A = M;ezS; 1A,

If we have a positively filtered K-algebra A with filtration... C F,, {AC F,AC...C A
then the associated graded algebra is G(A) = @penFrA|Fn1
A= K& F(A)|K & ... and the Rees algebra (or the blow-up algebra of FA) is A =
Yo Fn(A)T™ C A[T). Tt is easy to see that G(A) = AJAT, A = A|(T —1)A and T is a
central regular element homogeneous of degree 1 in A. In the positively filtered situation
(this is a discrete filtration) the filtration will be Zariskian in the sense of [79] exactly
when A is Noetherian which in this case is equivalent to G(A) being Noetherian.

2.1.1 Theorem. If FA is a positive Zariskian filtration on A such that FoA = K, then
if G(A) is schematic it follows that A is schematic too.

2.1.2 Corollary. If in the situation of the theorem G(A) is commutative then A is
schematic. It follows from this that rings of differential operators on varieties (non-
singular) and enveloping algebras of Lie algebras have schematic Rees rings.

When trying to introduce a scheme theory on ProjA =Y for some positively graded
noncommutative K-algebra A = K ® A; ® A, @ ......, a good idea could be to replace
an affine open, something like Y (f) in the commutative case, by a homogeneous Ore
set S of A and the ring of sections (in the commutative case (Ay),) by (S7tA),. If A
is schematic then we have covered Y by “opens” corresponding to the S;,7 € Z. For
commutative A if Y'(f;) cover Y then Y (ff;) cover Y (f) and for modules of sections we
have M; = lUm{M;y,, i} where M; stand for the localization at the multiplicative set

{1, f, f%,...}. The straightforward generalization of this property would require that the
canonical map :

S

(%) Qkgy A ... N kg, (M) — lim Qs;vs, (M)

pa /
Qs,; (M)

has to be an isomorphism for all M € A-gr. Looking at just two Ore sets S and T, (*)
will be an isomorphism if and only if Qg and Q7 commute, i.e. if and only if : kKgQr =
Qrks and krQs = Qskr. This compatibility does not always hold and the solution is
to introduce more “open sets” i.e. to define a suitable noncommutative Grothendieck
topology defined in terms of localization functors on a suitable category. For ProjA the
category on which the scheme structure is defined is A-gr localized at rr, i.e. (A, Ky )-gr
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or the finitely generated objects in this. Let us write O(A) for the set of homogeneous
left Ore sets S of A such that 1 € 5,0 ¢ S and SN A, # (). The free monoid on O(A) is
denoted by D(A). If W = Sy,...,5, € W(A) then we write w € W meaning that w is
of the form s;...s, with s; € S;,;i = 1,...,n. The category W is defined by taking the
elements of W (A) for the objects while for words W = S, ... S,,W' =T, ...T,, we define :
Hom (W', W) = {W' — W} or () depending on whether there exists a strictly increasing
map o : {1,...,n} — {1,...,m} for which S; = T,,(;) or not. So Hom(W'W) is a singleton
if it is not empty. Put Qw(M) = (QSnO. . .OQ51)<M) = QSn(A>®A' . ®Q51(A)@AM To
W we associate a filter of left ideals of A, L(W) = {L,w € L for some w € W}. Forw,w €
W there are a,b € A such that : aw = bw’ = w” € W, also for w € W,a € A there are
w' € W,b € A such that w'a = bw. For M € A-mod, k(M) = {x € M, wz = 0 for some
w € W}; this ky is an exact preradical on A-mod and it is not necessarily idempotent.
L(W) has a cofinal system of graded left ideals so it induces on exact preradical of A-gr.
If W — W in W then L(W) C L(W’) and for every V. € W W'W — WV, as well
as VW' — VW, are morphisms in W. A global cover of Y = ProjA is just a finite
subset {W;,i € I} of objects of W such that (,.; L(W;) = L(k4); the existence of at
least one global cover given by words consisting of one letter, is ensured by the schematic
constitution for A. For W € W we let cov(IW) be {W;W — W,i € W}. The category
W together with the sets cov(W) form a noncommutative Grothendieck topology. Global
covers induce covers because of :

2.1.3 Lemma. If {W;,i € I} is a global cover then for all V € W we have that L(V) =
Niez LWiV).

A presheaf @) on W is now a contravariant functor from W to A-gr such that for
all w € W the sections Q(W) of @ over W form a graded Qs(R)-module where S is
the last letter of W. For W = 1 we demand Q(1) to be a @, (A)-module, we write
[.(Q) = Q(1). It is straightforward to define sheaves by introducing separatedness and
glueing conditions.

For any graded A-module M we obtain a structure presheaf O}, associating to W the
Qw (M).

2.1.4 Theorem. For any graded A-module M, A being a schematic K -algebra, the struc-
ture presheaves O%, and O,; = (O%,), are in fact sheaves !

The affine-like properties follows from :

2.1.5 Proposition. Let A be a schematic K-algebra and suppose that A = K[A;]. For
every homogeneous Ore set S € O(A) (thus SN A, # () the ring ST'A = Qg(A) is

strongly graded.

Recall that a R-graded ring is said to be strongly graded if R,R_, = Ry = R_,R,
for all n, or equivalently RiR_; = Ry = R_1R;. For a strongly graded ring R — gr = Ry-
mod. On the basic opens Qg(A) is a (strongly) graded ring and Qg(M) is a graded
Qs(A)-module ! This need not hold with respect to Qy for general W' ! To S € O(A) we
associate a basic open Y'(S) given by Qs(A)-gr equivalent to Qg(A),-fgmod, (fg stands
for finitely generated) the latter may be viewed as “SpecQgs(A),”.
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2.1.6 Definition. A noncommutative projective scheme ProjA is defined by (A, k) ¢y-
gr with a non-commutative Grothendieck topology W with affines Y'(S;) generating the
topology by intersections. We may view Y (S) as SpecAs), where A(gy = (S A),, defined
in a categorical way.

2.2 Noncommutative Topology and Categorical Theory

The correspondence between coherent sheaves and module categories over the ring of
global sections is in the commutative case given by J. P. Serre’s fundamental global
sections theorem. In the noncommutative case a sheaf F on W is quasi-coherent if
there is an affine cover {7},i € J} for Y = ProjA together with graded Qr,(A)-modules
M; such that for any morphism V' — W in W we obtain a commutative diagram, the
vertical arrows representing isomorphisms in A-gr.

F(LW) —= F(T,V)

| |

QW(MZ') - QV(MZ')

A quasi-coherent F is said to be coherent if all M;, i € J, one finitely generated Qr,(A)-
modules.

2.2.1 Theorem. If F is a quasi-coherent sheaf on W and T'.(F)(= F(1)) denotes its
global section A-module then F is sheaf isomorphic to the structure sheaf of T'\(F).

2.2.2 Theorem. (Noncommutative version of J. P. Serre’s global section theorem) For
a schematic K-algebra A, the category of quasi-coherent sheaves on W is equivalent
to (A,ky)-gr. The category of coherent scheaves on W is equivalent to Proj(A), i.e.

(Aa /f.q_)fg'g?".

These results are due to L. Willaert, F. Van Oystaeyen, see [141] or also Theorem 2.1.5.
in [131].

The Rees ring A of a Noetherian positively filtered K-algebra A is isomorphic to
Y F,AT™ C A[T] and inverting the central homogeneous element of degree 1,7, we
obtain Ay = A[T,T~']. We may view Y(T) in Y = ProjA with sections A[T, T~"],-gr
= A-mody, ~ SpecA.

A filtered K-algebra A as above such that G(A) is a schematic domain has an A which
is again a schematic domain; let 7 : A — A/TA 2 G(A) be the canonical epimorphism.
The Ore sets Si,...,S, defining the schematic property for G(A) yield T; = Lx~1(S;)
plus the special Ore set < T' >= St central in A and thus compatible to all the T},7 =
1,...,n. The images T; in A via A — A= A/(T —1), A are saturated Ore sets such that
o(T;) = S; where 0 : A — G(A) is the principal symbol map sending a € F,A — F,_, A
to @ = a modF, 1A in G(A), = F,A/F,_1A. The Rees ring is the homogenization of A
with respect to F'A, geometrically this means :

2.2.3 Proposition. For A as above, ProjG(A) is a closed subscheme of Y = Projg and
ProjA = ProjG(A) U SpecA (cf. Proposition 2.1.10 of [131]).
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So we may think of ProjG(A) as the part at oo for the projective closure of SpecA.
The part SpecA corresponds to the T-torsionfree class of objects from (A, k4 )ys,-gr, the
part ProjG(R) corresponds to the T-torsion objects. Using microlocalizations of filtered
rings one may define quantum section, in [131] Section 2.3. many examples of quantum
sections are calculated and given by generators and relations, e.g. for the Weyl algebra
A1(C), enveloping algebras, colour Lie superalgebras, quantized Weyl algebras. We may
look at almost commutative geometry by studying filtered rings A as before, but with
G(A) an affine commutative algebra generated by homogeneous elements of degree one.
For such rings microlocalization functors do commute and sheaf theory becomes more
easy, Section 2.4. in [131].

The latter results provide us with more hints that a completely categorical version of
noncommutative geometrical may be possible in terms of arbitrary localizations (torsion
theories or quotient categories) and a formally defined P noncommutative topology. This
was the aim of [135]. We consider a poset A with 0,1 and take operations A,V on A
satisfying :

Al . Forz,ye A, x ANy <y

A2. Forzre Az Al=1Az,0Nx=2A0=0, moreover x A ... Az = 0 if and only if

x=0

A3. Forz,y,ze Nz AyANz=(xAy)ANz=xA(yAz)

A4 Fora<bin A and z,y € A we obtain : xAa <z AbaNy < bAy (it follows that

Ay < xtoo!)

AL Forz,ye Ay<azVy

A6. Forxe A, 1Ve=aVvV1l=12VvV0=2=0Vzx moreover x V...V x =1if and

only if z =1

A7 Forz,y,ze NzV(yVz)=xzVyVz=(xVy)Vz.

A8. Fora <bin A and z,y € A we obtain : xtVa <zVb aVy<bVy (it follows

that x,y <z Vy).

A.9. (weak modularity). Let i,(A) be the A-idempotent elements i.e. the 2 € A such

that © A = z, then for z € i,(A) and < z in A we have :

zV(xAz)<(xVz)Az
zV(zAz)<(z2Vz2)Az

(if A satisfies A.1....A.9., then i1(A) C iy(A) where 7, (A) consists of z € A such
that z V z = z).

A.10. For any global cover 1 = A\; V...V A, and any z € A we have : (zAX)V...V(zA
An) = . The presheaves on A with values in a Grothendieck (abelian) category is
again a Grothentieck (abelian) category but this fails for the category of sheaves
(defined suitably), this category is not a topos. If x Az = x for all  in A then A
is an abelian operation in A so the noncommutativity of the topology is exactly
characterized by the existence of nontrivial selfintersection.

The definition of a noncommutative Grothendieck topology may be given by “sym-
metrizaion” of the classical definition. A category C such that for each object U of C
a set Cov(U) is given, consisting of subsets of morphisms with common target U, is a
noncommutative Grothendieck topology if it satisfies the following properties :
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G.1. {U - U} € Cov(U)

G2 If {U; = U,iel) e Cov(U) and {U;; — U,;,j € J} € Cov(U) for all i € I, then
{U;; = U,iel e J} e Cov(U).

G.3. For given U' — U and {U; — U,i € I} € Cov(U) there is a cover {U’ xy U; —
Ui € I} satisfying : for V. — U;, V. — U and T — U;,T — U’ there exist
VAT - UXyU; and T ANV — U’ xy U; fitting in the commutative diagram :

U

Ny
.

T XU 7 V

PN

TANV VAT

Taking T" =V in the foregoing, one obtains the obvious non-idempotent versions
of the pullback property reducing to G.3. in case T'=T AT.

2.2.4 Example. Any modular lattice satisfies A.1. ...A.9. A distributive lattice
satisfies A.1....A.10. The lattice of all torsion theories on R-mod for a associative ring
R, say R-tors, is a complete modular lattice; we shall look at the torsion theories by their
kernel functors. If the idempotent kernel functors o, 7 are given by their Gabriel filters
L(o), L(T) resp. then o AT and oV 7 are defined by L(o A7), L(cV T) resp. Define W(R)
is the set of filters obtained by evaluating expressions involving products and intersections
of filters corresponding to elements of R-tors. For w,w’ € W(R) put w < w' if and only
if L(w') C L(w). We define w VvV w' by L(w) N L(w'), hence V is a commutative operation
here. Put L(ww') equal to {L € R,L D J'J,J € L(W'),J € L(w)}, this defines w A v’
and the corresponding function @, Q.

2.2.5 Proposition. W(R) consists of exact preradicals and it is a noncommautative topol-
ogy with respect to the structures defined above.

A categorical version of noncommutative algebraic geometry can now be developed,
cf. [135]; there are many open questions in this theory, I refer to loc. cit. for many
exercises and research projects. The example obtained from Ore sets has some interesting
applications using Cech-cohomology on the noncommutative topology one may calculate a
moduli space for the left ideals of the Weyl algebra (work of L. Willaert, F. Van Oystaeyen,
recovering a result of L. Le Bruyn). This technique may very probably be applied to
several other quantized algebras where we can calculate enough Ore localizations.

3. REGULARITY AND FILTER-GRADED TRANSFER

3.1 Graded Homological Algebra and Regularity

A ling is left regular if every finitely generated R-moduli has finite projective dimension.
For a graded ring R leftgr-regularity is defined in terms of objects of R-gr. For a left

fglf



Noetherien R we have gldimR[X1, ..., X,] = n+gldimR and Auslander’s theorem learns
that for a Noetherian R, rgldim = lgldimR. For graded rings the graded versions of several
dimensions can be defined (and used) in the obvious way. For example if R is a graded
Noetherian ring, then the left and right (graded) global dimensions coincide.

3.1.1 Theorem. Let R be a Zariski filtered ring (in the positive case G(R), R, R are
Noetherian rings) then :
(1) If G(R) is left gr-reqular then R is left reqular
(2) We have :
grgldimR < 1+ grgldimG(R)
gldimR < 1+ gldimG(R)

and equalities hold in case G(R) has finite (gr-)global dimension.

It is now possible to obtain left regularity of a.o. the following rings : A[X, ¢.5] where §
is a o-derivation of the left regular A and o automorphism of A, the crossed product AxG
where A is left regular and G is poly-infinite cyclic, the crossed product AxU(g) where A
is a left regular K-algebra and U(g) the K-enveloping algebra of a finite dimensional Lie
algebra ¢g,... . For a survey on GKdim and a new dimension, the schematic dimension
Sdim we refer to [131] Section 3.1.

For a left Noetherian R and a finitely generated R-module M we have pdimzM =n <
oo if and only if Ext%™ (M, N) = 0 for all finitely generated R-modules N, consequently
Ext(M, R) # 0. For any R-module M the grade number ji(M) is the unique smallest

integer such that Extg(M)(M, R) # 0; if such integer does not exist then we put jr(M) =
0o. We say that M satisfies the Auslander condition if for £ > 0 and any R-submodule
N of Exth,(M, R) it follows that jr(N) > k. If we have an exact sequence of R-modules :

0—-M —>M-—M'—0

then if M’ M" satisfy the Auslander condition so does M. In case M satisfies the Aus-
lander condition then jr(M) = inf{jr(M’), jr(M")}. A left and right Noetherian ring R
of finite global dimension is Auslander regular if every finitely generated left or right
R-module satisfies the Auslander condition.

3.1.2 Theorem. (Li Huishi, F. Van Oystaeyen, cf. [131] Theorem 5) If R is a (left
and right) Zariski filtered ring such that G(R) is Auslander reqular then R is Auslander
reqular. The theorem yields Auslander regularity of the following rings : U(g) for a
finite dimensional Lie algebra g, the n-th Weyl algebra A,,(K), the ring D(V') of C-linear
differential operators on irreducible smooth subvarieties V' of affine n-space, the ring D,
of O-linear differential operators on the reular local ring O,, of convergent power series in
n-variables over C, the stalks Ep of the sheaf of microlocal differential operators,. . .

3.1.3 Theorem. Let R be a Zariski filtered ring with G(R) Auslander regular then for
every filtered R-module M with good filtration we have jr(M) = jar) (G(M)) = jz(M)
where M 1is the Rees module of M with respect to F'M.

Concerning Auslander regularity of the Rees ring we obtain the following result :
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3.1.4 Theorem. If R is a filtered ring such that j%;is Noetherian then Auslander reqularity
of R and G(R) implies Auslander regularity of R. If moroever R is Zariski filtered and
G(R) is Auslander regular then R is Auslander regular.

Applying the foregoing and some corollaries of it one arrives at the following examples
of Auslander regular rings constructed over an Auslander regular A : A[X, o] o an auto-
morphism of A, A[[X, o]] the X-completion of A[X, o], A[X, 0, d] where 0 is a o-derivation
of A, the crossed product A x G where G is the poly-infinite cyclic group, A x U(g) where
A is a K-algebra and ¢ a Lie algebra of finite K-dimension. In particular one finds that
the following rings are Auslander regular too : coordinate ring of quantum 2 x 2 matrices,
quantum Weyl algebras A,,(q), Witten gauge algebras W (C) and “quantum sly” W, (sly).

Using injective resolutions and injective dimension instead of projective resolutions and
projective dimension one obtains a similar theory with respect to so-called Auslander-
Gorenstein regularity.

A lot of work has gone into the classification of low dimensional algebras e.g. M.
Artin, W. Schelter [5]. All 3-dimensional regular algebras have been classified by P. R.
Stephenson. Using Cohen-Macauley modules point and line modules over a 3-dimensional
quadratic algebra are classified by their homological properties. If R is graded and R =
Ry[Ry] then a (left) point module is a cyclic graded R-module M = &,,>¢0M,, such that
M = RMj and the Hilbert series Hj;(t) is (1 —¢)~!. A (left) line module is as before but
with Hp(t) = (1 — )72,

The point modules, force the Hibert series to look as in the commutative case, maybe
too commutative in spirit to yield a good tool in noncommutative geometry. In fact there
exist higher dimensional regular algebras with finitely many, say 20, point modules, even
there are some without points. Some of these nice algebras, having very few point modules
are graded (generic) Clifford algebras.

Put C =CJ[Y3,...,Y,],a € M,(C) a symmetric matrix (o;;) where each «;; is a homo-
geneous linear polynomial. The Clifford algebra A(«) associated to « is defined as the
K-algebra with generators {X1,...,X,,Y1,...,Y,} and defining relations :

Xin +XJX7, = Oy, for Z,j = 1, oo,

Y, X;]=0=1[Y;,Y;] fori,j,=1...n
The gradation of A(«) is defined by putting X; € A(«a), fori =1,...,nand Y; € A(a), for
Jj=1,...,n. Expanding o = a1 Y1 + ... + a,,Y,, where o, ..., a, are symmetric matrices
in M, (K) we associate to a an n-dimensional linear system of quadrics Q1,...,Q, C
P"YK),Q=KQ+ ...+ KQ, where Q; = {z € P!, z'az = 0}. A base point of Q is
any point in the intersection of Q1, ..., Qn. o

3.1.5 Proposition. (L. Le Bruyn, J. of Algebra 177, 1995)A Clifford algebra A(«) is a
quadratic Auslander reqular algebra of dimension n if and only if ) has no base points.

For n = 4, M. Van den bergh proved that A(«) has exactly 20 point modules for generic
a, an explicit construction of such algebra was given by M. Van Cliff, K. Van Rompay,
L. Willaert.
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Several references provide a good starting point for reading about low dimensional
regular algebras. Results now exist up to dimension 4 as fas as I know. There are
interesting research problems here e.g. the relation between graded deformations and
so-called rolled up Rees rings (cf. [68]).

3.2 Examples

Several examples of well-known rings popular nowadays have been referred to with refer-
ence to the literature. As an appendix I include some of them with full definition.

4. APPLICATIONS AND OTHER DIRECTIONS
4.1 Cayley Smooth Orders

As a consequence of project 1.1. there always was a tendency to try to relate noncommu-
tative information to the commutative theory (via the centre of the algebras used). This is
the case too with the theory related to canonical resolutions of quotient singularities. For
a finite group G acting on the vector space C? (freely away from the origin), the quotient
space C?/G is an isolated singularity and resolutions Y —» C%|G were constructed using
the skew groupring C[X1, ..., X4]*G which is an order having the fix-ring C[ X}, ..., X 4|¢
for its centre. In case d = 2 we are in the situation of Kleinian singularities this yields
minimal resolutions. In case d = 3 the skew groupring appears via the superpotential and
commuting matrices (in Physics) or via the McKay quiver. For abelian G the study leads
to “crepant” resolutions, for general G one obtains partial resolutions with remaining
manifold singularities. In [69] L. Le Bruyn obtains lists of types of singularities contained
in partial resolutions of the quotient variety C?/G.

Smoothness of R-orders , R a commutative ring e.g. the coordinate ring of some
(quotient) variety, is defined in two ways :

(1) J. P. Serre smoothness i.e. the R-order A has finite global dimension plus Auslan-
der regularity and the Cohen-Macauley property

(2) Cayley-smooth of the corresponding G-variety is smooth. The Zariski and étale
covers are used.

Cayley-Hamilton algebras are introduced as algebras with a nice trace map (Definition
1.4. in [69]) and every R-order in a central simple algebra is a C'H-algebra. C. Procesi
proved the reconstruction of orders and their centers from the G-equivariant geometry
of the quotient variety in case G = PGL,. The category of C'H-algebras of degree n
with trace preserving morphisms constitutes a version of noncommutative geometry. A
Cayley smooth algebra A is an object of the foregoing category with a lifting property
i.e. if R is in the category and I is a nilpotent ideal of B such that B|I is in the category
and the natural B — B|I preserves the trace than any trace preserving () : A — BI
lifts to A — B. These Cayley smooth algebras correspond to smooth PG L,-varieties.
The noncommutative structure sheaf of an R-order is then used as the noncommutative
geometry, as explained in the first part of this survey. Via the representation theory
(marked) quiver settings are associated to the orders which connect the Zariski and étale
structure to quivers (Theorem 7.9. of [69]. This leads to quiver-recognition of isolated
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singularities (Theorem 1.12. loc. cit) and noncommutative desingularizations. We refer
to loc. cit. for complete detail.

4.2 Hopf Algebras and twisted Algebras

The effect of a Hopf algebra structure on the noncommutative geometry remains largely
to be studied. Of course one may consider braided categories and localizations thereof
but this does not connect nicely to something like a noncommutative algebraic group.
For P.I. rings we know that the assumption of a group variety structure on its prime
spectrum makes it into a commutative variety, perhaps one should look for a theory of
noncommutative algebraic semigroups ? In the direction of valuation theory there has
been some work by Aly Farahat, F. Van Oystaeyen on Hopf valuations and related Hopf
orders. An interesting consequence of this theory (cf. [44]) is the appearance of new
maximal orders over specific number rings leading to very concrete examples.

On the other hand, a replacement of the geometric product may be found by using
the twisted product of algebras. A general theory of twisting algebras appeared in the
paper [83] by X. Lopez, F. Panaite, F. Van Oystaeyen. An example is given by A.
Connes quantum space that turns out to be a twisted product of quantum planes. The
twisted product can be iterated under some pentagonal diagramme condition, cf. [89].
The algebraic properties of general twisted products of low dimensional algebras (e.g.
with the quaternions H over the reals) should be further investigated. Since connections
behave well with respect to twisted products some further relations with A. Conne’s
noncommutative geometry remain to be investigated.

4.3 Simple Modules

The classification of simple (left) modules of a noncommutative algebra is a basic prob-
lem relating to representation theory on one side and to some kind of noncommutative
geometry on the other side. For algebras of quantized type (deformations) not many
cases have been completely solved. For example the case of the second Weyl algebras
remained open for a while till V. Bavula, F. Van Oystaeyen obtained a classification by
pairs of elements in twisted Laurent polynomials in [17]. They continued this for rings
of differential operators on surfaces that are products of curves in [18]. The techniques
make use of a gradation and graded module theory as well as G/ K-dimension.

5. APPENDIX : SOME EXAMPLES

5.1 Quantum 2 x 2-matrices
The C-algebra generated by a, b, ¢, d with defining relations :

ba = q2ab, ca = q2ac, bc = cb,

db = q~2bd, dc = q?cd,ad — da = (¢* — g~ %)bc

is called the algebra of quantum 2 x 2-matrices M,(2). Then M, (2) is a schematic algebra
and a Noetherian domain as it is an iterated Ore extension of a nice kind :

Rl = C[CL]

Ry = Cla, b]/(ba — q2ab)
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R3 = Cla, b, c|/(ba — g~ %ab, ca — ¢ %ac, be — cb)

Ry = Ry[b, pl] where the automorphism p; of Ry is determined by pi(a) = ¢ 2a.
Ry = Rylc, po] where pa(a) = g %a, pa(b) = b

Finally M,(2) = Rs[d, ps, 5] where the automorphism ps is determined by ps(a) =
a, p3(b) = q~2b, ,03( ) = ¢ %c and the ps-derivation 4 is given by §(a) = (¢* —q2)bc
and 6(b) — 5( )

5.2 Quantum Weyl Algebras

Look at (\;) € M,(k) with \;; € k*, together with a row (q1,...,q,),¢ € k*. The
quantum Weyl algebra A,(g, A) in the R-algebra generated by x1,...,Zn, Y1, -, Un
with defining relations : (putting p;; = A q;), for ¢ C j -

I‘il’j = Mijmjxi

TiY; = AjiYii

YiYi = NjiYiY;

LjYi = HijYils

riy; = qyiv; + 14+ 32 5(6 — Dy
We may again establish that A, (g, A) is an iterated Ore extension by adding the variables
in the order : x1,y1,22,¥2,...,%,, yo. The associated graded rings with respect to the
standard filtrations may be calculated and one obtains the fact that A, (g, A) is affine
schematic (and its Rees rings too) and also schematic.

5.3 The Sklyanin Algebra

The 3-dimensional algebra generated over k by three homogeneous elements of degree
1, XY, Z say, with defining relations :

aXY +bYX +¢Z?=0

aYZ +bZY +¢X?=0
aZX +bXZ +cY?=0

(a,b,x € k) is said to be the Sklyanin algebra Si(a,b, c). This algebra is schematic.

5.4 Color Lie Superalgebras
Consider an abelian group I' and € : ' x I' — C* satisfying : €(«, ) €(5,a) =1, e(a, 5+
7) = €l B) €(, ), ela+ 3,7) = ela,7) e(B, 7).

Let L = ®yerL, be a I'-graded vector space together with a graded bilinear mapping
< ...,...>satistying for a € L,,b € Lg,c € L,,a,3,7v €', <a,b>= —¢(a, ) < b,a >
0=¢€(y,a) <a,<bc>>+e(a, ) <b,<c,a>>—+e(f,7) <c, <ab>>

Consider the tensor algebra T'(L) and let J(L) be the ideal generated by all

a®b—ela,f)b®@a— < a,b>

for a € L,,b € Lg. The algebra T'(L)/J(L) is the universal enveloping algebra of L,
it is a ['-graded ring and it has also a positive filtration by taking F,Ux (L) to be the
image of T'(K),. ;From the generalized Poincaré-Birkhoff-Witt theorem it follows that
the associated Z-graded algebra G(U(L)) is a Z x I'-graded algebra isomorphic to T'(L)
modulo the ideal generated by all a ® b — €(a, )b ® a, for a € L,,b € Lg. We have
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established (Theorem 1.2.19 in [131]) that G(U(L)) is schematic, U(L) is weakly affine
schematic and the Rees ring U(L)™ is schematic.

5.5 Witten’s Gauge Algebras
Consider the C-algebra W generated by X, Y, Z subjected to the relations :
XY +aYX+38Y =0

YZ+~ZY +6X?+eX =0
ZX +EXZ+nZ =0

Total degree on XY, Z defines the standard filtration on W. It is not hard to verify that
G (W) is defined by the relations :

XY +aYX =0
YZ+~yZY +6X2 =0
ZX +6XZ =0

The algebra G(W) is quadratic and represents a quantum space in the sense of Y. Manin.
The algebra W (C) is weakly affine schematic, G(W) and the Rees ring W are schematic.

5.6 Quantum sl, (Woronowicz)

Let W,(slz) be the C-algebra generated by X,Y,Z subjected to the following defining
relations :

VIXZ — \JT'ZX = \/q+q ' Z

VI'XY = @YX =—\/q+ ¢ 'Y

YZ—-2ZY =(\Ji— T NX*—a+q¢'X

271
k+2

In W,(sly) there is a central quadratic element, the deformed Casimir operator C' =

VI 'ZY + @Y Z + X2 Put A=1-C(/7— /7 ")(V/a+q') and write :

(X = (Ve - \1/5_1)”161 TN ey
Y(\/quq‘fl)\/K1
Z(Va+qat WA

which is posible up to inverting the central element A ! The relations rewrite in the
new arguments x,y, z as

(classically ¢ = exp ( ) and k is the Chern coupling constant.

T
)
z

Va4 xz— \/G_lzx =z
VI Ty — G yr =y
gy —qyz=x
One calculates from this the relations for the associated graded rings in the standard

filtration :
\/6 Tz — \/g_lzx =0
\/aflxy —Vqyr =0

¢ 'zy —qyz =0
The Rees ring W, (sl)™ can be written by homogenizing the relations between the z,y, z.
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Looking at the Witten algebra W defined by putting § = 0 and making obvious choices
for the o, 3,7, ... it is clear that the special Witten algebra then obtained contains A~}
as a normalizing element. This means that W, (sl;) and the special Witten algebra are
birational in the noncommutative sense (up to inverting a central element in the first
and a normalizing element in the second they yield the same localization but up to the
quadratic extension obtained by adding v/A. Again G(W,(sly)) and the Rees ring W, (sly)™

are schematic.

All foregoing examples are Auslander regular (3.2.17. of [131]).
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HOMOLOGICAL CONJECTURES AND RADICAL-FULL EXTENSIONS

CHANGCHANG XI

ABSTRACT. This survey paper is based on my lectures giving at the ‘42nd Symposium
on Ring Theory and Representation Theory’ held at Osaka Kyoiku University, Japan,
10-12 October 2009. In this paper, we consider the finitistic dimension and the strong
no loop conjectures (and related other homological conjectures). We approach these
conjectures by the so-called radical-full extensions, and reduce the verification of these
conjectures to the following question: Suppose that B C A is a radical-full extension
such that the radical of B is a left ideal in A, and that one of these conjectures is true
for A, is it possible to prove that the same conjecture is true for B 7 We shall provide
basic definitions and examples, and report current results on the two conjectures in this
direction.
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1. INTRODUCTION TO TWO HOMOLOGICAL CONJECTURES

In the modern representation theory of algebras, homological methods are used quite
often to describe algebraic invariants and properties of modules and algebras. These
homological aspects nowadays become interesting topics, and stimulate many deep inves-
tigations in different directions. It has turned out that many homological conjectures on
algebras and modules arise (see [1]). Among them are the finitistic dimension and the
strong no loop conjectures, on which we will concentrate in the present paper. In this
section, we shall give the precise statements of the conjectures, and mention other related
conjectures; In Section 2, we propose a new idea to understand these two conjectures,
namely we want to approach the conjectures by algebra extensions, in this way, one may
use external information of an algebra with simple representation theory to investigate ho-
mological conjectures for another algebra with usually complicated representation theory,
and show that this new method may be useful for attacking the conjectures. In Section

The detailed version of this paper has been submitted for publication elsewhere.
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3, we introduce a special extension of algebras, namely the radical-full extension, and
reduce the consideration of our homological conjectures to questions related to radical-
full extensions of algebras. We shall give two kinds of examples for obtaining radical-full
extensions. In Section 4 and Section 5, we summarize current results on the finitistic
dimension and the strong no loop conjectures under our setting, respectively.

Let us fix some notations. Let A be a finite-dimensional k-algebra over a field k.
By a module we mean a finitely generated left module, and by A-mod we denote the
category of all A-modules. For a module M € A-mod, we denote by pd(4M) (respectively,
id(4M)) the projective (respectively, injective) dimension of M, and by gl.dim(A) the
global dimension of A. The finitistic dimension of A is defined as

fin.dim(A) = sup{pd(4M) | M € A-mod, pd(4M) < oo}

The following question on finitistic dimension was mentioned in a paper [2] of H.Bass in
1960, which now becomes a conjecture (see [1]), and will be called the finitistic dimension
conjecture in this paper.

Finitistic dimension conjecture: For a finite-dimensional k-algebra A, fin.dim(A)
is finite.

As is known, this conjecture is related to many other homological conjectures in homo-
logical algebra and in the representation theory of Artin algebras. Among them are the
following:

e Wakamatsu tilting conjecture: Suppose that T is a Wakamatsu tilting A-
module over a finite-dimensional algebra A, If pd(47") < oo, then T is a tilting
A-module.

Recall that an A-module T is called a Wakamatsu tilting module if Ext”y (T, T) =
0 for all n > 0, and there is an exact sequence

0 ATy g S I

in A-mod with T; € add(T) such that Ext! (T,Im(f;)) = 0 for all i« > 0, where
add(T") stands for the additive subcategory of A-mod generated by T', and Im(f;)
denotes the image of f;.

e Tilting complement conjecture: An almost tilting A-module has only finitely
many non-isomorphic indecomposable tiling complements.

Recall that an A-module T is called an almost tilting module if pd(4T) < oo,
Ext’y(T,T) = 0 for all i > 0, and the number of non-isomorphic indecomposable
summands of 7" is equal to the number of non-isomorphic simple A-modules minus
1. Given an almost tilting module 7', an indecomposable A-module M is called a
tilting complement to T if T'@® M is a tilting module.

e Nakayama Conjecture: If all injective A-modules I; in a minimal injective
resolution 0 — 4A — [y — [} — --- of A are projective, then A is self-injective,
that is, 4A is an injective A-module.

e General Nakayama conjecture: Every indecomposable injective A-module is
isomorphic to a direct summand of some I; in a minimal injective resolution of A:
0= JA—=ITg— 11 —---.
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e Strong Nakayama conjecture: If M is a non-zero A-module, then there is an
n > 0 such that Ext’ (M, A) # 0.

e Gorenstein symmetry conjecture: For an algebra A, if id(4A4) < oo, then
ld(A A) < 0.

The relationship between these conjectures is that if the finitistic dimension conjecture
is true for all Artin algebras, then each of these other conjectures is true for all Artin
algebras.

For further discussion on the links between these conjectures, we refer the reader to
[17].

Now, we turn to introducing the strong no loop conjecture. In the papers [10] and [6],
it was shown that if the global dimension of a finite-dimensional algebra A is finite, then
Ext}(S,S) = 0 for all simple A-modules S. Thus, in this case, the quiver of the algebra
A has no loops. In [6], a strong version of this result was proposed:

Strong no loop conjecture: If a simple A-module S satisfies Ext!(S,S) # 0, then
pd( AS ) = Q.

We notice that all conjectures listed here are still open.

2. MAIN IDEAS AND QUESTIONS

To understand the finitistic dimension and the strong no loop conjectures, we will
use certain extensions of algebras. Our idea is to employ external information of bigger
algebras A with relatively simple representation theory to investigate the conjectures for
subalgebras B with, usually, a relatively complicated representation theory. In this way,
we may work out a method for understanding these conjectures, which is applicable to
general finite-dimension algebras instead of a special class of algebras.

If A and B are algebras such that B is a subalgebra of A with the same identity, then
we say that A is an extension of B. In this case, we also say that B C A is an extension
of algebras.

We consider the following question:

Let B C A be an extension of algebras. Suppose that a conjecture is true for A, is it
possible to show that the same conjecture is true for B 7

Clearly, for an arbitrary extension, we could not say much about this question. So we
confront immediately with the following questions that we have to think about:

(a) What kind of extensions should we choose ?
(b) What kind of A should be considered 7
(c) Does such an idea make sense 7

To question (c): On the one hand, every finite-dimensional algebra can be embedded
into a full matrix algebra, this experience tells us that a bigger algebra may have a
relatively simple representation theory and homological property. On the other hand, for
any algebra A given by quiver and relations, if the quiver contains at least two arrows,
then A contains a subalgebra of infinite global dimension and of infinite representation
type. This means that in general subalgebras of an algebra may be more complicated than
the algebra itself. Also, the content of the finitistic dimension conjecture itself does not
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tell us any information or indication about algebras and modules that we are concerning,
so some external information for looking at this “black box” may be needed. From these
points of view, our idea may make sense.

To question (b): Transparently, we should choose algebras for which the conjectures
hold true. Moreover, we would like to replace the bigger algebras A by some algebras that
are “equivalent” to A. For equivalences we here choose stable equivalences of Morita type
and derived equivalences since the finiteness of finitistic dimension is preserved under these
two kinds of equivalences (see [11]). In fact, it is easy to see that stable equivalences of
Morita type even preserve finitistic dimension. This leads us to considering the invariants
and constructions of these equivalences, a topic which we shall not touch in this paper.

To question (a): Of course, we cannot choose arbitrary extensions since they do not
provide us desired information. So we would like to choose certain idealized extensions
and the so-called radical-full extensions, both of which involve the Jacobson radicals of
algebras. This topic will be discussed in the next section.

3. RADICAL-FULL EXTENSIONS

In literature, there are many types of extensions, for example, separable extension,
semisimple extension, H-separable extension, Frobenius extension, and so on. For our
purpose, we shall introduce an extension related to the Jacobson radicals of algebras (see
[12] and [13], for example).

An extension B C A of Artin algebras is called radical-idealized if rad(B) is a left ideal
in A, and radical-full if rad(gA) = rad(4A), that is, rad(A)= rad(B)A. A special case of
a radical-full extension is the radical-equal extension, that is, an extension B C A with
rad(B) = rad(A). Similarly, one can define a right version of these notions by using right
modules.

The following propositions show that our approach to the finitistic dimension and the
strong no loop conjectures by radical-full extensions may be useful.

Proposition 1. Let k be a perfect field. Then the following are equivalent:

(1) For all k-algebras A, fin.dim(A) < oco.

(2) For any radical-idealized, radical-full extension C' C B of k-algebras, if fin.dim(B) <
00, then fin.dim(C') < oo.

(3) For any radical-idealized extension C C B of k-algebras, if fin.dim(B) < oo, then
fin.dim(C') < 0.

(4) For any extension C C B of k-algebras such that rad(C) is an ideal in B, if
fin.dim(B) < oo, then fin.dim(C') < oo.

Similarly, for the strong no loop conjecture, we have the following equivalent conditions.
Note that when we say that the strong no loop conjecture is true for an algebra A, we
mean that for every simple A-module S with Ext}(S,S) # 0, we have pd(4.5) = oo.

Proposition 2. Let k be a perfect field. Then the following are equivalent:

(1) The strong no loop conjecture is true for all k-algebras A.

(2) For any radical-idealized, radical-full extension C C B of k-algebras, if the strong
no loop conjecture is true for B, then so is it for C.
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(3) For any radical-idealized extension C'° C B of k-algebras, if the strong no loop
conjecture is true for B, then so is it for C.

(4) For any radical-idealized extension C' C B of k-algebras such that rad(C) is an ideal
in B, if the strong no loop conjecture is true for B, then so is it for C.

Thus, from the above two propositions, it is sufficient to investigate the question in
Section 2 for radical-idealized and radical-full extensions. An immediate question is how
to get such extensions.

Now let us give three constructions of radical-full extensions.

Suppose that A = kQ/I is a finite-dimensional algebra (over a field k) presented by a
quiver Q = (Qo, Q1) with relations, where I is an admissible ideal in the path algebra kQ
of (). Note that the composition of two arrows «a, 3 € Q1 is written as a3, where o comes
first and then [ follows. As usual, for i € @y, we denote by e; the primitive idempotent
element in A corresponding to the vertex 1.

(1) Gluing vertices

Suppose we are given a partition of the vertex set Qo, say Qo = UL, I;. Let f; = Zigi €;
for j = 1,2,--- ,m. Let B be the subalgebra of A generated by f1, fo,--- , fm and rad(A).
Then we see that B C A is a radical-equal extension. The quiver of B is obtained from

that of A by gluing all vertices in I; together for every I;.

(2) Unifying arrows

Let {1,2,--- ,n} be a subset of )y, and let o; be n distinct arrows in ); such that
a; has the terminus i and that all a; have a common starting vertex. We define Q, =
Qo \{1,2,--,n}, Q=1 \{oi |i=1,2,--- ,n},e=>" e,and a= > ;. Let B
be the subalgebra of A generated by the idempotent elements e, e;, with j € Q, and the
arrows a, 3, with 3 € @,. Note that if o, is a loop in A, then we have a,a = a?. It is
not hard to see that rad(B) is a left ideal in A and rad(A) = rad(B)S = rad(B)A, where
S is the maximal semisimple subalgebra of A generated by all e; with ¢ € ()g. Thus the
extension B C A is radical-idealized and radical-full. The quiver of B is obtained from
that of A by gluing all vertices in {1,2,--- ,n} together into one vertex, and unifying all
arrows o, g, - - - , Qu, INtO one arrow.

(3) Triangulation
Suppose that we are given an algebra B with a decomposition B = S @ rad(B), where
S is a maximal semisimple subalgebra of B. Let n be the nilpotency of rad(B). We define

B = B/rad"'(B), and
- ( radS(B) % ) '

Then there is an embedding of B into A such that this extension is radical-idealized and
radical-full, namely

b

where b is the image of b € B under the canonical surjection from B to B.

B C A, b:$+rr—>(i(—)),

Now we display two concrete examples to illustrate the first two constructions.
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Example 1. Let A and B be the following two algebras presented by quivers with
relations, respectively:

A }é% I3 Q@
: le o4 B: YD E—
‘}54 0 gl
af = 6. aB =70, 00 =3 =0a®=~*=~vya = ay = 0.

We can see that B is obtained by gluing the vertices 2, 3 and 4 in the quiver of A. Thus
the extension B C A is radical-equal. Note that A is representation-finite and has finite
global dimension, while the subalgebra B of A is representation-infinite and of infinite
global dimension.

If we unify the arrows « and ~ in the quiver of A, then we get the following subalgebra
C of A: 3

C: o3 o oty °

(a+7)8 = (a+7)d.

Thus C' C A is a radical-full extension. Again, the subalgebra C' of A is representation-
infinite. Clearly, the radical of C'is properly contained in the radical of A.

Example 2. Let A and B be algebras presented by the following quivers with relations,

respectively:
%v\i €
A 5T « B:
04 0
2
af —avyd =a?=0. 52 =€ = de = 0.

Clearly, we see that B can be obtained from A by unifying the arrows «, # and = into
one arrow € = (a + [+ ). In this procedure, the arrow ¢ in the quiver of A becomes a
loop in the quiver of B.

Finally, we mention some facts on radical-full extensions from [12] and [15].

Assume that B C A is a radical-idealized extension of Artin algebras. Then

(1) for any B-module g X, the B-module Q% (X) is an A-module for j > 2, where Q%
is the i-th syzygy operator of B.

(2) For each A-module Y, we have Q4(A®pY) ~ Qp(Y) as A-modules.

(3) If the extension is radical-full, then add(,(A/rad(A4))) = add(B/rad(B)). Thus
every simple B-module is a direct summand of the restriction of a simple A-module to B.

A direct consequence of the facts (1) and (2) is the following proposition.

Proposition 3. Suppose that B C A is a radical-idealized extension of Artin algebras. If
pd(Ap) < oo, then fin.dim(B) < fin.dim(A) + pd(Ag) + 2.

Proof. Let n = pd(Ap). Pick a B-module X, define Y := Q%"(X), which is an
A-module by (1), and consider a minimal projective resolution of gY:

0O—PFP,—-—P —-F—Y —N0.

—108-



By tensoring this sequence, we get a sequence:
(*) 0—-A®g P, — - — AR P - AR Py — ARY — 0.

Since Tor?(Ap,Y) = Tor?(Ap, Q3*(X)) = TorZ,,, (A, X) = 0 for j > 1, we sce that
this sequence is exact. Furthermore, we can show by the fact (2) that the sequence is also
a minimal projective resolution of the A-module A®gY. Thus pd(gY) = pd(4A®pY) <
fin.dim(A), and therefore we have the estimation in the proposition.

4. RECENT RESULTS ON THE FINITISTIC DIMENSION CONJECTURE

In this section we present some results along the idea of algebra extensions.
In [12], we showed the following result.

Theorem 4. Let C C B C A be three Artin algebras with the same identity such that
both C C B and B C A are radical-idealized. If A is representation-finite, then C has
finite finitistic dimension.

An open question is to extend this result to a chain containing four or more than four
algebras. A positive answer to this question for finite chain of algebras would solve the
finitistic dimension conjecture [12]. The next result involves global dimension [13].

Theorem 5. Let B C A be a radical-idealized, radical-full extension of Artin algebras. If
gl.dim(A) <4, then fin. dim(B) < oc.

The case of gl.dim(A) > 5 is open. It would be interesting to generalize this result.

When considering an extension, we may automatically think of the notion of relatively
projective modules, and the one of relative global dimension.

Recall that, given an extension B C A of algebras, an A-module X is called rela-
tively projective if the multiplication map p: 4A ®p X — 4 X of A-modules is a split-
epimorphism, that is, there is a homomorphism ¢ : X — A ®p X of A-modules such
that pu is the identity map on X. In this case we also say that X is (A, B)-projective.
A short exact sequence of A-modules is called (A, B)-exact if it splits as an exact se-
quence of B-modules. The relative projective dimension of an A-module can be defined
by (A, B)-projective modules and exact (A, B)-sequences. We leave the precise formula-
tion of this notion to the reader. We denote by gl.dm(A, B) the relative global dimension
of the extension B C A. For more details on relative homological algebra one may look
at the paper [4].

It is known that gl.dim(A, B) = 0 if and only if the extension B C A is semisimple, that
is, every A-module is (A, B)-projective. Examples of semisimple extension are radical-
equal extensions.

Related to (A, B)-projective modules, we have the following results in [15].

Theorem 6. Let B C A be a radical-idealized extension of Artin algebra. Suppose the
category of all finitely generated (A, B)-projective A-modules is closed under taking A-
syzygies (for example, the extension is semisimple, or Ap is projective). If fin.dim(A) <
00, then fin.dim(B) < oco.
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In [14] there is another approach to finitistic dimension conjecture, namely we use the
pair eAde C A with €2 = e € A, and try to understand the finitistic dimension of eAe by
that of A. For details we refer to the paper [14]. Recently, Huard, Lanzilotta and Mendoza
use socle or top layers of a module to approach the finitistic dimension conjecture. Again,
I refer the details to the paper [5].

5. RECENT RESULTS ON THE STRONG NO LOOP CONJECTURE

Concerning the strong no loop conjecture, not much is known. There are only a few
papers dealing with this conjecture in literature. It was verified for monomial algebras
[6], quasi-monomial algebras [3], special biserial algebras and quasi-stratified algebras
8, 9], and algebras (over an algebraically closed field) of radical-cube-zero with two simple
modules [7].

Along the approach by extensions, we have the following result in [16].

Theorem 7. Let B C A be a radical-idealized, radical-full extension of Artin algebras. If
gl.dim(A) < 2, then the strong no loop conjecture is true for B.

If we stress the condition on extension, we have the following result.

Theorem 8. Let B C A be a radical-idealized extension of Artin algebras with gl.dim(A, B)
0. If the strong no loop conjecture is true for A, then it is true for B.

Thus, if we glue vertices from an algebra A given by quiver and relations, then we get
a new algebra B for which the strong no loop conjecture is true. Moreover, if we start
with algebra of global dimension at most 2 (for example, with an Auslander algebra), and
unify arrows, then the strong no loop conjecture is true for the new algebra.

Finally, we remark that gl.dim(A, B) < 1 for any radical-idealized, radical-full extension
B C A of Artin algebras. Thus, if we could extend Theorem 6 and Theorem 8 to the
case of gl.dim(A, B) < 1, we would prove both the finitistic dimension conjecture and the
strong no loop conjecture.
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THE CLASSIFICATION OF TILTING MODULES
OVER HARADA ALGEBRAS

KOTA YAMAURA

ABSTRACT. In the 1980s, Harada introduced a class of algebras now called Harada
algebras, which give a common generalization of quasi-Frobenius algebras and Nakayama
algebras. In this paper, we classify tilting modules over Harada algebras by giving a
bijection between tilting modules over Harada algebras and tilting modules over direct
products of upper triangular matrix algebras over K. A combinatorial description of
tilting modules over upper triangular matrix algebras over K is known. These facts
allow us to classify tilting modules over a given Harada algebra.

1. INTRODUCTION

Two classes of algebras have been studied for a long time. The first is Nakayama
algebras and the second is quasi-Frobenius algebras. In the 1980s, Harada introduced a
class of algebras now called Harada algebras, which give a common generalization of quasi-
Frobenius algebras and Nakayama algebras. Many authors have studied the structure of
Harada algebras (e.g. [7, 8, 17, 18, 19, 20, 21, 22]). Now let us recall that left Harada
algebras as defined from a structural point of view as follows.

Definition 1. Let R be a basic algebra and Pi(R) be a complete set of orthogonal
primitive idempotents of R. We call R a left Harada algebra if Pi(R) can be arranged
such that Pi(R) = {e;;}]2,,72, where

(a) e;1 R is an injective R-module for any i = 1,--- ,m,

(b) ejjR~e;jq1J forany i =1,--- ,m, j=2,--- ,n,.
Here J is the Jacobson radical of R.

Then we put
(11) Pij = Giljj_l ~ ein (1 S 1 S m, 1 S j S ’I’Ll)
for simplicity. By the above conditions (1) and (2), we have a chain
PiD P> D By,

of indecomposable projective R-modules.

It follows from definition that left Harada algebras satisfy the property QF-3 which
is the condition that the injective hull of the algebra is projective. This property is
called 1-Gorenstein by Auslander (and dominant dimension at least one by Tachikawa)
[5, 12, 14, 15, 24], and often plays an important role in the representation theory. Left
Harada algebras form a class of 1-Gorenstein algebras, and their indecomposable projec-
tive modules have "nice” structure.

The detailed version of this paper will be submitted for publication elsewhere.
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In this paper, we classify tilting modules over left Harada algebras. Tilting modules
provide a powerful tool in the representation theory of algebras and are due to [4, 9, 10].

Definition 2. Let R be an algebra. An R-module T is called a partial tilting module if
it satisfies the following conditions.
(1) proj.dim7" < 1.
(2) Extp(T,T) = 0.
A partial tilting R-module T is called a tilting module if it satisfies the following condition.
(3) There exists an exact sequence

O—>RR—>TO—>T1HO
where Ty, T} € addT'.

We can see from the above definition that tilting modules are a generalization of pro-
generators. Morita theory shows that any progenerator P over an algebra R induces a
categorical equivalence between modR and mod(Endg(P)). This result is generalized by
Brenner-Butler. It says that any tilting module 7" over an algebra R induces two categor-
ical equivalences between certain full subcategories of modR and of mod(Endg(7)). As
a consequence, R and Endg(7') share a lot of homological properties (e.g. finiteness of
global dimension). By this reason, tilting modules are important for the study of algebras
and finding a classification of tilting modules over a given algebra is an important problem
in representation theory.

Now we give notion which gives an essential class of tilting modules.

Definition 3. Let T' be a module over an algebra R and 7" ~ ®},T; an indecomposable
decomposition of 7. Then we call T" basic if T; and T} are not isomorphic to each other
for any i # j.

Thanks to Morita theory, it is enough to consider basic tilting modules. We denote by
tilt(R) the set of isomorphism classes of basic tilting modules over an algebra R.

The aim of this paper is to give a classification of tilting modules over a left Harada
algebra. We present our main theorem which return the classification of tilting modueles
over left Harada algebras to that of tilting modules over upper triangular matrix algebras
over K. We dente by T, (K) an n x n upper triangular matrix algebra over K.

Theorem 4. Let R be a left Harada algebra as in Definition 1. Then there is a bijection
tilt(R) — tilt(T,,, (K)) x tilt(T,,,(K)) x -+ x tilt(T,, , (K)).

We will construct the above bijection in Section 2, and give outline of the proof in
Section 3.

In Section 4, we give a description of tilting T, (K )-modules by using non-crossing
partitions of regular polygons. Then we can completely classify tilting modules over a
given left Harada algebra.

In Section 5, we show an example of the classification of tilting modules over left Harada
algebras.

Throughout this paper, an algebra means a finite dimensional associative algebra over
an algebraically closed field K. We always deal with finitely generated right modules over
algebras. We denote by J the Jacobson radical of an algebra R.
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2. MAIN RESULTS

In this section, let R be a left Harada algebra as in Definition 1. We use the notation
(1.1). We consider a factor algebra R = R/I of R which is isomorphic to direct product
of upper triangular matrix algebras over K. R contains important information of R
which is seen in Lemma 10 and Proposition 11. After introducing R, we define a functor
F : modR — modR which induces the bijection of Theorem 4, and give the precise
statement of Thorem 4.

We start by giving the ideal I of R. We put

ez-jR D) Iij = €ijjni_j+1 (]. S 1 S m, 1 S ] S ni),

i=1 j=1
Obviously I is a right ideal of R. But it can be seen that I is also a left ideal of R. Thus
we have the following lemma.

Lemma 5. [ is an ideal of R.
By Lemma 5, we can consider a factor algebra
R:=R/I

We show that R is isomorphic to direct product of upper triangular matrix algebras
over K. To show this, we describe all indecomposable projective R-modules as factor
modules of indecomposable projective R-modules. Since [ is contained in .J,

{€&j=e;+1]1<i<m, 1<j<n}
is a complete set of orthogonal primitive idempotents of R. Thus
{eyR11<i<m, 1<j<n;}

is a complete set of indecomposable projective R-modules. Obviously we have

€ij R~ ejjR/ein,J ~ Pij/(Pin,J).

By the structure of R in Definition 1, indecomposable projective R-modules have the
following unique composition series.

Pi/(Pin,J) D Po/(Pn,J) Deoeee- > P, /(Pn,J) D0
P21/<P2n2J) D) P22/(P2n2J) DRI D) P2n2/<P2n2J> D) 0
Poi/(Pun,,J) DO Pua/(Pun,J) D--v--- D Pun,,/(Pun,,J) D 0

We note that composition factors of the above composition series are not isomorphic to
each other.
We put
€ 1= €1 T g+ F Cip,
for any 1 <7 < m. Then by the above argument, we have the following result.

Proposition 6. We have the following algebra isomorphisms.
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Tnz<K) (Z.: >
0 (i # 7).
(2) R~T,,(K) x Tp,(K) x---x T, (K).

Next we consider a functor
F:=—®pR:modR — modR.

This functor plays a key role for our main theorem. B
Now we state a theorem which gives a bijection between tilt(R) and tilt(R) by using
the functor F'.

Theorem 7. We have a bijection

F:tilt(R) > T +— F(T) € tilt(R).
As a consequence of Theorem 7, we have the following result immediately.
Corollary 8. We have a bijection
tilt(R) 2 T +—— (F(T)ey, -, F(T)en) € tilt(Rey) x - - x tilt(Re,y,).
Hence by Proposition 6, we have Theorem 4.

3. PROOF OF THEOREM 7

In this section, we keep the notations from the previous section. We show outline of
the proof of Theorem 7.

First we give a more stronger result than our main theorem. Namely we classify inde-
composable R-modules whose projective dimension is equal to one. Obviously projective
dimension of Py /P is equal to one for any 1 <i < m, 1 < k <l < n;. The following
theorem shows that the converse holds.

Theorem 9. A complete set of isomorphism classes of indecomposable R-modules whose
projective dimension is equal to one is given as follows.
{P/Py|1<i<m, 1 <k<l<n}.
Next we consider the restriction on F' to full subcategories P or P; of modR which are
defined by
P :={M € modR | proj.dimM < 1}
and
Pi=add{P;, Pu/Pu|1<j<n, 1<k<i<n}
for any 1 <7 < m. By Theorem 9, we have
P:add<P1UP2U"'UPm).
The restriction on F to P has two important properties. First property is the following
lemma which is proved by easy calculations.
Lemma 10. The following hold.
(1) The restriction on F to P induces a bijection from isomorphism classes of P to

that of modR.
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(2) The restriction on F to P; induces a bijection from isomorphism classes of P; to
that of mod(Re;).

We remark that the restriction on F' to P is not faithful in general, in particular, it is
not an equivalence.
Second property is that F' preserves vanishing property of first extension group on P.

Proposition 11. For any M, N € P, Exts(M, N) = 0 if and only z'fExtlﬁ(F(M), F(N)) =
0.

Finally by using the following well-known charactarization of tilting module, we can
prove Theorem 7.

Proposition 12. [3] Let R be a general algebra. Let T' be a partial tilting module. Then
the following are equivalent.
(1) T is a tilting module.
(2) The number of pairwise nonisomorphic indecomposable direct summands of T is
equal to that of pairwise nonisomorphic simple R-modules.

Now we prove Theorem 7. Let T" be a basic tilting R-module. It is enough to show
that F(T) is a basic tilting R-module. First by proj.dim7 < 1, we have 7' € P. Next by
Extp(T,T) = 0 and Proposition 11, we have Ext(F(T), F(T)) = 0. Therefore F(T) is
a basic partial tilting R-module. Finally by Lemma 10 and Proposition 12, we can see
that the number of pairwise nonisomorphic indecomposable direct summands of F(T') is
equal to that of pairwise nonisomorphic simple R-modules. Consequently by Proposition
12, F(T) is a basic tilting R-module. O

4. COMBINATORIAL DESCRIPTION OF TILTING T, (K)-MODULES

In this section, we show a classification of basic tilting T,, (K )-modules by constructing a
bijection between tilt(T,, (/X)) and the set of non-crossing partitions of the regular (n+2)-
polygon. We remark that our classification should be well-known for experts [2, 11, 16, 23].

First we introduce coordinates in the AR~quiver of T,,(K) as follows.

(1,n42)

(1,n+1 (2,n+2)

)
(2,n41)

(1,4)

(1,9) Q) e (L) (nns2)

We remark that the vertex (i, j) corresponds the T, (K)-module

izz 1 i 1 iz2 i !

Mjj=(0-0K-K)/(0+ 0K -K)=(0+-0K+ K0~0).
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Next we consider a regular (n+2)-polygon R, whose vertices are numbered as follows.

1
nt2” T2

1 -1
ot \Z/Z

We denote by D(R,.2) the set of all diagonals of R, s except edges of R, 5. We
call a subset S of D(R,.2) a non-crossing partition of R, o if S satisfies the following
conditions.

(1) Any two distinct diagonals in S do not cross except at their endpoints.
(2) R,2 is divided into triangles by diagonals in S.

We denote by P, 1o the set of an non-crossing partitions of R, .

Now we construct the correspondence ® from P, 1o to tilt(T, (K)). We take S € Py 10.
We remark that non-crossing partition of R, o consists of n — 1 diagonals. We denote by
(1,7) the diagonal between ¢ and j for 7 < j and put

S = {(ihjl)? (i27j2)7 ) (in—l7jn—1>}~
Then we define

n—1
D(S) := Mipio @ (@ Mzkjk> .

k=1
It is shown that this is a basic tilting T, (K )-module.
Then the following hold.
Theorem 13. The above correspondence ® is a bijection.
Theorem 13 gives a constructive bijection.

Example 14. We consider n = 3 case. We classify basic tilting T3(K)-modules by using
Theorem 13. The partitions of the regular pentagon into triangles are given as follows.

//\ T
N/ NS

2

AN /

4—mmmm3



\/
N—\ \/

/\
\/

Therefore the number of basic tilting T3(K)-modules is equal to 5 and all of basic tilting
T3(K)-modules are given as follows.

5. EXAMPLE

In this section, we show an example of the classifications of tilting modules over Harada
algebras.

Example 15. Let R be a basic QF-algebra whose complete set of orthogonal primitive
idempotents is given by {e, f}. Then we can represent R as the following matrix form.

R~ eRe eRf Q A
fRe fRf B W |-

Now we consider the block extension (c.f. [8, 22])
Q Q| A - A
_|i@ el a4 o4
R(ni,ng) := B ... Bl W W
B - B|JW) W

for ny,ns € N of R which is a subalgebra of Endg((eR)™ & (fR)"*). We can show that

(a) the first and (ny + 1)-th rows are injective modules,
(b) the i-th row is the Jacobson radical of the (i — 1)-th row for 2 < i < n and
n+2<i<n+m.
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In particular R(ny,n9) is a left Harada algebra with m = 2 in Definition 1.
We classify basic tilting R(ni,ns)-modules. By easy calculation, we can see that the
ideal I which is defined in Section 2 of R(ni,ns) is given by

J@Q) - JQ| A - A
@ @ 4 A
B - B |[JW) - JW)
Hence we have
Q/IJQ) - Q/JQ) 0 0
_ 0 Q@ o o o |
R=R/I = T I wrwy | = T )X T (),
0 0 0w

By Theorem 7, The functor
F=—-®R:modR — modR
induces a bijection
tilt(R(ny, ng)) — tilt(T,, (K)) x tilt(T,, (K)).

We can obtain all basic tilting R(nq, ne)-modules from the above bijection and Theorem
13.
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HOMOLOGICAL APPROACH TO THE FACE RING
OF A SIMPLICIAL POSET

KOHJI YANAGAWA*

ABSTRACT. A finite poset P is called simplicial, if it has the smallest element 0, and
every interval [O,x] is a boolean algebra. The face poset of a simplicial complex is a
typical example. Generalizing the Stanley-Reisner ring of a simplicial complex, Stanley
assigned the graded ring Ap to P. This ring has been studied from both combinatorial
and topological perspective. In this paper, we will give a concise description of a dualizing
complex of Ap and some related results.

1. INTRODUCTION

All posets (partially ordered sets) in this paper will be assumed to be finite. By the
order given by inclusion, the power set of a finite set can be seen as a poset, and it is
called a boolean algebra. We say a poset P is simplicial, if it admits the smallest element
0, and the interval [0,2] := {y € P | y < x} is isomorphic to a boolean algebra for all
x € P. For the simplicity, we denote rank(z) of x € P just by p(z). If P is simplicial and
p(z) = m, then [0, 2] is isomorphic to the boolean algebra 217},

Let A be a finite simplicial complex (with () € A). The face poset (i.e., the set of the
faces of A with order given by inclusion) is a simplicial poset. Any simplicial poset P
is obtained as the face poset of a regular cell complex, which we denote by I'(P). For
0 # z € P, c(z) € T'(P) denotes the open cell corresponds to x. Clearly, dimc(x) =
p(z) — 1. While the closure ¢(z) of ¢(z) is always a simplex, the intersection c(z) N c(y)
for x,y € P is not necessarily a simplex. For example, if two d-simplices are glued along
their boundaries, then it is not a simplicial complex, but gives a simplicial poset.

For z,y € P, set

[z V y| := the set of the minimal elements of { z € P |z > z,y }.

More generally, for zy,...,x,, € P, [x1V---Vx,] denotes the set of the minimal elements
of the common upper bounds of zy, ..., .

Set {y € P|ply) =1} ={vy1,...,yn}. For U C [n] := {1,...,n}, we simply denote
[Vico vil by [U]. If € [U], then p(x) = #U. For each x € P, there exists a unique U
such that x € [U]. Let z,2’ € P with # > 2’ and p(z) = p(2') + 1, and take U, U’ C [n]
such that « € [U] and 2’ € [U’]. Since U = U’ [ [{i} for some 7 in this case, we can set

a(i,U)=#{jeU|j<i} and  e(z,2’) == (—1)2CGY),

This article is basically a digest version of the preprint [11], which has been submitted to a journal.
* Partially supported by Grant-in-Aid for Scientific Research (c¢) (n0.19540028).
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Then € gives an incidence function of the cell complex I'(P), that is, for all z,y € P
with z > y and p(z) = p(y) + 2, we have €(z, 2) - €(2,y) + 6( 2') - (z ,y) = 0, where
{z,z/} ={weP|lz>w>y}.

As is well-known, the Stanley-Reisner ring of a finite simplicial complex is a powerful
tool for combinatorics. Generalizing this idea, Stanley [6] assigned the commutative ring
Ap to a simplicial poset P. For the definition of Ap, we remark that if [z V y] # 0 then
{z € P|z<ux,y} has the largest element 2 A y. Let k be a field, and S :=k[t, | z € P]
the polynomial ring in the variables ¢,. Consider the ideal

]P ::(tzty_txAy Z tz|l’,y€P)+(to—1>

z€[xVy]

of S (if [x Vy] = 0, we interpret that 3°_ .., t. = 0), and set
AP = S/]p

We denote Ap just by A, if there is no danger of confusion. Clearly, dim Ap = rank P =
dimI'(P) 4+ 1. For a rank 1 element y; € P, set t; := t,,. If {z} = [U] for some U C [n]
with #U > 2, then t, = [[,.ti in A, and ¢, is a “dummy variable”. Clearly, A is a
graded ring with deg(t,) = p(x). If I'(P) is a simplicial complex, then Ap is generated
by degree 1 elements, and coincides with the Stanley-Reisner ring of I'(P).

Note that A also has a Z"-grading such that degt; € N" is the ¢th unit vector. For
each x € P, the ideal

px:(tz|2$w)
of A is a prime ideal with dim A/p, = p(x), since A/p, =k[t; | y; < z].

Recently, M. Masuda and his coworkers studied Ap with a view from toric topology,
since the equivariant cohomology ring of a torus manifold is of the form Ap (cf. [4, 5]).
In this paper, we will introduce another approach.

Let R be a noetherian commutative ring, Mod R the category of R-modules, and
mod R its full subcategory consisting of finitely generated modules. The dualizing complex
D3, of R gives the important duality R Hompg(—, DY) on the bounded derived category
D’(mod R). If R is a (graded) local ring with the maximal ideal m, then the (graded)
Matlis dual of H~*(D%) is the local cohomology H: (R).

We have a concise description of the dualizing complex Ap as follows.

Theorem 1. Let P be a simplicial poset with d = rank P, and set A := Ap. The complex

I9:0 =1 = I — ... = 1% -0,

= P A/,

TEP,
p(z)=i

given by

and

O I3 D Afpe 3 Lagp, — > ezy)lapm e P Alp, I

p(y)=i—1, p(y)=i-1,
y<z y<z

is isomorphic to the dualizing complex D% of A in D*(Mod A).
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To prove this, it might be possible to use the description of H{ (A) by Duval ([1]).
However, we will take more conceptual approach. In [8], the author defined a squarefree
module over a polynomial ring, and many applications have been found. (For example,
regarding A as a squarefree module over the polynomial ring Sym Ay, Duval’s formula of
H! (A) mentioned above can be proved quickly. See Remark 15.) We will extend this
notion to modules over A, and use it in the proof of Theorem 1.

The category Sq A of square free A-modules is an abelian category with enough in-
jectives, and A/p, is an injective object. Hence I% is a complex in Sq A, and D(—) :=
Hom?(—, %) gives a duality on K°(Inj-Sq) (= D’(SqA)). Moreover, via the forgetful
functor Sq A — Mod A, D coincides with the duality R Hom4(—, D%) on D’(mod A).

As ]9, 10], we can assign a squarefree A-module M the constructible sheaf M* on (the
underlying space of) I'(P). In this context, the duality D corresponds to the Poincaré-
Verdier duality for the constructible sheaves on X up to translation. In particular, the
sheafification of the complex I%[—1] coincides with the Verdier dualizing complex of X
with the coefficients in k, where [—1] represents a translation by —1.

Using this argument, we can show the following. At least for the Cohen-Macaulay case,
it has been shown in Duval [1]. However our proof gives new perspective.

Corollary 2 (see, Theorem 16). The Cohen-Macaulay (resp. Gorenstein®, Buchsbaum
properties) and Serre’s condition (S;) of Ap are topological properties of the underlying
space of T'(P). Here we say Ap is Gorenstein™, if Ap is Gorenstein and the Z-graded
canonical module wy, is generated by its degree 0 part.

2. PREPARATION

In the rest of the paper, P is a simplicial poset with rank P = d. As in the preceding
section, we use the convention that A = Ap, {y € P | p(y) =1} = {v1,...,yn}, and
tiZZZt% S A.

For a subset U C [n] ={1,...,n}, Ay denotes the localization of A by the multiplica-
tively closed set { [[,c, ti* | a; > 0}. If [U] = 0, then Ay = 0. For x € [U],

ly
Uy 1= € Ay
HieU b
is an idempotent. Moreover, u, - u, = 0 for z, 2’ € [U] with x # 2/, and 1,4, = ZzG[U] Ug.
Hence we have a Z"-graded direct sum decomposition

14U'=: 6{9 /4U"um«

z€[U]

Let Gr A be the category of Z"-graded A-modules, and gr A its full subcategory con-
sisting of finitely generated modules. Here a morphism f : M — N in GrA is an
A-homomorphism with f(M,) C N, for all a € Z". As usual, for M and a € Z", M (a)
denotes the shifted module of M with M(a), = Mayp. For M, N € Gr A,

Hom ,(M, N) := @D Homg, 4(M, N(a))

aczn
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has a Z"-graded A-module structure. Similarly, Ext’ (M, N) € Gr A can be defined. If
M € gr A, the underlying module of Hom 4 (M, N) is isomorphic to Hom (M, N), and the
same is true for Ext’, (M, N).

If M € GrA, then MY := @, Homy(M_4,k) can be regarded as a Z"-graded A-
module, and (—)Y gives an exact contravariant functor from Gr A to itself, which is called
the graded Matlis duality functor.

Lemma 3. (1) Ea(x) := (Ay -uy)Y is injective in Gr A. Conversely, any indecomposable
injective in Gr A is isomorphic to Ea(z)(a) for some x € P and a € Z™.
(2) For M € Gr A, set M>q := @, .0 Ma. Then we have a canonical isomorphism

qu : A/px i EA(I)ZO

The Céch complex C* of A with respect to ty,...,t, is of the form
0—-C"'>C'— ... - C"=0 with C'= @AU

UC|n]
#U=1
(note that if #U > d then Ay = 0). The differential map is given by
C'> Ay dar— E: YA UG £, GB Ay C O
U'oU U'>U
#U'Zit1 #U'Zit1

where fyry + Ay — Ay is the natural map.

Since the radical of the ideal (ty,...,t,) is the maximal ideal m := (t, | 0 # = € P),
the cohomology H*(C*) of C* is isomorphic to the local cohomology H:(A). Moreover,
C* is isomorphic to RI'n(A) in D®(Mod A). Here RI'y, is the right derived functor of
['m: Mod A — Mod A given by I'y(M) = {s € M | m's =0 for i > 0}. The same is true
in the Z"-graded context. We may regard 'y, as a functor from Gr A to itself, and let
*RI, be its right derived functor. Then C* = *RI',(A) in D*(Gr A).

Let *D% be a Z"-graded normalized dualizing complex of A. By the Z"-graded version
of the local duality theorem [2, Theorem V.6.2], we have a quasi-isomorphism (*D%)¥ —
*RI'y(A). Taking the Matlis dual, we get a quasi-isomorphism *RI'y,(A)Y — *D%. Hence

(€)= @ Eala)

rzeP )
p(z)=i

and each F4(z) is injective in Gr A, (C*)Y actually coincides with *D%. Hence *D? is of

the form R
0— @ Ea(z) > EP Ealz)— - — Eal0) —0,

xeP zeP
plz)=d plz)=d—1

where the cohomological degree is given by the same way to I5. We will show that this
¢ is a quasi-isomorphism.

For each i € Z, we have an injection ¢’ : I, — *D? given by the injection ¢, : A/p, —
E(x) of Lemma 3. Then ¢ := (¢;)iez is a chain map I — *D°.

in D°(Gr A). Since
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Since p, is a Z"-graded ideal, "D , = Hom’(A/p,,"D%) is a Z"-graded (or 7P
graded) dualizing complex of A/p,, and quasi-isomorphic to its non-negative part I Jpe =
(*D*, /pz)zo (the latter statement is the polynomial ring case of Theorem 1, and it is a well-

known result). We have the following.

Lemma 4. For allz € P, ¢ : [§ — D% induces a quasi-isomorphism

I3 )p, = Hom?y (A/ps, I3) — How’y (A/ps, D) = "Dy,

3. SQUAREFREE MODULES OVER Ap, AND THE PROOF OF THEOREM 1

Let R = k[z1,...,x,] be a polynomial ring, and regard it as a Z"-graded ring. For
a=(ay,...,a,) € N" set supp(a) :={i|a; #0} C [n], and let 2* denote the monomial
[[z} € R.

Definition 5 ([8]). With the above notation, a Z"-graded R-module M is called square-
free, if it is finitely generated, N"-graded (i.e., M = @, y» Ma), and the multiplication
map M, > s — 2Ps € M,,y, is bijective for all a,b € N* with supp(a) D supp(b).

To define a squarefree module over the face ring A = Ap of a simplicial poset P, we
equip A with a finer “grading”, where the index set is no longer a monoid.

Recall the convention that {y € P | p(y) =1} = {y1,...,yn} and t; = t,, € A. For
each x € P, set

M(z) := @ Ne?,
yi<w
where e} is a basis element. So M(z) = NP as additive monoids. For z, z with z < z,
we have an injection ¢, , : M(z) 3 ef — €7 € M(z) of monoids. Set
M := lim M(x),

f—

reP
where the direct limit is taken with respect to ¢, , : Ml(z) — M(z) for z, z € P with z < z.
Note that M is no longer a monoid, just a set. Since all ¢, , is an injection, we can regard
M(z) as a subset of M. For each a € M, {x € P | a € M(x)} has the smallest element,
which is denoted by o(a).

We say a monomial m = [[._pth € A, n, € N, is standard, if {x € P|n, #0} is a
totally ordered set. The set of the standard monomials forms a k-basis of A. Let a,b € M.
If [o(a) V o(b)] # 0, then we can take the sum a + b € M(z) for each x € [o(a) V o(b)].
Unless [o(a) V o(b)] consists of a single element, we cannot define a +b € M. Hence we
denote each a+b € M(z) by (a+ b)|x.

Definition 6. M € Mod A is said to be M-graded if the following are satisfied;
(1) M = @D,y Ma as k-vector spaces;
(2) For a,b € M, we have

thh - @ M(g—l—b)\x-

z€[o(a)Vo(b)]

Hence, if [o(a) V o(b)] = 0, then &M, = 0.
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Clearly, A itself is an M-graded module with A, = k2. Since there is a natural map
M — N" an M-graded module can be see as a Z"-graded module.
If M is an M-graded A-module, then

Mg = P M,
agM(z)
is an M-graded submodule for all z € P, and
Mcey == M/My,
is a Z#®)-graded module over A/p, = k[t; | y; < z].

Definition 7. We say an M-graded A-module M is squarefree, if M, is a squarefree
module over the polynomial ring A/p, = k[¢; | y; < x| for all z € P.

Clearly, A itself, p, and A/p, for z € P, are squarefree. Let Sq A be the category of
squarefree A-modules and their A-homomorphisms f : M — M’ with f(M,) C M} for
all a € M. For example, I is a complex in Sq A. B

The incidence algebra A of P over k is a finite dimensional associative k-algebra with
basis { e, | ,y € P, x > y } whose multiplication is defined by

. . erw ify=2
T,y Zaw T .
0 otherwise.

Let mod A be the category of finitely generated left A-modules.

Proposition 8. We have Sq A = mod A. Hence Sq A is an abelian category with enough
injectives and the injective dimension of each object is at most d. An object M € Sq A is
an indecomposable injective if and only if M = A/p, for some x € P.

Let Inj-Sq be the full subcategory of Sq A consisting of all injective objects, that is,
finite direct sums of A/p, for various x € P. As is well-known, the bounded homotopy
category K°(Inj-Sq) is equivalent to D?(Sq A). Since
Alp, ifx>y,

0 otherwise,

Hom 4(A/pe, A/py) = {

we have Hom® (J®,I%) € K®(Inj-Sq) for all J* € K°(M*®). Moreover, Hom%(—, I%) pre-
serves homotopy equivalences, and gives a functor D : K*(Inj-Sq) — K®(Inj-Sq)°P.

On the other hand, M* +— Hom?%(M*®,*D%) gives the functor RHom ,(—,*D%) :
D’(gr A) — D’(gr A)°® under the identification D% ,(GrA) = D’(grA). Combining

U : K*(Inj-Sq) — D¥(SqA) — DP(gr A) given by the forgetful functor Sq A — gr A, we
have the two functors U oD and RHom ,(—,*D%) o U.

(D*(Sq A) =) K?(Inj-Sq) ——= D’(gr A)
“”l lmwm

K®(Inj-Sq)°P —— D(gr A)*
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By the chain map ¢ : I§ — *D% constructed in the end of the preceding section, we have
a natural transformation ® : Uo D — RHom 4(—,*D%) o U.

Proposition 9. ® is a natural isomorphism. Hence U oD = RHom 4(—,*D%) o U.

Proof. For v € P, ®(A/p,) is the chain map Hom,(A/p,,¢) : Hom%(A/p,,I%) —
Hom®% (A/p.,*D%), which is a quasi-isomorphism as shown in Lemma 4. Since any in-
decomposable injectives in Sq A is isomorphic to A/p, for some x € P, ® is a natural
isomorphism by [2, Proposition 7.1]. O

The proof of Theorem 1. Since A € Sq A, we have
I% = D(A) = RHom (A, *DY) = *DS,
by Proposition 9, where the isomorphism in the center is given by ®(A). If we forget

the Z"-grading, *D% is quasi-isomorphic to the usual (non-graded) dualizing complex D¥.
Hence I = D% in D*(Mod A). O

Remark 10. For x € P with r = p(z), set a(z) := (r,r,...,r) € N* = M(z) C M. If
x >y, then there is a degree a(x) — a(y) € M such that $2@)-2) . 1al) = ga(@),

By K’(Inj-Sq) = D*(Sq A), D can be regarded as a duality on D?(Sq A). Then, through
the equivalence Sq R = mod A, D coincides with the duality functor D on D°(mod A)
defined in [10] up to translation. Hence, for M* € D?(Sq A), the complex D(M*®) has the
following description: The term of cohomological degree p is

D(M*®)P = @ (Magy)* @k A/pa,
i+p(z)=—p
where (—)* denotes the k-dual. The differential is given by
(My)" @ Afpe 3 [ @ Lasp, — Y e(@y) fy®La, + (1) fodiyd @ Lajp,,

y<z,
p(y)=p(z)-1

where f, € (Magy))* denotes Mag,) > s — f(12)720) . 5) € k, and €(z,y) is the incidence
function.

Since H(D(M)) = Ext,"(M,*D%) = H: (M)" in Gr A, we have the following.

Corollary 11. If M € Sq A, then the local cohomology H. (M) can be seen as a square-
free module.

4. SHEAVES AND POINCARE-VERDIER DUALITY

The results in this section are parallel to those in [9, 10]. Recall that a simplicial poset
P gives a regular cell complex I'(P). Let X be the underlying space of I'(P), and c¢(z)
the open cell corresponding to 0 # 2 € P. Hence, for each x € P with p(z) > 2, ¢(x) is
an open subset of X homeomorphic to R?@ =1 (if p(z) = 1, then c¢(z) is a single point),
and X is the disjoint union of the cells ¢(z). Moreover, z > y if and only if ¢(z) D c(y).

As in the preceding section, let A be the incidence algebra of P. In [10], we assigned
the constructible sheaf Nt on X to N € modA. Through SqA = modA, we have
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the constructible sheaf M+ on X corresponding to M € SqA. Here we give a precise
construction for the reader’s convenience. For the sheaf theory, consult [3].
For M € Sq A, set
Spé(M) = U c(z) X Ma(z),
0#£zeP

where a(x) € M(xz) C M is the one defined in Remark 10. Let 7 : Spé(M) — X be the
projection map which sends (p,m) € c(x) x Ma) C Spé(M) to p € c(x) C X. For an
open subset U C X and amap s : U — Spé(M ), we will consider the following conditions:

(¥) Tos =idy and s, = t2®72W) . 5 _for all p € c(x) NU, q € c(y) NU with = > y.

Here s, € Ma(y) (resp. sq € Mag,)) with s(p) = (p, sp) (resp. s(q) = (q,54)).
(%*) There is an open covering U = |J,.; U; such that the restriction of s to U; satisfies
(%) for all i € I.

Now we define a sheaf M on X as follows: For an open set U C X, set
M (U):={s|s:U — Spé(M) is a map satisfying (*x) }

and the restriction map M (U) — M™(V) for U D V is the natural one. It is easy to
see that M is a constructible sheaf with respect to the cell decomposition T'(P). For
example, AT is the k-constant sheaf ky on X, and (A/p,)" is (the extension to X of) the

k-constant sheaf on the closed cell ¢(z).

Let Sh(X') be the category of sheaves of k-vector spaces on X. Since the stalk (M),
at p € c(x) C X is isomorphic to Ma(s), the functor (—)* : Sq A — Sh(X) is exact.

As mentioned in the previous section, D : D*(Sq A) — D?(Sq A)°P corresponds to ToD :
D’(mod A) — D’(mod A)°P, where D is the one defined in [10], and T is the translation
functor (i.e., T(M®)" = M**1). Through (=)' : mod A — Sh(X), D gives the Poincaré-
Verdier duality on D®(Sh(X)), so we have the following.

Theorem 12. For M*® € D*(Sq A), we have
T 'oD(M®)" 2 RHom((M*)",D%)

in D(Sh(X)). In particular, T-1((I%)") = D%, where 1% is the complex constructed in
Theorem 1, and D% s the Verdier dualizing complex of X with the coefficients in k.

The next result follows from results in [10].

Theorem 13. For M € Sq A, we have the decomposition H!,(M) = @, Hi(M)_a by
Corollary 11. The the following hold. -

(a) There is an isomorphism
HY(X,M*Y) 2 HI (M)o foralli>1,
and an exact sequence
0— HX(M)og — My — H*(X,M") — HL(M)o — 0.
(b) If 0 # a € M with x = o(a), then
Hrin(M)—g = Hz_l(Uxa M+|Um)

for alli > 0. Here U, =, c(z) is an open set of X, and H?(—) stands for the
cohomology with compact support.
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Let H(X;k) denote the ith reduced cohomology of X with coefficients in k. That is,
Hi(X:k) = HY(X:k) for all i > 1, and H°(X:k) @ k = H(X:k), where H'(X;k) is
the usual cohomology of X. Recall that H(X;k) is isomorphic to the sheaf cohomology
H(X,ky). In the Stanley-Reisner ring case, (the latter half of ) the next result is nothing
other than a famous formula of Hochster.

Corollary 14 (Duval [1, Theorem 5.9]). We have
[Hio(A))o = H™H(X5k)  and  [H(A))-a = H (Ui k)

for alli >0 and all 0 # a € M with x = o(a).
Here, [H. (A)]_a is also isomorphic to the ith cohomology of the cochain complex

Kp:0— KW — KO o 5 K0 with K, = @ kb.
z>T

p(z)=i

(b, is a basis element) whose differential map is given by

b, — Z e(w, 2) by,
w>z
p(w)=p(z)+1
For this description, a can be 0 € M. In this case, v = 0.
Duval uses the latter description, and he denotes H'(K?2) by H™—*®)~(1kp z).

Proof. The former half follows from Theorem 13. The latter part follows from that
H!(A) 2 H(D(A))" and that (D(A)Y)_n = K? as complexes of k-vector spaces by
Remark 10. 0J

Remark 15. Consider the polynomial ring 7" := Sym A; = k[t, ..., t,] (note that T is not
a subring of A). Since A is a squarefree module over T', the Z"-graded Hilbert function
of H! (A) can be computed by [8, Theorem 2.10], and [1, Theorem 5.9] (essentially, the
latter half of Corollary 14) follows rather quickly.

Similarly, we can easily describe Dr(A) = RHom(A, D%), and it coincides with 1% as
a complex of T-modules. That is, the dualizing complex D% becomes much easier if we
regard it as a complex of T-modules.

Theorem 16 (c.f. Duval [1]). Set d := rank P = dim X + 1. Then we have the following.

(a) A is Cohen-Macaulay if and only if H'(D%) = 0 for alli # —d+1, and H (X ;k) =
0 for all v # d — 1.

(b) Assume that A is Cohen-Macaulay and d > 2. Then A is Gorenstein®, if and only
if H- (DY) 2 ky. (When d =1, A is Gorenstein™* if and only if X consists of
exactly two points.)

(c) A is Buchsbaum if and only if H'(D%) =0 for all i # —d + 1.

(d) Set

dim(supp H™/(D%)) if H7(DX) # 0,
d; =14 -1 if H=9(D%) = 0 and H(X;k) # 0,
—00 if H9(D%) =0 and H (X;k) = 0.
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Here suppF = {p € X | F, # 0} for a sheaf F on X. Then, for 2 < i <d, A
satisfies Serre’s condition (S;) if and only if d; < j—i for all j <d — 1.
Hence, Cohen-Macaulay (resp. Gorenstein®, Buchsbaum) property and Serre’s condition
(Si) of A are topological properties of X, while it may depend on char(k).
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