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Notations and Conventions

A ring is always assumed to be an associative ring with 1, but not necessarily
commutative. All ring homomorphisms are supposed to preserve 1, and a subring
means a subring with (the same) unit. An ideal always means a two-sided ideal.
All modules are assumed to be unitary. As far as possible, we try to use letters
such as A, B, C' to denote commutative rings, D, F, F' to denote rings of differential
operators, and R,S,T to denote other associative rings.

The letter k is reserved for a fixed, algebraically closed field of characteristic 0.
A k-algebra R means a ring R with a structural ring homomorphism k& — R such
that the image of k is in the centre of R. We shall always identify k with its image
under this map.

As usual, k[x1,...,2,] denotes the polynomial ring in n commuting variables,
and similarly k[[z1,...,2,]] the ring of formal power-series in n commuting vari-
ables. We will use the notation k{x1,...,z,} and k{{z1,...,2,}} to denote their
non-commutative counterparts: The free, associative k-algebra on n symbols and
the ring of formal power-series in n non-commuting variables.

The opposite ring of a ring R is denoted R°P. All functors are covariant functors,
unless the opposite is explicitly stated. For a family {V;;}1<; j<n of k-vector spaces,
we use matrix notation and write (V;;) for the direct sum (V;;) = & V;;.

We denote by ACC the ascending chain condition, and by DCC the descending
chain condition. Let R be a ring. We say that a left or right R-module M is
Artinian (Noetherian) if it satisfies the DCC (ACC) on its submodules. We say
that the ring R is left Artinian (Noetherian) if it is Artinian (Noetherian) as left
R-module, and that it is right Artinian (Noetherian) if it is Artinian (Noetherian)
as right R-module. We say that R is Artinian (Noetherian) if it is both left and
right Artinian (Noetherian).

We write C for the set of complex numbers, Q for the set of rationals, Z for
the set of integers and Ny for the set of natural numbers including 0.

vi



Introduction

In algebraic geometry, there is a well-developed theory of differential structures
on smooth algebraic varieties in characteristic 0. This theory is, of course, strongly
influenced by the corresponding analytic theory. It contains the theory of integrable
connections and the theory of D-modules. The aim of this work is to contribute
to the understanding of differential structures on singular algebraic varieties in
characteristic 0.

Let k be an algebraically closed field of characteristic 0 and let A be a reduced,
commutative k-algebra of finte type, corresponding to an affine algebraic variety
X = Spec A. We are interested in differential structures on X.

In particular, we consider the following special case: Let I' C Ng be a numerical
semigroup. That is, let T' be a subset of Ng which contains 0 and is closed under
addition, such that Ng\I'is a finite set. We let A = k[I'] denote the corresponding k-
algebra, which is defined as the k-subalgebra of k[t] with k-linear basis {7 : v € T'}.
The corresponding affine algebraic variety Xt = Spec A is a curve, and we call Xp
the monomial curve corresponding to T'.

The definition of the ring of k-linear differential operators on a smooth alge-
braic variety X over k was generalized by Grothendieck. Grothendieck’s definition
appeared in full generality in Grothendieck [15], and we shall refer to it in the
special case when X is an affine algebraic variety X = Spec A over k: We let
D =D(X) =D(A) be the k-subalgebra of Endy(A) given by

D(4) = |J D?(A),

pEZ

where DP(A) is the k-linear subspace of Endy(A) given in the following way: When
p <0, DP(A) = 0. and when p > 0, DP(A) consists of the k-linear endomorphisms
P € Endg(A) such that the commutator [P,a] € D?"*(A) for all a € A. In
particular, D(A) is an associative subring of Endg(A), and we call it the ring of
k-linear differential operators on A (or X).

In general, we have D°(A) = A, where the elements of A are considered as k-
linear operators on A by left multiplication, and D*(A4) = A @ Dery(A). We denote
by A(A) the subring of D(A) generated by the differential operators in D*(A). It is
well-known that if A is a regular k-algebra, or equivalently if X is a smooth variety,
then A(A) = D(A). Tt is believed that regularity is essential for this to happen,
and Nakai’s conjecture states that if A is an integral domain, then A(A) = D(A)
if and only if A is regular. Nakai’s conjecture holds if X is a curve, see Mount and
Villamajor [25]. For higher dimensions, the problem is still open.

Let X be an affine algebraic variety, and let A be the affine coordinate ring of
X. We consider the following problems:

A: Let D = D(X) the the ring of diffential operators on X, and denote by
a D-module any left D-module which is finitely generated. Classify all D-
modules with certain given properties.

B: A module with covariant derivative is a couple (M,V), where M is an
A-module and V : Dery(A) — Endg(M) is an A-linear map such that

1



INTRODUCTION 2

Vp(am) = aVp(m)+ D(a)m for all D € Deri(A), a € A, m € M. We say
that the covariant derivative V is integrable or flat if V is a homomorphism
of k-Lie algebras. Classify all couples (M, V) of modules with integrable
covariant derivative with certain given properties.

When X is smooth, problem A and problem B are equivalent. However, they
are different in an essential way when X is singular, and in this thesis, we shall
consider problem A and B for a monomial curve Xr.

Let us first consider problem A. It is well-known that the ring D = D(A) is
not well-behaved when A is the affine coordinate ring of a general affine variety. In
fact, it was shown in Bernstein, Gelfand and Gelfand [2] that when X is the cubic
cone

X=V(E@*+y’+2°) CC?

then D = D(X) is not a finitely generated k-algebra, and D is neither left nor
right Noetherian. However, in the case of curves, the situation is much better. The
following theorems were shown in Smith and Stafford [32]:

Theorem 0.1 (Smith, Stafford). Let X be an irreducible affine algebraic variety
over an algebraically closed field k of characteristic 0, and let A be the affine coor-
dinate ring of X. Then the following conditions are equivalent:

i) The normalization map X — X is injective.

ii) D(A) is a simple ring.
iit) A is a simple left D(A)-module.

iv) D(A) is Morita-equivalent to D(A).

Theorem 0.2 (Smith, Stafford). Let X be an irreducible affine algebraic variety
over an algebraically closed field k of characteristic 0, and let A be the affine coor-
dinate ring of X. If the normalization map X — X is injective, then D(A) has the
following properties:

i) D(A) is a finitely generated k-algebra.

i1) D(A) is a Noetherian ring.
i11) D(A) has Krull dimension 1 and Gelfand-Kirillov dimension 2.

iv) D(A) is an hereditary ring.

A main technique used by Smith and Stafford was to compare the rings of
differential operators D(X) and D(X). When X is an affine variety of higher
dimension, these rings are related, and this is useful when X is smooth. But for
curves, the relationship between D(X) and D(X) is very close, and this is the idea
behind much of the work on the ring of differential operators on curves. In the
special case of monomial curves, we see that X = A' and the normalization map is
a bijection. So for any monomial curve X, there are very strong structural results
on the ring D = D(X). Moreover, D(X) = A;(k), the first Weyl algebra. This is
the associative k-algebra generated by x and 9, which has the relation 0z —zd = 1.
A lot of consideration has been given to this ring, in particular in Dixmier [11, 12],
and Block [4].

In a joint work with Henrik Vosegaard, we have obtained a very explicit de-
scription of the ring structure of D = D(X) when X is a monomial curve. The ring
D(X) possesses a graded structure, inherited from the graded structure of the affine
coordinate ring A of X, and our description of D relies on this graded structure.
It has recently been brought to our attention that some of our results had already
been obtained by Jones in his PhD thesis Jones [17].

We develop some new results on Hilbert functions of graded modules over
graded k-algebras not necessarily generated in degree 1. Using these results, we are
able to define the dimension and multiplicity of D-modules over monomial curves.
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We show that Bernstein’s equation d(M) > 1 holds for all non-zero D-modules M,
where d(M) is the dimension of M, and we define a holonomic D-module M to be
a D-module M such that M = 0 or such that M # 0 and d(M) = 1. Furthermore,
we are able to prove that the category of holonomic D-modules and the category of
Artinian D-modules coincide when D = D(X) for a monomial curve X. The proof
is similar to the proof of the corresponding result for the Weyl algebra A; (k).

The main result in the direction of problem A, is the classification of the graded,
holonomic D-modules which are indecomposable. We have obtained the following
result (see below for the notation used in the theorem):

Theorem 0.3. Let X be a monomial curve, and let D = D(X) be the ring of
differential operators on X. The set of equivalence classes of graded, holonomic
D-modules which are indecomposable, up to graded isomorphisms of degree 0 and
twists, are given by

{M(a,n):aeI*,n>1}U{My(n) :n>1}U{Mp(n):n > 1}.

where I C k is a subset containing 0 such that the natural quotient map I — k/Z
is a bijection, and I* = I\ {0}.

Assume that X = A! and let D = A;(k). Then the indecomposable, graded,
holonomic D-modules are explicitly given in the following way: For all a € I'* and
n > 1, we have M(a,n) = D/D(E —a)™. If n > 1is an even number with n = 2m,
then Ma(n) = D/D(t0)™ and Mg(n) = D/D(0t)™. If n > 1 is an odd number
with n = 2m + 1, then M4(n) = D/DO(t0)™ and Mp(n) = D/Dt(0t)™. In the
general case, when X is a monomial curve, the graded, holonomic, indecomposable
D-modules over X are given by the Morita equivalence between D(X) and A4 (k).

Let D’ be the corresponding ring of differential operators in the local ana-
lytic category. More explicitly, let D’ be given as D’ = C[d], where C is the ring
of germs of analytic functions on C. There is a classification of indecomposable,
holonomic D’-modules with regular singularities, see Briangon and Maisonobe [7].
We observe that the indecomposable, graded, holonomic D-modules over a mono-
mial curve correspond exactly to the indecomposable, holonomic D’-modules with
regular singularities in the local analytic category.

Let M = {Mj,...,M,} be a finite family of non-isomorphic D-modules. We
define an extension of extensions of the family M to be a couple (M, C), where M
is a D-module, and C = (C;) is a co-filtration of M of length n such that

ker(C’i — Ci—l) = Mli

for 1 <14 < n. Let G be the ordered, directed graph associated with (M, C) in the
following way: Let the nodes of G be N = {1,2,...,p}, and let the edges of G be
E ={ay,...,a,_1}, where a; is an edge from node I; to node l;11 for 1 <i <n-—1,
and where the total order of F is given by a3 < - -+ < ap_1. The graph G is called
the extension type of (M, C), and we say that a D-module M has extension type
G if there exists a co-filtration C' such that (M, C) is an extension of extensions of
M with extension type G.

There is a non-commutative deformation theory, due to Laudal, which is de-
scribed in Laudal [21, 22]. Using this deformation theory, it is possible to construct
a family M (M, G) of D-modules containing all D-modules which are extensions of
extensions of the family M with extension type G. We have used this construction
to show the above classification result when X = A'. In the general case, when
D = D(X) for a monomial curve X, we have used the Morita equivalence between
D and A (k) to complete the classification.

In the direction of problem B, let X be a Gorenstein monomial curve. We
have shown the following existence result for modules with integrable covariant
derivative on X:
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Theorem 0.4. Let X be a Gorenstein monomial curve, and let A be the affine
coordinate ring of X. For any graded, torsion free A-module M of rank 1, there
ezists an integrable covariant derivative V on M.

In Chapter 1, we give the basic definitions of rings of differential operators,
following Grothendieck. We also mention some elementary properties of rings of
differential operators for later reference. Most of these results are well-known in
the literature.

In Chapter 2, we study the ring of differential operators on monomial curves.
We obtain a very explicit description of the ring of differential operators, the associ-
ated graded ring, and the module of derivations. We also obtain information about
generators in all these cases, and for the associated graded ring and the module of
derivations, we find minimal generating set. The work described in this chapter is
joint work with Henrik Vosegaard. Some of the results in this chapter can also be
found in Jones [17].

In Chapter 3, we study modules over the ring D = D(X) of differential
operators on a monomial curve. We show that any D-module has a dimension
and a multiplicity. We generalize classical results on Hilbert functions on graded
modules in order to make these definitions. We also generalize some localization
procedures used in Block [4] to prepare the classification of all simple, graded D-
modules.

In Chapter 4, we study modules with connection. We define modules with
connections, modules with covariant derivative and modules with g-connections for
a Lie-Cartan pair (A4, g). We also develop the obstruction theory for connections
and g-connections on a given A-module M, following Laudal. Finally, we show
that any graded, torsion-free A-module M of rank 1 over a monomial curve has an
integrable covariant derivative.

In Chapter 5, we give an introduction to a non-commutative deformation
theory, following Laudal. In particular, we define a deformation functor Defy; on
the category a, of p-pointed Artinian k-algebras, which describes the simultaneous
deformations of a finite family of modules. We also show that this functor has
a pro-representing hull H(M), and we construct this hull using the obstruction
morphism o : T? — T!. In the last section, we use non-commutative deformation
theory to construct a family M (M, G) of D-modules which contains all extensions
of extensions of the finite family M with fixed extension type G.

In Chapter 6, we study graded, holonomic modules over the Weyl algebra
A (k). First, we use the results from chapter 3 to classify all simple, graded A (k)-
modules. Then, we use methods from chapter 5 to classify all graded, holonomic
and indecomposable A;(k)-modules.

In Chapter 7, we study graded, holonomic D-modules over a monomial curve
X. We use the Morita equivalence betweeen D and A;(k) to classify all graded,
holonomic and indecomposable D-modules.

In Appendix A, we describe Hochschild cohomology. We also show the rela-
tionship between Hochschild cohomology and Ext groups.



CHAPTER 1

Rings of differential operators

In this chapter, we shall define the filtered k-algebra D(A) of k-linear differential
operators on a commutative k-algebra A, following Grothendieck [15]. We shall also
recall some elementary properties of the ring of differential operators D(A) and its
associated graded ring grD(A). Although most of these results are well-known,
there are some which, as far as we know, do not appear in the literature. We
remind the reader that in this chapter, all rings denoted A, B, C are assumed to be
commutative.

Our main references for this chapter are the following: Grothendieck [15],
Mésson [23], Smith and Stafford [32] and Muhasky [26].

1. Basic definitions

Let A be a commutative k-algebra. We denote by Endy(A) the vector space
of k-linear endomorphisms of A, and consider each ¢ € End(A) as a left operator
on A. The k-vector space Endy(A) has an associative k-algebra structure, with
multiplication given by composition of left operators. Furthermore, there is a left
operator L, € Endg(A) for all a € A, given by left multiplication by a, and a — L,
induces an inclusion of k-algebras A — Endy(A). We shall always identify A with
its image under this inclusion.

We denote by Dery(A) the set of endomorphisms ¢ € Endy(A) which fulfill the
Leibniz rule ¢(ab) = ad(b) + ¢(a)b for all a,b € A. It is clear that Dery(A) is a left
A-submodule of Endy(A). Let [¢,¢] = ¢p — ¢ for all ¢, 1 € Endg(A) denote the
Lie product in Endy(A). Then we see that Derg(A) is closed under the Lie product.

Following Grothendieck [15], we let D(A) C Endg(A) be the subring of left
operators on A given in the following way: We define DP(A) = 0 for p < 0, and
recursively define

D?(A) = {¢ € Endy(A) : [p,a] € DP"(A) for all a € A}

for p > 0. It follows that D”(A) is a k-linear subspace of Endy(A) for all p > 0. The
equality DY(A) = A is clear. Furthermore, the decomposition P = P(1)+(P—P(1))
gives D!(A) = A® Dery(A), and an induction argument gives

DP(A) D?(A) € DP™(4)

for all integers p, q. We define D(A) = UDP(A), which is an associative k-subalgebra
of Endg (A) by the previous remark. We refer to this ring as the ring of differential
operators on A, and we refer to operators P € D(A) as differential operators.
Notice that the expression P(a) has several possible interpretations for a differ-
ential operator P € D(A) and an element a € A: Either as the left action of P on
a, or as the composition of P and a considered as differential operators. We shall
therefore write P * a for the left action of P € D(A) on a € A, and P(a) or Pa for
the composition of these considered as differential operators. Using this notation,
we write the decomposition given above as P = P+ 14 (P — P 1) for P € D'(A).
For all integers p, let Der?(A) denote the set of differential operators P € D?(A)
such that P 1 = 0. Then, Der”’(A) C DP(A) is k-linear subspace consisting of

5



2. PRINCIPAL PARTS AND FURTHER DEFINITIONS 6

the high order derivations of order p in the sense of Nakai [28]. It is clear that
Der?(A) = 0 for p < 0 and that Der'(4) = Dery(A). Furthermore, we have
that DP(A) = A@®Der?(A) for all integers p > 0: For any differential operator
P eDP(A), wehave P=Px1+ (P—Px1) with Px1€ A, P— Px1¢& Der?(4),
and we easily check that AN Der?(A) =0 in D?(A).

From the definition, we see that DP(A) C DP*1(A) for all integers p. So the
subspaces D?(A) form an ascending filtration of D(A), called the order filtration,
and D(A) is a filtered k-algebra. We say that a differential operator P € D(A) has
order p if P € DP(A), but P ¢ DP"(A). So every differential operator P # 0 has
a uniquely defined order d(P) = p, which is a non-negative integer. By convention,
d(P) = -0 if P =0.

Lemma 1.1. For all differential operators P,Q € D(A), we have
i) d(P + Q) < max{d(P),d(Q)},

i) d(PQ) < d(P) +d(Q),

iii) d([P, Q]) < d(P) +d(Q) — 1.

PRrROOF. The first 2 inequalities are clear. For the third, the Jacobi identity of the
Lie product gives the equation

([P, Q],a] = [P,[Q, a]] + [P, a], Q]

for all @ € A. So by induction on n = d(P) + d(Q), the result follows, the case
n =0 (and indeed n < 0) being trivial. O

Let gr D(A) denote the associated graded k-algebra associated with the order
filtration of D(A). That is,

grb(4) = %DP(A)/D”*I(A)

This is a Z-graded k-algebra, and by the last part of lemma 1.1, it is commutative.
We shall denote the graded component of degree p by gr? D(A) = DP(A)/ DP~!(A).
Clearly, gr® D(A) = A, and gr D(A) is positively graded. In section 5, we shall see
that there is a stronger version of lemma 1.1, which will describe the structure of
grD(A) in more detail. This result is given in proposition 1.13.

2. Principal parts and further definitions

Let p: A®y A — A denote the k-linear multiplication map p(a ® b) = ab for
a,b € A. Tt is a surjective morphism of k-algebras, and we denote by J C A ®; A
the kernel of this morphism. Let ji,j2 : A — A ®x A be the natural sections of p,
given by ji1(a) =1®a and j2(a) =a®1 for a € A.

We define the p’th principal part of A over k to be the k-algebra given by
PP(A/k) = (A ®y A)/JPTL for all p > 0. Notice that there are two natural k-
algebra homomorphisms from A to PP(A/k): These are the compositions of j; and
j2 with the canonical quotient map A ®; A — PP(A/k). We shall always consider
PP(A/k) as an A-module via the morphism A — PP(A/k) induced by j2, and we
shall denote by d?(A/k) : A — PP(A/k) the morphism induced by j;. Notice that
this morphism is not A-linear, but only k-linear.

Proposition 1.2. Let P € Endy(A) be an endomorphism, and p > 0 some integer.
Then P € DP(A) if and only if there is an A-linear map P’ : PP(A/k) — A such
that P' o dP(A/k) = P. In particular, there is an isomorphism of k-vector spaces
Hom 4 (PP(A/k), A) — DP(A) induced by dP(A/k).

PROOF. See Grothendieck [15], proposition 16.8.8. O
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Let M, N be left A-modules, and consider Homy (M, N) as an A-A bimodule
in the natural way. Then we may form the bracket [¢, a] = ¢a —a¢d € Homy (M, N)
for all ¢ € Homy(M,N), a € A. We define the differential operators from M to
N in the following way: Let D?(M, N) = 0 for p < 0, and let D?(M, N) be given
recursively by

DP(M, N) = {¢ € Homy(M,N) : [¢,a] € DP"1(M,N) for all a € A}

for p > 0. Clearly, D?(M, N) are k-linear subspaces of Homy (M, N) for all integers
p, and by an induction argument, the composition of homomorphisms is such that

D¢(N, P)D?(M,N) C D**4(M, P)

for all left A-modules M, N, P and all integers p, q.

We define D(M, N) = UDP(M, N) for all left A-modules M, N. We refer to
it as the module of differential operators from M to N, and we refer to operators
P € D(M,N) as differential operators from M to N. Notice that the notion of
a differential operator from M to N does depend on the ring A, even if this is
suppressed from the notation. We shall sometimes write D 4(M, N) for D(M, N)
to emphasize that M, N are considered as left A-modules, and similarly D% (M, N)
for DP(M, N).

Let f : A — B be a homomorphism of k-algebras, and let M, N be left B-
modules. Then M, N are left A-modules via f, in the sense that am = f(a)m and
an = f(a)n for all a € A, m € M, n € N. An induction argument shows that
there is an inclusion of Abelian groups Dg(M, N) C D4 (M, N), and equality holds
if f is surjective.

For simplicity, we shall write D(M) for D(M, M). It is clear that D(M) is a
k-algebra in Endg(M). Furthermore, the k-linear subspaces DP(M) = D?(M, M)
form an ascending filtration of D(M), called the order filtration, and D(M) is a
filtered k-algebra. We also see that D(M, N) is a D(N)-D(M) bimodule, and that
the linear subspaces D” (M, N) form an ascending filtration of D(M, N), also called
the order filtration. Consequently, D(M, N) is a filtered bimodule.

We say that a differential operator P € D(M, N) has order p if P € D?(M, N)
but P ¢ DP~*(M, N). So every non-zero differential operator P € D(M, N) has a
uniquely defined order d(P) = p, which is a non-negative integer. By convention,
d(P) = —oc if P = 0. We also see that DY(M, N) = Hom4 (M, N), and that
D(M,N) =0 if and only if Hom (M, N) = 0.

Proposition 1.3. Let M, N be left A-modules, P € Homy (M, N) be a homomor-
phism, and p > 0 an integer. Then P € DP(M, N) if and only if there is an A-linear
map P’ : PP(A/k)®a M — N such that P'o(dP(A/k)®4idp) = P. In particular,
there is an isomorphism of k-vector spaces Hom 4 (PP(A/k)®a M, N) — DP(M, N)
induced by dP(A/k).

PROOF. See Grothendieck [15], proposition 16.8.8. O

We end this section with some remarks: First, assume that N C M is an
inclusion of left A-modules. Then we have that
D(M,N)={PeD(M): PxM C N}.

In particular, we see that D(A, K) = {P € D(A) : Px A C K} for all ideals K C A.
Secondly, notice that for all left A-modules M, N, there are functors

D(—,N): A-Mod — D(N)- Mod,

D(M,—) : A-Mod — Mod-D(M),
the first contravariant, the second covariant. These functors are left exact. Fur-
thermore, their images are in the corresponding filtered module categories.
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3. Localization of algebras

Let A be a commutative k-algebra, and let S C A be a multiplicatively closed
subset. Consider the k-algebra homomorphism f : A — S~'A, where f is given
by localization. There is a unique extension of differential operators in D(A) to
differential operators in D(S~*A). Explicit formulas for this were first given by
Hart [16] for the case of integral domains, and then by Muhasky [26] for the
general case.

Let us denote by ad : D(A) — Endy(D(A)) the k-linear operator given by the
equation

ad(P)(Q) = [P, Q]

for all P,@ € D(A). Using this notation, with the convention that ad(P)" = id, we
obtain the following result:

Proposition 1.4. Let P € D(A) be a differential operator of order d(P) =p > 0.
Then, for all a € A, s € S, the formula

P

Px(a/s) = Zad(s)i(P) * (a) /s
i=0
defines a differential operator P € DP(S™1A), such that P * f(a) = f(P * a) for
all a € A. PFurthermore, the map D(f) : D(A) — D(S7tA) given by P — P
is a homomorphism of filtered k-algebras, and its restriction to A C D(A) is the
localization map f: A — ST1A.

PROOF. See Muhasky [26], lemma 1.5 and 1.6. O

In his thesis, Mdsson [23] gave the following generalization of this result: Let
f: A — B be a formally étale homomorphism of k-algebras. Then f induces a ho-
momorphism of filtered k-algebras D(f) : D(A) — D(B), and this homomorphism
is characterized by the property that

D(f)(P) * f(a) = f(P *a)

for all differential operators P € D(A) and all elements a € A. See Mdsson [23],
theorem 2.2.5 for a proof of this generalization.

We recall the definition of non-commutative localization: Let R be an associa-
tive ring, and S C R a multiplicatively closed subset. A left ring of fractions of R
with respect to S is a ring R’ together with a ring homomorphism ¢ : R — R’ such
that the following conditions hold:

1. For all s € S, ¢(s) is invertible in R'.
2. Every element of R’ is of the form ¢(s)~'¢(r) with r € R, s € S.
3. We have ¢(r) = 0 if and only if sr = 0 for some s € S.

We define a right ring of fractions similarly. Notice that if there is a (left or right)
ring of fractions, it is unique up to unique isomorphism. We say that R’ is a ring
of fractions of R with respect to S if it is a left and right ring of fractions of R with
respect to S. In this case, we shall denote R’ by S™'R.

Proposition 1.5. Let A be a commutative k-algebra of finite type, S C A be a
multiplicatively closed subset, and f : A — S~ A be the localization map. Then the
k-algebra homomorphism D(f) : D(A) — D(S™YA) is a ring of fractions of D(A)
with respect to S. In particular, there is an isomorphism of S™tA-D(A) bimodules

S7'A®4D(A) — D(S71A).
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PROOF. See Muhasky [26], proposition 1.9, or Mdsson [23], theorem 2.2.10. Notice
that the latter proof also holds if f : A — B is any formally étale homomorphism
of commutative k-algebras and PP(A/k) is finitely presented as left A-module for
all integers p. O

We remark that the localization map f is injective if and only if S does not
contain any zero-divisors. Furthermore, f is injective if and only if the k-algebra
homomorphism D(f) : D(A) — D(S™!A) is injective. This follows from Mésson
[23], corollary 2.2.6, which in fact shows that a similar result holds for any formally
étale homomorphism of commutative k-algebras f: A — B.

Corollary 1.6. Let A be a commutative k-algebra, S C A a multiplicatively closed
subset, and f : A — ST1A the localization map. Assume that S does not contain
any zero-divisors. Then D(f) induces an isomorphism

(1) D(A) = {PcD(S'A): PxAC A}
of filtered k-algebras.

PROOF. See Mdsson [23], corollary 2.2.6. Notice that the proof also holds for any
injective, formally étale homomorphism f : A — B of commutative k-algebras. [

4. Quotient algebras

Let f: A — B be a surjective homomorphism of commutative k-algebras, and
let K = ker(f) denote its kernel. Let furthermore P € Endy(A) be a k-linear
operator. Then P defines a k-linear operator P € End(B) given by the equation
P« f(a) = f(Pxa) for all a € A if and only if P* K C K. In this case, P =0 in
Endg(B) if and only if P+ A C K.

So let us assume that P € DP(A) is a differential operator such that P+ K C K.
Then P € DP(B) is also a differential operator by induction on p. Consequently,
there is an exact sequence of k-linear spaces

0—D(A,K) — {PeD(A): PxK C K} 1 D(B),

where f* is the homomorphism of filtered k-algebras given by f*(P) = P. When
D(A) is better understood than D(B) and f* is surjective, this gives a useful de-
scription of D(B). We shall see that this happens in many interesting cases.

We remark that D(A, K) is a right ideal in D(A), and there is an obvious
inclusion of right ideals K D(A) C D(A,K). If A® A is a Noetherian ring and
PP(A/E) is projective as a left A-module for all integers p, then D(A, K) = K D(A),
see Smith and Stafford [32], section 1.3 (e). We observe that if A is a free, com-
mutative k-algebra, equality holds as well:

Lemma 1.7. Let A be a free, commutative k-algebra. Then D(A, K) = K D(A).

PROOF. We refer to the start of section 5 for the notation in this proof, and also
for the description of DP(A) (which is elementary). So let A be a free, commutative
k-algebra on the symbols X, and let P € D(A, K) be a differential operator of
order d(P) = p. Then, P € FP where FP is as described in section 5, and we have
that P =Y a;0!, with a; € A for all multi-indices I. We shall prove that a; € K
for all I: Assume that J is a multi-index such that a; ¢ K and furthermore that
deg(J) is minimal among the multi-indices with this property. Then we have that
Px 2’ € K, and a calculation shows that

Pxz’ = Za;(@l xx’) = Jlay + ZJ!/(J—I)! arz’ 1.
i I<J

By the minimality of J, the last sum is in K and this is a contradiction. It follows
that P € KD(A). O
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We recall the notion of the idealiser of a right ideal J in an associative ring R:
This is the ring I(J) = {r € R: rJ C J} C R, and it can be characterized as the
largest subring of R containing J as an ideal.

Lemma 1.8. Assume that D(A, K) = KD(A) for an ideal K C A. Then the
equality IIKD(A)) = {P € D(A): Px K C K} holds.

ProOOF. Assume that P € I(KD(A)). Then Px € KD(A) for all z € K, since
K C KD(A). But then Pxxz = Pxx1 C KD(A)x1 C K forallz € K,so PxK C K.
Conversely, assume that P« K C K. Then, for all x € K, a € A, we have that
P x (xza) € K from the assumption. But P * (za) = (Pz) * a, so (Pz) * A C K for
all z € K. Consequently, Px € D(A,K) = KD(A), and PKD(A) C KD(A). O

From lemma 1.8 and the preceding comment together with lemma 1.7, we see
that if A is a free, commutative k-algebra, or A is such that A ®; A is Noetherian
and PP(A/k) is a projective A-module for all integers p, then there is a injective
k-algebra homomorphism of filtered k-algebras f* : I(K D(A))/K D(A) — D(B).
The filtration of I(K D(A))/K D(A) is the natural one induced by the order fil-
tration of D(A). We use this filtration to define the order of an equivalence class
of differential operators in I(K D(A))/K D(A), and we remark that the order of
such an equivalence class of differential operators equals the minimal order of the
differential operators in the equivalence class.

Proposition 1.9. Let f : A — B be a surjective homomorphism of commutative
k-algebras. If A is a free, commutative k-algebra, or if A is such that A ®; A is
Noetherian and PP(A/k) is a projective A-module for all p > 0, then the k-algebra
homomorphism f* : I(K D(A))/K D(A) — D(B) is an isomorphism of filtered k-
algebras.

PROOF. We have to show that the k-algebra homomorphism f* is surjective, and
that the inverse is a homomorphism of filtered k-algebras. So we consider the exact
sequence

OHKHALBHO,

and apply the left exact functor D4(—, B) to it, where B is considered as a left
A-module. We obtain an exact sequence

0 — Da(B,B) — D4(A,B) — Da(K, B).

Since f is surjective, we have that D4 (B, B) = Dp(B, B) = D(B). Let P € D?(B)
be any differential operator of order at most p, and denote by @ its image in
D4(A, B) in the above exact sequence. Then @ € D (A, B) since the co-domain
of the functor is that of filtered modules, and @ * K = 0 from the exactness of
the sequence. Notice that if A is free, then PP(A/k) is a projective A-module
for all integers p. This follows from Muhasky [26], lemma 1.4, or directly from
the definition. So in all cases, PP(A/k) is projective, and we see that there is a
differential operator Q' € DP(A) such that fQ' = Q. Clearly, Q' * K C K since
Q* K =0,s0 P+ @ is the desired inverse of f*. O

Corollary 1.10. Let f : A — B be a surjective homomorphism of commutative
k-algebras. If A is a free, commutative k-algebra or if A is a regular k-algebra of
finite type, then there is an isomorphism of filtered k-algebras

(2) f*:I(KD(A))/KD(A) — D(B).
PRrROOF. The first case is contained in proposition 1.9. For the second case, it is

clear that A ®y, A is Noetherian, so it only remains to check if PP(A/k) is projective
for all integers p > 0. Since A is of finite type over k, PP(A/k) is an A-module



5. COORDINATIZATION 11

of finite type by Médsson [23], proposition 2.2.12. Then PP(A/k) is projective if
and only if it is locally free (or equivalently, locally projective). But from Mdsson
[23], theorem 2.2.2, localizations commute with formation of principle parts. It is
therefore enough to see that the p’th principle parts of A, over k is a projective
Ap,-module for all maximal ideals m C A and all integers p. But since A,, is a
regular local ring, this follows from Smith and Stafford [32], section 1.3 (f). O

5. Coordinatization

Let C be a free, commutative k-algebra on the symbols X, where X is any set.
We shall give a description of C' and the ring D(C) of differential operators on C
explicitly in this case. We recall that if X is a finite set with n elements x1, ..., x,,
then C' is the polynomial ring C' = k[z1,...,x,] and D(C) is the n’th Weyl algebra
D(C) = k[z1,...,2s] < O1,...,0, >, where we write 0; for 9/0x;. We recall that
the relations in the n’th Weyl algebra is given by [0;,z;] =1 for 1 <1i < n.

Let us write X = {z)}rea, where A is a set of indices for X. We define a
multi-index I to be a function I : A — Ny, such that I(\) = 0 for all except a finite
number of elements A € A. Let 2! be the finite product

ol = H xi @)
AEA
for all multi-indices I. Then, any element ¢ € C' can be written uniquely as a sum

c= E crxl,
I

where ¢y € k for all multi-indices I, and ¢; = 0 for all except a finite number of
indices. In particular, the set of monomials 2! for all multi-indices I is a basis for
C, and the multiplication in C is the natural one.

Let 0\ be the k-linear operator 9y = 9/dx) on C given by formal derivation
with respect to x. This is a well-defined k-linear derivation on C for all A € A, and
we see that dy,dy commute for all A, \ € A. Let &' be the differential operator

I(\
aI: Ha/\( )
AEA

for all multi-indices I. We shall write deg(I) = > I(A) for the degree of a multi-
index I, and this is a non-negative integer. Using this notation, it is clear that 97
is a differential operator of order at most deg(I), so 8! € DP(C) with p = deg(I).
We shall also write I! = [T I(A)! for all multi-indices I. With this convention, we
see that the following formulas hold for all multi-indices I, J:

8I*IJ_{J!/(J_I)!xJ17 ISJ

0, otherwise

Notice that we write I < .J if I(A) < J(A) for all A € A.
Let p be a fixed, non-negative integer, and let FP be the k-vector space given
by

FP={>"f10": f1 € A, deg(I) < p}.
I
Notice that we allow infinite sums in this case. The reason for this is simple: Even
if an element of F'P has an infinite number of non-zero terms, the evaluation of it on

any given element ¢ € C' will give a finite sum. Hence, each element of FP defines
a k-linear operator on C.

Lemma 1.11. We have D?(C) = FP for all integers p > 0.
PROOF. See Muhasky [26], Example 1.3. O
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We conclude that there is a multiplication FPF? C FP*4, Clearly, we have
that x,zy commute and 9y, 0y commute for all A\, \ € A. Furthermore, x, Oy
commute if A # X/, and

[a)\,x)\] =1

for all A € A. We see that these formulas define the multiplication above. We also
remark that lemma 1.11 implies that d(d!) = deg(I), which will be useful later.

Let A be any commutative k-algebra. Then, a set of coordinates for A is a
free, commutative k-algebra C' together with a surjective k-algebra homomorphism
f:C — A. Clearly, a set of coordinates for A always exists, and for the rest of this
section, we shall fix the coordinates f : C' — A. From corollary 1.10, we know that
we can describe D(A) in the following way:

D(A) = I(K D(C))/K D(C),

where K = ker(f) C C. Furthermore, the above identification is an isomorphism of
filtered k-algebras. Let us write C as a free, commutative k-algebra on the symbols
X, where X = {x) : A € A}. Then Y = {y, : A € A} with yx = f(z)) is a set of
generators for A as algebra over k.

Assume that A is a commutative k-algebra of finite type. Then there is a set
of coordinates f : C'— A for A such that C is a polynomial ring over k in a finite
number of variables z1,...,2,. Then D(C) is called the n’th Weyl algebra A, (k),
and it is well-known that it is Noetherian and a finitely generated k-algebra. We
remark that even if D(A) is a sub-quotient of A, (k) when A is of finite type over
k, D(A) is not in general a finitely generated k-algebra. In fact, there is a famous
counterexample given by Bernstein, Gelfand and Gelfand [2]: If A is the cubic cone
A = klx,y,2]/(x® + 3> + 2%), then D(A) is neither a finitely generated k-algebra
nor a left or right Noetherian ring.

Let V be the k-vector space V = {3 a;0! : a; € A for all multi-indices I},
where we allow infinite sums. Then there is a unique, k-linear map s; : D(4) — V
defined with respect to the fixed coordinates f : C — A: For any differential
operator P € D(A), there exists a differential operator P’ € I(K D(C)) such that
f*(P'") = P by corollary 1.10. Let p = d(P), then P’ € F? as defined above, so P’

has the form
P = Z crot,
I

with ¢y € C for all multi-indices I. Furthermore, P’ is uniquely defined modulo
K D(C), so the expression

sp(P) =" fler)d'
I

defines a unique element in V. We say that s¢(P) is the standard form of P with
respect to the coordinates f : C' — A. It is straight-forward to check that s¢ is an
injective k-linear map.

Let P € D(A) be any differential operator, and let s¢(P) = Y a;d! be the
standard form of P with respect to the coordinates f : C' — A. Then we have
that d(P) = max{deg(l) : ar # 0}: First, notice that a differential operator
P" =" ¢c;0! in D(C) has order d(P') = max{deg(I) : c; # 0}. Secondly, we see
that the minimal order among the differential operators in the equivalence class P’
mod K D(C) is exactly max{deg(I) : a;r # 0}.

Let {£,} be algebraically independent variables over A, and let &/ = Hfi(A)
for all multi-indices I. We define B to be the commutative A-algebra given by

B= {Z aré! s ay € A, max{deg(I) : a; # 0} < oc}.
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Then, B = @ B, is a positively graded A-algebra, with graded components given
by

Bp:{ Z G,]fIIG,IGA}

deg(I)=p

for all p > 0. In particular, By = A.
For all differential operators P € DP(A) for p > 0, let o, be the homogeneous
form of degree p in B defined by

op(P) = Z aré!

deg(I)=p

where the coefficients a; are given by the standard form s¢(P) = > a;9! of P.
We define the symbol of a non-zero differential operator P € D(A) with respect to
the coordinates f : C — A to be o(P) = 0,(P), where p = d(P). If Q € D(4)
is another differential operator, with d(Q) < d(P), we see that o(P + Q) = o(P).
Furthermore, we have that 0,44(PQ) = 0,(P)oe(Q) for all non-zero differential
operators P,Q € D(A) with p = d(P), ¢ = d(Q). Consequently, o defines an
injective homomorphism of graded k-algebras

o:grD(A) — B,
given by P+ o(P) for all non-zero differential operators P € gr D(A).

Proposition 1.12. Let A be a commutative k-algebra. If A is essentially of finite
type over k, then grD(A) is an integral domain if and only if A is an integral
domain.

PROOF. We have inclusions of k-algebras A C grD(A) C B. Assume that A is
of finite type over k. Then we may choose the coordinates f : C — A such that
A is a finite set, which means that B is an integral domain if A is an integral
domain: This is well-known, since B is a polynomial ring over A in a finite number
of variables. On the other hand, we know that D(S™1A4) = S~14 ®4 D(A), so
grD(S71A) =2 S~1arD(A). Consequently, if grD(A) is an integral domain, so is
S~1erD(A), and the rest is clear. O

Finally, we shall refine the description of the order of differential operators
given in lemma 1.1. By using the coordinates f : C' — A, we obtain the following
result:

Proposition 1.13. Let A be a commutative k-algebra, and P,Q € D(A) be differ-
ential operators. Then we have:

i) d(P + Q) < max{d(P), d(Q)},

it) d(P + Q) < max{d(P),d(Q)} if and only if d(P) = d(Q) and o(P) = —0(Q),
iii) d(PQ) < d(P) + d(Q),

) d([P,Q]) < d(P) +d(Q) — 1,
Furthermore, if A is an integral domain, essentially of finite type over k, then we

have d(PQ) = d(P) + d(Q).

PRrROOF. Claims i), iii) and iv) are contained in lemma 1.1. The second claim is
easily obtained by writing P, Q in standard form with respect to the coordinates
f:C — A, and using the formula for order in terms of coordinates. The last part
is simply a reformulation of proposition 1.12, since d(PQ) = d(P) + d(Q) holds for
all P,@ € D(A) if and only grD(A) is an integral domain. O
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6. Graded algebras

Let A be a Z-graded k-algebra A = & A;. Then Aq is a k-algebra, and A; is
an Ag-module for all integers i. We say that A is positively graded if A; = 0 for
all integers ¢ < 0, and that A is quasi-homogeneous if A is positively graded and
Ag = k.

Let P € D(A) be a differential operator. We say that P is homogeneous of
weight w for some integer w if P x A; C A;4,, for all integers i, and we shall write
D(A), for the set of all homogeneous differential operators of weight w. Then
D(A), C D(A) is a k-linear subspace. We shall also write D?(4),, = D(A),,ND?(A)
for the k-linear subspace of differential operator of weight w and order at most p for
all integers p, w. We remark that D(A), D(A)w C D(A)y+e for all integers w, w’,
and similarly we have DP(A),, DY(A), C D?T9(A)y4 for all integers p, ¢, w, w’.

Let C be the free, commutative k-algebra on the symbols X, where X is the
set X = {x) : A € A} in the notation from section 5. We shall consider this as a Z-
graded k-algebra C' = & C; by assigning an integer weight wy to each free variable
xx in C. Let us denote by w(l) the weighted sum w(I) = > wxI(A) for each
multi-index I. Then w(I) is an integer, and each z! is an homogeneous element of
C of weight i = w(I). In particular, we see that the set of monomials x! such that
w(l) =1 is a basis for C;.

For all A € A, let ey denote the multi-index defined by ex(A\) = 1 and ex(\) =0
for all A’ # X. Then, we have that 9 * 2/ = I(\)z!=¢ for all multi-indices I with
I(A) > 1, and zero otherwise. It follows that dy is a homogeneous differential
operator in D(C) of weight —w). Consequently, any differential operator z!d’ "in
D(C) is homogeneous of weight w(I) — w(I'), and we have

Dp(C)w = { Z 0131 1 Cr € Cw+w(])}

deg(I)<p

for all integers p, w.

Proposition 1.14. Let f : A — B be a homomorphism of commutative, Z-graded
k-algebras which is homogeneous of degree 0. Then we have:

i) If f is an injective, formally étale homomorphism, then the identification (1) of
k-algebras D(f) : D(A) — {P € D(B) : PxA C A} from corollary 1.6 preserves
homogeneous elements and their weights.

it) If A is a free, commutative k-algebra or a regular k-algebra of finite type over
k, and if f is a surjective homomorphism with kernel K, then the identification
(2) of k-algebras f* : I(K D(A))/K D(A) — D(B) from corollary 1.10 preserves
homogeneous elements and their weights.

In particular, the identification (1) exists and preserves homogeneous elements and
their weights if B = S™'A for a multiplicatively closed subset S C A which does
not contain any zero-divisors and f is the canonical localization map.

PROOF. In the first case, a differential operator in {P € D(B) : Px A C A} is
homogeneous of weight w if it is homogeneous of weight w as a differential op-
erator in D(B). Similarly, in the second case, an equivalence class of differential
operators in I(K D(A))/K D(A) is homogeneous of weight w if each homogeneous
differential operator in the equivalence class is homogeneous of weight w as a dif-
ferential operator in D(A). With this observation in mind, it is enough to see that
in each case, the extended differential operator P is characterized by the equation
Px f(a) = f(Px*a) for all a € A. O

Let A be a commutative k-algebra. A homogeneous set of coordinates for A is a
free, commutative, Z-graded k-algebra C, together with a k-algebra homomorphism
f : C — A which is homogeneous of degree 0 for the chosen weights wy. So any
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Z-graded k-algebra A admits a set of homogeneous coordinates, and for the rest of
this section, we shall fix the homogeneous coordinates f : C' — A and the associated
weights wy.

Let P € D(A) be a non-zero differential operator. From proposition 1.14, we
see that P is homogeneous of weight w if and only if the standard form of P with
respect to the coordinates f : C' — A is of the form

s(P) = Z ardl,
where ar € Ay (1) for all multi-indices I. Furthermore, we see that any non-zero

differential operator P € D(A) has the form P = ) P,, with each P,, homogeneous
of weight w, and if A is a finite set, we may assume that this sum is finite.

Lemma 1.15. Assume that A is of finite type over k. For all integers p, we
have
i) D(4) = B D(A),,
ii) DP(A) = & DP(A),.,
where the two direct sums run over all integers w.

PROOF. Since A is of finite type over k, there is a finite set of homogeneous co-
ordinates for A, that is, we may assume that A is finite. The rest is clear, since
D(A)y ND(A)y =0 if w # w'. O

For the rest of this section, we shall assume that A is of finite type over k. Then,
D(A) is a graded k-algebra from lemma 1.15, and D?(A) is a graded A-module. We
also obtain the following result:

Corollary 1.16. Let f : A — B be a homomorphism of commutative, Z-graded
k-algebras of finite type. If f is injective and formally étale, then the identifica-
tion (1) from corollary 1.6 is an isomorphism of Z-graded k-algebras. If A is a
free, commutative k-algebra or a regular k-algebra, and if f is surjective, then the
identification (2) from corollary 1.10 is an isomorphism of Z-graded k-algebras.

PROOF. In the case of a injective, formally étale homomorphism, it is clear that
{P €D(B): PxAC A} is a graded subring of D(B). In the case of a surjective
homomorphism, it is clear that I( X D(A))/K D(A) is a graded subquotient of D(A).
So all k-algebras involved have natural Z-gradings. The rest is clear. O

From lemma 1.15, it also follows that the associated graded ring gr D(A) has a

natural Z2-grading, since we have

grD(A) = ® DP(A),/ D"} (A),.

We say that 2 € gr D(A) is homogeneous of bidegree (p, w) if z € D?(A),,/D? " (A),,
for some integers p, w € Z. Furthermore, we denote by gr®®) D(A) the linear sub-
space in gr D(A) of homogeneous elements of bidegree (p,w). We also notice that
if C = k[x1,...,x,], where x; is homogeneous of degree w;, then B = A[¢q, ..., &,],
and we consider this as a Z2-graded ring: Every homogeneous element in A of
weight w is homogeneous in B of bidegree (0,w), and &; is homogeneous in B
of bidegree (1, —w;). It follows that the symbol relative to the homogeneous co-
ordinates f defines an injective homomorphism o : grD(A) — A[y,...,&,] of
Z2-graded k-algebras.

Let f : A — B be an injective, formally étale homomorphism of Z-graded
k-algebras. Then D(f) : D(A) — D(B) is a injective homomorphism of Z-graded
k-algebras such that d(D(f)(P)) = d(P) for all differential operators P € D(A)
by corollary 1.6 and corollary 1.16. Consequently, this homomorphism induces an
injection of Z2-graded k-algebras

gr(f) : erD(A) — grD(B)
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given by gr(f)(P) = D(f)(P) for all non-zero differential operators P € D(A). We
shall therefore consider gr D(A) a Z2-graded subring of gr D(B) whenever f : A — B
is an injective, formally étale homomorphism of Z-graded k-algebras. In particu-
lar, this applies when A is a Z-graded k-algebra, B = S™!A is the localization
with respect to a multiplicatively closed subset S C A consisting of homogeneous
elements, and f : A — B is the localization map.

We end this chapter with the definition of the Bernstein filtration, an alternative
to the usual order filtration of D(A) in the graded case, with nice computational
advantages. Assume that A is a Z-graded k-algebra of finite type. Then the n’th
k-linear subspace B"(A) C D(A) in the Bernstein filtration is given by

B"(A) = @ D""/2(4),,
wEZ

where D?(A),, = {P € D(A),, : d(P) < g} for all rational numbers q. The moti-
vation for this definition is the following special case: If A = k[t] with the usual
Z-grading, then the n’th filtered subspace in the Bernstein filtration of D(k[t]) has
k-linear basis {t%0° : a + b < n}.

We see that the linear subspaces B"(A) form an ascending filtration of the
k-algebra D(A). We may therefore consider the associated graded ring associated
with this filtration,

&' D(4) = @ B"(4)/B"~(4),

which is a Z-graded k-algebra. Furthermore, we see that there is an isomorphism
of k-algebras between gr' D(A) and the usual associated graded ring gr D(A), and a
homogeneous element in gr D(A) of bidegree (p,w) corresponds to a homogeneous
element in gr' D(A) of degree n = 2p 4+ w.

Proposition 1.17. Let A be a quasi-homogeneous k-algebra of finite type over k.
Then DP(A),, is a k-vector space of finite dimension for all integers p,w. In par-
ticular, gr®®) D(A) is a k-vector space of finite dimension.

PrOOF. Notice that A is quasi-homogeneous if and only if the weights wy > 0 for
all A € A and for all choices of homogeneous coordinates. Consequently, the set
{I: w(I) = c} is finite for any given integer c. But the set

{2197 : deg(J) < p, w(I) — w(J) = w}

is a basis for D?(C),,, and this basis is finite: The number of multi-indices J such
that deg(J) < p is finite, and for each such J, there is only a finite number of
multi-indices I such that w(I) = w+ w(J). Consequently, there is a finite basis for
D?(A),, as well. The rest is clear. O

A very useful observation is the following: If A is quasi-homogeneous, and if
D("=®)/2(4),, is non-zero for a finite number of weights w, then B"(A) has finite
dimension as well. In the next chapter, we will show that in some interesting
examples, this condition is fulfilled for all integers n.



CHAPTER 2

Differential operators on monomial curves

In this chapter, we give an explicit description of the ring D(A) of differential
operators on A, its associated graded ring gr D(A) and the module of derivations
Dery(A) when A = k[I'] is the affine coordinate ring of a monomial curve. We find
methods and obtain results that make it possible to do explicit calculations with
differential operators on monomial curves. The results described in this chapter
were obtained in a joint work with Henrik Vosegaard. We are aware that some
special rings of differential operators on monomial curves had been calculated by I.
Musson and others, and that some of the results given in this chapter can also be
found in Jones [17].

There are some strong structural results on the ring of differential operators of
affine algebraic curves, which appeared in Smith and Stafford [32]. In particular,
the ring of differential operators on a monomial curve is Morita equivalent to the
first Weyl algebra A (k). We mention some of these results in this chapter, for later
reference.

1. Monomial curves

Let T' be a finitely generated semigroup with an embedding I' C Z™. Then
clearly, ZI' = Z™ for some non-negative integer n < m. So by changing the em-
bedding, we may assume that ZI' = Z". We denote by an affine semigroup a
finitely generated semigroup with fixed embedding I' C Z" such that ZI' = Z". By
convention, all semigroups are assumed to have an additive identity 0.

Let I’ C Z™ be an affine semigroup. The semigroup algebra A = k[I'] is defined
to be the k-algebra in T = k[ti,t7", ..., t,,t; "] with k-linear basis {t7 : v € T},
where t7 is given by

n

=11

i=1

with v = (y1,...,7x) as an element of Z™. The multiplication in A, inherited from
the multiplication in 7', is given by t7¢7 = ¢7*7" for all v,/ € I. In particular, we
see that k[Z"] =T.

Since I' is an commutative semigroup of finite type, we see that A = k[I'] is a
commutative k-algebra of finite type. Since A is a subring of the integral domain
T, we also see that A is an integral domain. In particular, it follows that A = k[[]
is the affine coordinate ring of an affine algebraic variety Xr = Spec(A). This is
the origin of the name affine semigroup. We remark that the Krull dimension of A,
and hence the dimension of Xr, is n: This is easy to see, since the integral domains
A,T and k[t1,...,t,] have the same field of fractions, and hence the same Krull
dimension.

The k-algebra T" has a natural Z-grading such that ¢; is homogeneous of degree
1 and t; Lis homogeneous of degree —1 for 1 < ¢ < n. From the construction of
A = k[T, we see that A C T has a natural structure as a graded subring: Let G be
a finite set of generators for I'. Then {t7 : v € G} is a set of generators of A as a

17
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k-algebra, and each t7 is homogeneous in T: For all v € ', write |y| = >_ i, where
v=(Y1,.-.,7n) as an element in Z™. Then ¢” is homogeneous in T" of degree |7|.

We also see that there exists a multiplicatively closed subset S C A consisting
of homogeneous elements of A, such that 7= S~!A: This is clear, since ZI' = Z".
In fact, we may choose S to be the multiplicatively closed subset of A generated by
a set of homogeneous generators for A as k-algebra.

Let us consider the case special case n = 1: That is, let I' C Z be an affine
semigroup. Then, we have the following structural result:

Lemma 2.1. Let I' C Z be an affine semigroup. Then I' is a semigroup of one of
the following forms:

i)T' C No, and n+ Ng C T for some non-negative integer n,

ii) =T C No, and n + Ng C —T for some non-negative integer n,
i) T =17Z.
PROOF. Let I' C Z be an affine semigroup. If I' C Ny, then it is easy to see that
the condition ZI' = Z implies that n + Ng C I' for some non-negative integer n (in
fact, these conditions are equivalent). A similar statement holds if —I' C Ng. So it
is enough to prove that if I' contains strictly positive and strictly negative elements,
then T' = Z: Assume that I" contains strictly positive and strictly negative elements,
and consider the semigroup I' = I'MNg C Ng. Then, there exists a unique positive
integer d, such that IV C dNg and d(n + Ng) C I for some non-negative integer
n. If d =1, then I' = Z and we are done. So assume that d > 1. For all positive
integers m such that —m € T", we have that Nd — m € I’ for some positive integer
N. Hence I' C dZ, so ZI" C dZ, which is a contradiction. O

We say that an affine semigroup I' C Z is a numerical semigroup if I' C Np.
From lemma 2.1, we see that for any numerical semigroup I', there exists a non-
negative number n such that n + Ng C I'. Equivalently, if {g1,...,gm} is a set of
generators of T', then (g1,...,9m) = 1. A very useful characterization of numerical
semigroups is the following: Any subsemigroup I' C Ny such that Ng \ T is finite,
is a numerical semigroup.

Let us recall some well-known facts about numerical semigroups, and at the
same time fix the notations which we will use throughout this thesis: We shall
denote by ¢ = ¢(I') the conductor of I', which is the least integer n such that
n+ Ngo C I'. We shall denote by H the set of holes in T, defined by H = Ng \ I.
This is a finite, possibly empty set, and we denote by h its cardinality. If ' # Ny,
we denote by g = g(I'") the Frobenius number of T, which is given by ¢ = max H.
Clearly, we have that g +1 = c.

A numerical semigroup I' has a unique, minimal set of generators in a very
strong sense: In fact, every set of generators for I' contains this minimal set. We
shall always denote the minimal set of generators by {ai,...,a,}, and we choose
the order of the generators such that a; < as < --- < a,. Let us construct the set
{a1,...,a,} explicitly: We define a1 to be

a1p =min{y € T": v # 0},
and define a;11 recursively as
air1 =min{y €T :y &< ay,...,a; >},
for all integers ¢ such that < ai,...,a; ># I', where < ay,...,a; > denotes the
subsemigroup in I" generated by {ai,...,a;}. Clearly, there exists some integer r
such that < a1,...,a, >=T, so {a1,...a,} is a generating set for I. From the
construction, we see that the generators satisfy a1 < az < --- < a,, and that they

satisfy the minimality condition. The minimal number r of generators for I' is
called the rank of I
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We say that a numerical semigroup I' is symmetric if there is an integer n € Z
such that v € T if and only if n — v € T for all v € Z. It is easy to see that if T" is
symmetric, then this integer n must equal the Frobenius number g.

Let I' be a numerical semigroup, and consider the semigroup algebra A = k[T'].
Since n = 1 in this case, we shall drop the index and write ¢ for t;. We see that
A = Kk[t*,...,t%] considered as a subring of k[t]. Furthermore, Xr = Spec 4 is a
curve since n = 1, and in fact Xr is the parametrized curve

Xr={(z1,...,2,) EA" 1 x; =t with t € k for 1 <i <7},

of embedding dimension r. We say that an affine, algebraic variety is a monomial
curve if it is isomorphic to Xr for some numerical semigroup I'. By abuse of
language, we shall also say that the affine coordinate ring A = k[I'] of Xr is a
monomial curve.

Clearly, k[t] is the integral closure of A = k[I']. We shall write A = k[t] for all
numerical semigroups I, and refer to A as the normalization of A. Furthermore,
we say that Xt = Spec A is the normalization of Xr, and that the morphism
Xr — Xt of affine varieties induced by the inclusion A C A is the normalization
map of Xp. We see that Xp = A', and that the normalization morphism is given
by t +— (t*,...,t%) for all t € k. It is easy to see that the normalization map of
any monomial curve Xr is a bijection. But if I' # Ny, it is not an isomorphism of
algebraic varieties.

As in the general case, A = k[I'] is a graded subring of T" = k[t,t~!] for all
numerical semigroups I'. Furthermore, there is a multiplicatively closed subset S
of A consisting of homogeneous elements, such that S™'A = T: In fact, we may
choose S = {z" : n > 0} with z = t*. Clearly, all monomial curves A = k[I'| are
quasi-homogeneous. We also see that A is regular if I' = Ny, and that A has an
isolated singularity in O otherwise.

2. Differential operators

Let I' C Z" be an affine semigroup. Then A = k[['] C T = k[t1,t7 L, ...ty t ]
is an inclusion of graded k-algebras, and T = S~'A is a localization of A with
respect to a multiplicatively closed subset S consisting of homogeneous elements.
So by the identification (1) in corollary 1.6, we see that

DA)={PeD(T): PxAC A}.
Moreover, we can use the same technique to describe D(T') explicitly in terms of
D(B), where B = k[Ng"| = kl[t1,...,t,]: Also in this case, we see that B C T is
a graded subalgebra, and that T is a localization T' = S~!'B with respect to some
multiplicatively closed subset S C B consisting of homogeneous elements in B. So
from proposition 1.5, we see that there is an isomorphism of D(B)-T" bimodules
D(T) =T ®p D(B).

But D(B) is the n’th Weyl algebra D(B) = A,,(k), so we have an explicit description
of D(T): For all integers p > 0, any differential operator P € D?(T") can be written

uniquely as a sum
P = Z C]al
deg(I)<p

with ¢; € T for all multi-indices I. We also remark that the inclusion D(A4) C D(T)
is an inclusion of Z-graded k-algebras from corollary 1.16.

Let E; = t;0;, then E; is a homogeneous derivation in D(T") of weight 0 for
1 <i<n. We also see that E;* A C A, since E; xt! = I(i)t! for all multi-indices I.
Furthermore, all these derivations commute. Let us denote the k-algebra generated
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by E1,...,E, in D(T) by W. Then W is isomorphic to a commutative polynomial
ring in n variables over k, and clearly, W C D(A)y.

Let w € Z"™. We shall write Q(w) for the subset Q(w) C I given in the following
way:

Qw)={yel:v+w¢T}

The semigroup I' is considered as a subsemigroup of Z", and the addition used in
the definition of Q(w) takes place in Z™. The set Q(w) does of course not only
depend on w, but also upon the affine semigroup I, even if this is suppressed from
the notation.

We remark that we may view Q(w) as a subset of Aj: This is clear, since
I CZ" C A}. Let us denote by I(2(w)) the ideal defined by Q(w) in the sense
of classical algebraic geometry: It is an ideal in the polynomial ring k[x1,. .., 2,],
where x1, ..., z, are the coordinate functions on A}, and it consists of the functions
in k[zy,...,x,] which vanish on Q(w). We shall identify this ideal with an ideal in
W, by identifying the i’th coordinate function z; with E; for 1 < ¢ < n. By abuse
of notation, we shall denote the new ideal in W by I(Q(w)) as well.

Theorem 2.2. Let I' C Z™ be an affine semigroup, and let A = k[I'] be the corre-
sponding semigroup algebra. Then we have
D(A)= & tYI(Qw)).
weZ™
In particular, the k-linear subspace of D(A) consisting of homogeneous differential
operators of weight m is given by

D(A)m = o £ 1(Q(w))

for all integers m € Z.

PROOF. See Musson, [27], theorem 2.3. O

We remark that we could consider D(A) a Z™-graded k-algebra, using the Z™-
grading of A. Since we will mostly be interested in monomial curves, we have chosen
not to develope the theory of diffential operators in that direction.

Let us consider the special case when I' C Z is a numerical semigroup: In this
case, we write 0 for 0; and E = t0 for the homogeneous derivation E; = t;0; of
weight 0 in D(A). We know that H is finite, so it is clear that Q(w) is a finite set
for all integers w € Z, and we shall write 7(w) for the cardinality of Q(w) for all
w € Z. This defines a numerical function 7 : Z — Ng, which depends upon the
numerical semigroup I'. Notice that if w ¢ T', then 0 € Q(w). Consequently, we
have that 7(w) = 0 if and only if w € T"; so 7 describes I' completely.

For all integers w, we define the characteristic polynomial relative to w to be
the polynomial x,, € k[¢] given by

xo(@ = T] €=
YEQ(w)

This is a monic polynomial in k[€] of degree 7(w), and it will of course depend upon
the numerical semigroup I'. Using this polynomial, we obtain the following special
case of theorem 2.2:

Corollary 2.3. Let T’ be a numerical semigroup, and let A = k[T'] be the corre-
sponding monomial curve. Then we have

D(4) = & PuklE],
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where Py, = tYxu(E). In particular, the k-linear subspace of D(A) consisting of
homogeneous differential operators of weight w is given by D(A),, = Py,k[E] for all
integers w.

PrOOF. We have to prove that the ideal I(Q(w)) C k[E] is generated by x(E).
But this is clear, since any polynomial in one variable that vanishes on Q(w) must
be a multiple of x.,- O

3. The numerical function 7

For the rest of this chapter, we shall assume that I' is a numerical semigroup,
and that A = k[I['] is the corresponding monomial curve. Notice that since A is
an integral domain of finite type, E™ € D(A) has order d(E™) = n for all positive
integers n by proposition 1.13. So in particular, P, is a differential operator in
D(A) of order d(P,) = 7(w) for all integers w by corollary 2.3. Since 7(w) is the
minimal order of a homogeneous differential operator in D(A) of weight w, it is
clearly of interest to study the behaviour of the numerical function 7.

Proposition 2.4. For all integers w, we have T(w) +w = 7(—w).

PROOF. Since the formula is symmetric, and obviously true for w = 0, we may
assume that w > 0. For 0 < j < w — 1, we define m; = min I' N (j + wNp). It
follows that my,... ,my—1 are distinct integers in Q(—w). It is therefore enough
to construct a bijection f : Q(—w) \ {mo,... ,Mw—1} — Qw). So let I € Q(—w)
be different from all the m;’s. Then ! € ', | —w ¢ T, but there exists some integer
n > 1 such that | — nw € I'. Let n; be the least of all such positive numbers n,
and put f(I) =1 —nw. Then f(I) € Q(w), and f is a well-defined map. A similar
construction will give an inverse of f, so f is a bijection. O

Proposition 2.5. For all integers w,w’, we have 7(w + w') < 7(w) + 7(w’). Fur-
thermore, equality holds if and only if ww’ =0 or w,w’ € T’ or —w, —w’ € T.

PROOF. Consider the map f : Q(w+w')\Q(w) — Q(w') given by f(I) = I+w. This
is a well-defined injection. But Q(w 4 w’) is the disjoint union of Q(w + w’) N Q(w)
and Q(w + w') \ Q(w). Since Q(w + w') N Q(w) C Q(w), we obviously have that
T(w+w') < 7(w) 4+ 7(w'). Furthermore, equality holds if and only if f is surjective
and Q(w) C Q(w 4+ w’). We show that 7(w + w') = 7(w) + 7(w') if and only if
w=0orw =0orww €I or —w,—w" € I'": One implication is obvious, so let
us assume that 7(w + w') = 7(w) + 7(w’) and w,w’ # 0. Then f is surjective and
Q(w) € Q(w + w') by the previous remark. If w > 0, then 0 is not in the image
of f. But im(f) = Q(w'), and 0 € Q(w’) if and only if w’ ¢ I'. Hence w’ € I'. In
particular w’ > 0, so by interchanging the roles of w and w’, we see that w € T". If
w,w’ < 0, we get from proposition 2.4 that

7(—w) +7(—w') =7(w) + w+ 7(W) + v =T7(w+ W) +w+w = 7(—w —w').
By the argument in the case w > 0, we get —w, —w’ € T. O

We remark that if I' = Ng, we have Q(w) = {0,1,... , —(w+1)} if w is negative,
and Q(w) is empty otherwise. So we obtain the formula 7(w) = 1/2(|w| — w) in
this case. As a consequence, the two formulas above are trivial in the case I' = Ng.

4. The ring of differential operators

Let I" be a numerical semigroup, and let A = k[I'] be the corresponding mono-
mial curve. We shall give an explicit description of the ring of differential operators
D(A) on this monomial curve.
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From corollary 2.3, we see that the set {P, : w € Z} U{E} generates D(A)
as a k-algebra. It is also clear that P, P, and P, . are homogeneous differential
operators of weight w + w’.

Lemma 2.6. Let w,w’ be integers. Then the homogeneous differential operators
PyPy and Pyiy. are equal if and only if one of the following conditions hold:
ww' =0, orw,w €T, orw,w € —I'. Moreover, if none of these conditions holds,
then d(PyPy) > d(Pyya)-

PROOF. From proposition 2.5, 7(w + w’) = 7(w) + 7(w') if and only if one of the
conditions ww’ = 0, or w,w’ € T, or w,w’ € —T is fulfilled. Furthermore, we have
that d(P, Py ) = d(P,) + d(P,) since A is an integral domain of finite type, and
d(Py) = 7(w), d(Py) = 7(w'), and d(Py+w ) = 7(w + w') from corollary 2.3. So
P, P, and Py, have the same order if and only if one of the conditions ww’ = 0,
or w,w' € I' or w,w’ € —T is fulfilled. Moreover, if this is not the case, then
d(PyPy) > d(Py1qy) from proposition 2.5. So it only remains to show that if the
differential operators have the same order, they must be equal. But homogeneous
differential operators in D(A) of weight w + w’ and order 7(w + w’) can only differ
by a scalar multiple in £*: This is clear, since corollary 2.3 gives the dimension
formula
. p _fp—rw)+1, p=7(w)
dimy, D?(A),, = { 0. p< 7w
for all integers p, w. From corollary 2.3, we see that P, P, and P,  both have
leading term ¢wtw'+(wtw)gr(wtw’) g4 they must be equal. O

We see that any differential operator P, with w € I" can be written as a finite

product of differential operators from the set {P, : w = a1,...,a,}. Similarly,
any differential operator P, with w € —I' can be written as a finite product of
differential operators from the set {P, : w = —aq,...,—a,}. It is therefore clear

that the finite set G given by
G={Py:|wl=ai,...,a, or lwl € H} U{E}

is a set of generators for D(A) as k-algebra. However, it is not in general a minimal
set of generators for D(A). See Smith and Stafford [32], section 3.12 for an easy
counterexample: Let I' =< 2,3 >, then the generator P_j is superfluous in the
generating set G. In fact, P_3 = 1/2 [P_2, P_1] in this case.

If ' = Ny, then G = {t,0, E'}, and the maximal order of a generator in G is
1. Assume that I" # Np; we shall calculate the maximal order of the generators
in G in this case as well: Obviously, d(E) =1, d(P,) =0 for w = aq, ... ,a,, and
by proposition 2.4, d(P,,) = —w for w = —ay,...,—a,. If w € H, then we have
Q(w) €{0,1,...,9 —w}, and therefore 7(w) < g —w+1<g. If w e —H, then
proposition 2.4 gives the inequality 7(w) = 7(—w) —w < (g+w+1)—w =g+1 =c.
It follows that the maximal order of a differential operator in G is bounded by

max{d(P) : P € G} < max{a,, c}.

Moreover, d(P,) = a, for w = —a,, and d(P,) =7(—g) =7(9) +9g=1+4¢g = c for
w = —g. So if I' # Ny, the equality

max{d(P) : P € G} = max{a,,c}

holds. Furthermore, if I' = Ny, then max{a,,c} = 1, so equality holds as well. We
summarize these results in the following theorem:

Theorem 2.7. Let ' be a numerical semigroup, and let A = k[['] be the corre-
sponding monomial curve. Then the k-algebra D(A) of differential operators on A
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has a finite generating set
G={P,:|w|=ai,...,a, or |lw| € H} U{FE}

of cardinality 2r +2h+ 1. Furthermore, the algebra D(A) is generated by the linear
subspace DP(A) C D(A) with p = max{a,, c}.

Since G is not a minimal generating set for D(A) as k-algebra, p = max{a,, c}
is in general not the minimal order such that D(A) is generated by D”(A). In fact,
in the example I' =< 2,3 > mentioned above, DP(A) generates D(A) for p = 2,
while a,, = 3. However, in section 6, we shall show that the generating set G given
above has nice properties when passing to the associated graded ring gr D(A).

For all integers w, the characteristic polynomial x,, € k[¢] has integer coefli-
cients. Furthermore, E™ can be expressed in the form

n—1
E"=1"0" 4+ cpit'd’,
i=1
with ¢,; € Ng for all natural numbers n and all indices 7 with 1 <i <n —1. So

the differential operator P, = t*x.,(F) has integer coefficients ¢; when written in
standard form
T(w)—1
P, = tw—i-T(w)aT(w) + Z Citw—&-iai7
i=0

and the coeflicients ¢; are easily computed from the numerical function 7 and the
expressions for powers of E given above. Furthermore, the leading term of P, is
twtTw)gr(w) — (W) gT(w) for all integers w.

Let A be any domain over k, and let A be its normalization. It turns out that
it is very useful to compare the ring structures of D(A) and D(A), especially when
A has Krull dimension 1:

Theorem 2.8. Let A be an integral domain of finite type over k, such that A has
Krull dimension 1. Then the following conditions are equivalent:
i) The normalization map Spec A — Spec A is injective.
ii) D(A) is a simple ring.
i) A is a simple left D(A)-module.
iv) D(A) is Morita equivalent to D(A).
PROOF. See Smith and Stafford [32], proposition 3.3, theorem 3.4, theorem 3.7,
and proposition 4.2 and the following comments. O

Let us apply this theorem to the monomial curve A = k[I']: We know that the
normalization of A is A = k[t], so D(A) is the Weyl algebra A; (k). Furthermore, the
normalization map Xt — Xr is bijective. So by theorem 2.8, we have that D(A) is

a simple ring, Morita equivalent to the Weyl algebra A;(k), for all monomial curves
A = K[T].

Corollary 2.9. Let T’ be a numerical semigroup, and let A = k[T'] be the corre-
sponding monomial curve. Then the ring D(A) is Morita equivalent to the Weyl
algebra Aq(k). Furthermore, D(A) has the following properties:

i) D(A) is a simple Noetherian ring.

ii) A is a simple left D(A)-module.
ii1) D(A) has Krull dimension 1.

iv) D(A) has Gelfand-Kirillov dimension 2.

v) D(A) is a hereditary ring.
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PROOF. From theorem 2.8, A is a simple left D(A)-module. Since A = k[t] is a
regular domain of finite type over k, the result holds for I' = Ny by Smith and

Stafford [32], section 1.4, and hence for A = A. But in the general case, D(A) is
Morita equivalent with D(A) = A;(k) by theorem 2.8. This means that there are
equivalences of categories between left D(A)-modules and left A;(k)-modules, and
between right D(A)-modules and right A;(k)-modules. But the property of being
a simple Noetherian ring is a Morita equivalent property, and Krull dimension,
Gelfand-Kirillov dimension and global dimension are Morita invariant numbers.
This proves the corollary, since a ring is hereditary if and only if it has global

dimension 1. O

We remark that the ring D(A) is neither left nor right Artinian: Let I,, be the
left ideal in D(A) generated by ¢™ for n > ¢, and similarly, let J,, the right ideal
in D(A) generated by t" for n > ¢. Then I, D I.y1 2 ... is a chain of left ideals,
and similarly J. O J.y1 2 ... is a chain of right ideals. But I,, = I,,4+1 if and
only if Pt"+! =" for some differential operator P € D(A). Since A is an integral
domain of finite type over k, we know that d(P) + d(t"*!) = d(t"), so d(P) = 0
and P € A. But we easily see, for instance by comparing degrees of polynomials
in A, that this is a contradiction. So D(A) has an infinite descending chain of left
ideals. Similarly, J,, = J,, 11 if and only if t"*1 P = ¢" for some differential operator
P € D(A), which is also impossible. So D(A) has an infinite descending chain of
right ideals, as well.

5. The derivation module

Let I" be a numerical semigroup, and let A = k[I'] be the corresponding mono-
mial curve. Then Dery(A) is a Z-graded left A-module in D(A), since A is of finite
type. We shall give an explicit description of this A-module. It is well-known that
if I' = No, then Dery(A) = A0 = k[t]0, a free left A-module of rank 1. So this is a
trivial case, and for the rest of this section, we shall assume that I' # Np.

Let w be any integer. We shall denote by Dery(A),, the set of homogeneous
derivations of A of weight w. By definition, Dery(A),, = D(A),, NDery(A). We see
that if 7(w) < 1, then Derg(A), is a one-dimensional k-vector space: If w € T, it
is generated by tYE = P,F, and if 7(w) = 1, then it is generated by t“E = P,,.
Furthermore, Dery(A),, = 0 if 7(w) > 2.

Let us consider the set T = {w € Z : 7(w) = 1}. We remark that T()) C H,
and therefore ') is a finite set. To see this, assume that w € I'™) for some strictly
negative number w. If w = —1, then 7(—=1) = 7(1)+1 > 2, since 1 ¢ T". If w < =2,
then 7(w) = 7(—w) — w > 2. So we can conclude that no strictly negative number
w can have 7(w) = 1. It follows that

'Y = {we H:w+~ el for all non-zero y € I'}.

Clearly, Dery,(A) is generated by E and {P,, : w € TV} as a left A-module. So we
immediately see that the subring of D(A) generated by A and Dery(A) is positively
graded. But D(A) is not positively graded: In fact, P, is a non-zero homogeneous
differential operator of weight w for all strictly negative numbers w. So for a
monomial curve A, D(A) is generated by A and Dery(A) if and only if A is regular.
We remark that this proves Nakai’s conjecture in the case of monomial curves.

Proposition 2.10. Let T' # No be a numerical semigroup, and let A = k[I'] be
the corresponding monomial curve. Then, the set {t*E :w € TM orw = 0} is a
minimal set of homogeneous generators for Derg(A) as left A-module.
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PROOF. It is clear that this is a homogeneous set of generators of Dery (A) as a left
A-module. But let w € T™ or w = 0, and let v € T'. Then ¢"(t*F) = t"**E, and
v 4w € I' if v # 0, so none of the generators are superfluous. O

Let A be any quasi-homogeneous k-algebra which is an integral domain of finite
type over k. If A is Cohen-Macaulay, then the Cohen-Macaulay type of A is defined
to be t = t(A) = dimy, Fatly(k, A), where k = A/A,, and A, is the unique graded
maximal ideal A} = ®;~0 A; C A. The Cohen-Macaulay type t(A) of A is a strictly
positive integer, and t(A) = 1 if and only if A is Gorenstein. See Bruns and Herzog
[8] for a general reference on Cohen-Macaulay type.

It is well-known that any integral domain of Krull dimension 1 is Cohen-
Macaulay. So the Cohen-Macaulay type of a monomial curve A = k[I'] is a well-
defined natural number. By Froberg [14], lemma 1, the Cohen-Macaulay type of a
monomial curve A = k[I'] is the cardinality of the set T'(}).

It is an elementary fact that g € I'D), and that T™ = {g} if and only if T is
a symmetric semigroup. So in particular, we see that a monomial curve A = k[I']
is Gorenstein if and only if I' is symmetric, which is a well-known result. More
generally, the following result holds:

Proposition 2.11. Let T' # Ng be a numerical semigroup, and let A = k[I'] be
the corresponding monomial curve. Then the minimal number of generators of the
A-module Dery(A) is given by p(Dery(A)) = t(A) + 1.

All numerical semigroups of rank 2 are symmetric. So t(A) =1, and {E,t/E}
is a minimal set of generators for Derg(A) in this case. Furthermore, it is known
that there is no bound of ¢(A) when I' is a numerical semigroup of rank at least
4, see Cavaliere and Niesi [10], remark 3.3 and Froberg, Gottlieb and Haggkvist
[13], note 11. However, the situation for numerical semigroups of rank 3 is quite
different: By Cavaliere and Niesi [10], proposition 3.2, the Cohen-Macaulay type
t(A) < 2 in this case, and the possible values t(A) = 1,2 are both obtained:
t(A) = 1 for all symmetric numerical semigroups of rank 3, and ¢(4) = 2 for all
non-symmetric numerical semigroups of rank 3. This gives a positive answer to a
question raised by Skaar in her Master thesis [31], with applications to deformation
theory of monomial curves:

Proposition 2.12. Let T be a numerical semigroup of rank 3, and let A = k[I'] be
the corresponding monomial curve. If T is symmetric, then {E,t9E} is a minimal
set of homogeneous generators of Dery(A) as left A-module. Otherwise, there exists
a unique h # g in T such that {E,t"E t9E} is a minimal set of homogeneous
generators of Dery(A) as left A-module.

6. The associated graded ring

Let T" be a numerical semigroup, and let A = k[I'] be the corresponding mono-
mial curve. We shall give an explicit description of the associated graded ring
grD(A) associated with this monomial curve.

Since A — T is an injective localization map of Z-graded k-algebras, we shall
consider gr D(A) a Z2-graded subring of gr D(T'). But T = k[t,t71], so let us fix
the homogeneous coordinates f : k[t,u] — T for T given by t +— t, u — t~ L
But 9, € D(k[t,u]) corresponds to —t?d € D(T'), so the symbol relative to the
coordinates f defines an injective homomorphism of Z?-graded k-algebras

o:egrD(T) — T[],
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where o(0) = €. We recall that the differential operators in D(T") of order at most
p are given as

D(T) = {zp: ci0" 1 c; €T}
=0

for all integers p > 0. Consequently, o : gr D(T) — T[¢] is surjective, and therefore
an isomorphism. We shall consider gr D(A) a Z?-graded subring of T'[¢] = k[t,t ™1, €]
via the symbol o.

Let P be a non-zero differential operator in D(A). We may write P in standard
form relative to the homogeneous coordinates f, since we identify P with a differ-
ential operator in D(T'). Therefore, the symbol of P relative to the coordinates f
is well-defined.

Assume that p > 7(w), and let P = P,,EP~"() € D(A). Then P is a homoge-
neous differential operator of weight w and order p, and we have

o(P) = twrrer.

We know form corollary 2.3 that the set of differential operators P, EP~7(*) for inte-
gers p, w such that p > 7(w) is a basis for D(A). Consequently, the set of monomials
tWrPEP for integers p,w such that p > 7(w) is a basis for gr D(A) considered as a
subring of T[¢].

Motivated by this fact, we shall introduce the new coordinates («,3) € 7?2
given by a = w + p, 8 = p. Furthermore, we let IV € Z? be the subset consisting
of all pairs (a, 8) € Z? such that 8 > 7(a — 3). Then (a,3) € I if and only if
t2¢P € grD(A) for integers o, 3 € Z2. In particular, IV C Z? is a semigroup, and
grD(A) is isomorphic to the semigroup algebra k[I"].

If T = Np, then IV = Ng? and grD(A) = k[t,£], so this case is trivial. We
assume that I' # Ny, and let (o, 3) € IV with w = a — 3. Then we have that
T(w) < B3, 80 let m = 0 — 7(w) > 0, and put (¢/,5) = (o, ) — m(1,1). We see
that ' = 8 — m = 7(w), and furthermore that

T(-w)=1w)tw=0F+(a-p) =5+ -7)=2d.
Consequently, any («, 3) € I can be written uniquely in the form
(@, 8) = m(1,1) + (T(-w), 7(w))
with m € Ng, w € Z\{0}. It follows that the finite set G’ of cardinality 2r+2h+1,
given by
G ={(r(~w),7(w)) : lw| =ay,... ,a, or |[w| € H}U(1,1)
is a set of generators of I''. We claim that this is a minimal set of generators for I':

Lemma 2.13. Let T # Ng be a numerical semigroup. Then the set G’ is a minimal
set of generators for I".

PRrROOF. We have already seen that G’ is a set of generators for I'V. We show that
none of the generators are superfluous: First, notice that (1,0), (0,1) € I, so (1,1)
is certainly not superfluous. Furthermore, (7(—w), 7(w)) is given as (a;,0) if w = a;
and (0, a;) if w = —a;. So by the minimality of the generator set {a,...,a,} for T,
none of these generators are superfluous. Let w’ be an integer such that |w’| € H,
and denote by I the set [ = {w € Z\{w'} : |w| € H or |w| = a4,...,a,}. We show
that the generator (7(—w’), 7(w’)) is not superfluous: Assume to the contrary that

(r(=w), (") = Y nu(r(=w), 7(w)) +m(1L,1).
wel

Then w' = ) ;nypw, and 7(w') = 73 ,c; Mow) = > per MoT(w) + m. By
using proposition 2.5 repeatedly, we see that m = 0 and 7(>_ n,w) = > ny7(w).
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Assume that n,, # 0 for some w with |w| € H. Then, proposition 2.5 applied to
the sum w’ = w + (w' — w) gives w = w’, which is impossible. But then |w'| € T’
by another application of proposition 2.5, and this contradicts the assumption that
the generator (7(—w'), 7(w’)) is superfluous. O

We also notice that all generators in G is in No? C Z2, and that G is invariant
under the reflection in the line o = (3. We summarize these properties of the
semigroup I in the following proposition:

Proposition 2.14. Let I # Ng be a numerical semigroup, and let T C Z? be the
semigroup I = {(a, 8) € Z* : B > (v — B)}. Then

G ={(r(~w),7(w)) : |w| =a1,...,a,. or |w| € H} U (1,1)

is a minimal set of generators of I'. Furthermore, T' C No?, No? \ I is a finite
set, and for all integers o, 3, (o, B) € TV if and only if (B,«) € I'. In particular,
I' C Z? is an affine semigroup.

PROOF. The only thing left to prove is the finiteness of N> \ I": For any integer
w, consider the set {(a,8) € I" : @ — f = w}. This set has cardinality 7(w) if
w > 0, so by the symmetry of I” it has cardinality 7(—w) if w < 0. From this,
we get |No? \ | = 2 > wen T(w). In particular, the set No? \ I” is finite (of even
cardinality). O

We remark that the following formula for the cardinality of No? \ I was ob-
tained by Jones in his thesis Jones [17]:

No’\I'| =2 ) w—h(h—1).
weH
It is possible to give a much easier proof of this formula using our methods, but we
will not include it here.

Corollary 2.15. Let T' be a numerical semigroup, and let A = k[I'] be the corre-
sponding monomial curve. Then grD(A) is the semigroup algebra gr D(A) = k[I"],
where T C Z2 is the affine semigroup T" = {(a,3) € Z*> : B > 7(a — B)}. If
I" # Ny, then gr D(A) has a minimal generating set

(7™ | = ay, ... a, or |w| € HY U {t€},

and if T' = No, it has a minimal generating set {t,£}. In particular, grD(A) is a
subring of grD(A) = k[t, €], and the k-algebra gr D(A) has finite type over k and
Krull dimension 2.

In contrast, we mention the following result of Smith and Stafford. Notice that

in general, D(A) is not a subring of D(A). It is therefore rather surprising that

grD(A) C grD(A) for any affine curve.
Theorem 2.16. Let A be a domain of finite type over k of Krull dimension 1. Then

grD(A) C grD(A). Furthermore, the following conditions are equivalent:
i) The normalization map Spec X — Spec X is injective.

i1) The k-algebra gr D(A) is of finite type over k.

i11) The k-algebra gr D(A) is Noetherian.

PROOF. See Smith and Stafford [32], proposition 3.11 and theorem 3.12. O

Let us consider the Bernstein filtration of D(A), as defined in section 6 of
chapter 1, when A is a monomial curve. In this case, we see that there is a ho-
mogeneous, non-zero differential operator P € B"(A) of weight w if and only if
(n—w)/2 > 7(w), or equivalently, if and only if n > 7(w) + 7(—w). When |w| > ¢,
where ¢ is the conductor of T', then 7(w) + 7(—w) = |w|. In particular, we have
D(A), NB"(A) =0 when |w| > max{n, c}.
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Corollary 2.17. Let T' be a numerical semigroup, and A = k[T'| the correspond-
ing monomial curve. Then the k-vector space B"(A) has finite dimension for all
integers n.

PROOF. This is clear, since each DP(A),, has finite dimension by proposition 1.17,
and furthermore each B"(A) is the direct sum of a finite number of these k-vector
spaces. O

We remark that gr D(A) is a Z-graded k-algebra via the Bernstein filtration.
From the comment above, there is a non-zero homogeneous differential operator in
B"(A) of weight w if and only if n > 7(w) + 7(—w). But it is easy to see that
7(w) + 7(—w) > 0, and equality holds if and only if w = 0. So we see that if
n < 0, then B"(A) =0, and if n = 0, then B"(A4) = k. If follows that grD(A) is a
quasi-homogeneous k-algebra of finite type.

7. An example

We finish this chapter by giving an example: Consider the numerical semigroup
I' =< 3,4 >, and let A = k[['] = k[t?,t%] be the affine coordinate ring of the
corresponding monomial curve. We have that r =2, a1 =3, ax =4, g =5, and
H = {1,2,5} in this case. We also notice that I' is a symmetric, since w € T if and
only if 5 —w ¢ I for all integers w € Z.

Let I ={w € Z: |w| € Hor |w| =ai,...,a.}. We calculate the sets Q(w)
for w € I, and obtain the set G of generators for D(A) as a k-algebra, given by
G={P,:wellU{P} with

Ph=F
P, =tE(E —4) = t39* — 3t%0

P, =t?E(E — 3) = t'0? — 2t30

Py =13
Py =t!
Ps =t°E =%
P, =t7'E(E - 3)(FE — 6) = t?0° — 619> + 100
Py =t2E(E—3)(E —4)(F —7) =" — 8t9* + 269> — 36t 10
Py =t3E(E —4)(F —8)=0°— 919+ 21t7%0
P y=t1E(E-3)(E-6)(FE—-9)=0"—12t719% + 52t720% — 80t 20
P 5s=tP°E(E—-3)(FE—4)(E—-6)(E—T7)(E—10)

=t0% — 150° + 110t~ 19* — 490¢ 29> + 1300t 392 — 1620t 9.

We also see that Dery(A) has a minimal generating set {E,t°E} = {t9,t%0} as a
left A-module.

We may now easily read off the minimal generating set g of grD(A) as a k-
algebra. This is given by {p, : w € I'} U {po}, with

Po = tu,
b1 = t3u27 b2 = t4u27 p3 = tSa P4 = t47 bs = t6u7
po1 =7, P = t*u?, ps=u’, p_s =u’ p_s = tu®

Equivalently, gr D(A) = k[I"], where I" is the affine semigroup I" = No? \ H’,
where H’ is the finite set given by

H' = {(0,1),(0,2),(0,5),(1,0),(1,2),(1,3),(2,0),(2,1),(3,1),(5,0)}.



CHAPTER 3

D-modules on monomial curves

In this chapter, we study D-modules on monomial curves. We introduce dimen-
sion and multiplicity for D-modules on monomial curves, and define the category of
holonomic D-modules. In order to do this, we need a theory of Hilbert functions on
graded modules over a quasi-homogeneous k-algebra, which we develop in section 2.
We also study certain localization functors, defined on the category of D-modules
and the category of graded D-modules.

1. Basic properties of D-modules

Let A be a commutative k-algebra, and let D(A) be the ring of differential
operators on A. We shall often suppress the ring A from the notation, when no
confusion is likely to arise from this, and write D for the ring D(A). We denote
by a D-module any left D(A)-module M. Furthermore, we denote by D-Mod the
category of D-modules, where the morphisms are left D-module homomorphisms.

We have inclusions £ C A C D of commutative subrings of D. We see that
k is in the centre of D, whereas A is usually not in this centre. It will often be
convenient to consider a D-module as an A-module or as a vector space over k via
the obvious forgetful functors.

We define the category MC(A; D) in the following way: An object in this
category is a pair (M, p), where M is an A-module and p : D — D(M) is a
homomorphism of filtered k-algebras. A morphism in this category from the object
represented by (M, p) to the object represented by (M’,p’) is a homomorphism
¢: M — M’ of A-modules, such that the following diagram commutes:

)

D(M
P~
D D(M, M)
X\ %,)
D(M’

)

Clearly, there is a functor F' : MC(A; D) — D-Mod: For any object (M, p) in
MC(A; D), we may consider M as a k-vector space, with a D-module structure
given by Pm = p(P)(m) for all P € D, m € M. Furthermore, the commutative
diagram above implies that any morphism in the category MC(A; D) is a morphism
of the corresponding D-modules. We shall see that the functor F' is in fact an
equivalence of categories between MC(A; D) and D-Mod:

Proposition 3.1. There is a natural equivalence of categories between D-Mod and
MC(4; D).

PROOF. Let M be any D-module. Then we may consider M as a k-vector space,
and the D-module structure is given by a homomorphism p : D — Endg(M) of
k-algebras. So it is clearly enough to show that the image of p is in D(M) when

29
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M is considered as an A-module, and that the induced morphism p : D — D(M)
is a morphism of filtered k-algebras. We show this by induction: First, it is clear
that p(DP(A)) € DP(M) when p = 0 (and indeed for p < 0). So assume that the
inclusion holds for some integer p > 0. Let P € D?**(A) be a differential operator,
then we have

[p(P),a] = [p(P), p(a)] = p([P,a])

for all @ € A. But [P,a] € D?(M), so [p(P),a] € DP(M) for all a € A by
the induction hypothesis. By definition, this means that p(P) € DP"'(M). So
p(DPTL(A)) € DT (M), and this concludes the induction argument. O

We define the derivation ring of A to be the subring A(A) C D generated by
D'(A) = A@Dery(A). This is a filtered subring of D in a natural way, having A as
a subring. If A is a regular integral domain of finite type over k, then A(A) = D.
It has been conjectured by Nakai that if A is an integral domain of finite type over
k, then A(A) = D if and only if A is regular. This conjecture has been proven
when dim A = 1, see Mount and Villamayor [25].

There are several approaches to the study of D-modules. The classical approach
has been to take the commutative point of view, and study the category MC(A; D).
When A is a regular k-algebra of finite type, this is the same as the study of pairs
(M, V), where M is a module over the commutative ring A, and V is an integrable
connection of M (or equivalently, an integrable covariant derivative on M). In
chapter 4, we shall consider modules with integrable covariant derivatives when A
is not necessarily regular, which will lead to a theory equivalent to the theory of
A(A)-modules.

However, the studies of D-modules undertaken by considering the category
MC(4; D) tend to hide the non-commutative aspect of D-module theory. Further-
more, since the notion of a D-module of finite type does not seem to have a natural
counterpart in the category MC(A; D), such studies also tend to concentrate the
attention on D-modules which are of finite type considered as A-modules.

In the rest of this chapter, we shall study D-modules more directly, taking
an essentially non-commutative point of view. The main tools will be the use of
invariants, and a certain localization process to be described later.

2. Hilbert functions on quasi-homogeneous k-algebras

The purpose of this section is to develop a theory for the Hilbert function of
a positively graded module M over a quasi-homogeneous k-algebra A, generalizing
the well-known theory in the case when A is generated by homogeneous elements
of degree 1. The paper Campbell, Geramita, Hughes, Smith and Wehlau [9], from
now on only called CGHSW [9], covers the case M = A. It has also inspired the
work in this section, which does not appear in the literature, as far as we know. We
shall refer to chapter 4 in Bruns and Herzog [8] for the basic results in this section.

Let A be a quasi-homogeneous, commutative k-algebra of finite type, and let
M be a positively graded A-module of finite type. Then Ay = k, and M, is
an Ag-module of finite type for all n > 0. The dimension dimy M, is therefore
finite for all integers m > 0, and we see that it is invariant under isomorphisms
of graded A-modules. We denote by H(M, —) the Hilbert function of M, given by
H(M,n) = dimy M, for all n > 0. Furthermore, we denote by Hy,(t) the Hilbert
series of M, defined as the power series Hps(t) = > H(M,n) t"™ generated by the
Hilbert function. For the rest of this section, we shall assume that M # 0, and we
shall denote the Krull dimension of M by d = dim M = dim(A/ann M).
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Theorem 3.2. Let A be a quasi-homogeneous k-algebra of finite type, and let M be
a non-zero, positively graded A-module of finite type with d = dim M. Then there
exists an integer | > 1 and a polynomial Q(t) € Z[t] with Q(1) > 0, such that

Q)
Hy(t) = ———
M( ) (1 — tl)d
PROOF. Let x1,...,24 be a homogeneous system of parameters for M, of strictly
positive degrees ny,...,nq, and let { =lem(nq,...,n4). Then
xll/nl,...,x;/nd

is another homogeneous system of parameters for M. Since these parameters all
have degree I, the result follows from Bruns and Herzog [8], proposition 4.4.1 and
the following remarks. O

We notice that [ may be chosen as the least common multiple of the degrees
of any homogeneous system of parameters for M. If it is, let us denote the corre-
sponding graded Noether normalization of M by S. Then it follows from Bruns and
Herzog [8], lemma 4.1.13 that Q(1) = rk¢ M > 0. But there may exist values for
I which do not occur in this way. For instance, consider the example A = k[t?, 3],
M = A. In this case, we may choose [ = 1. But clearly, there is no homogeneous
system of parameters of degree 1, since A; = 0.

We let L(M) = {l € Ng : Hys(t) (1 —t))? € Z[t], | > 1}, and define the period
of M to be m = m(M) = min L(M). This is an invariant of M, and by CGHSW
[9], lemma 2.1, we have that L(M) = {l € Ng : m | [, | > 1}. Let us define the
polynomial Qs (t) € Z[t] to be Qar(t) = Har(t) (1 — ™). Since there exists some
I € L(M) such that the corresponding polynomial Q'(t) = Hy,(t) (1 — t!)¢ satisfies
Q'(1) > 0, and this [ is a multiple of m from the description of L(M), we see that
Qnr(1) > 0 as well.

Proposition 3.3. Let H(t) € Z[[t]] be any non-zero power series H(t) = > hpt™
with non-negative coefficients h, > 0, and let l,s be non-negative integers with
1 > 1. Denote by a(t) the power series a(t) = H(t) (1 —t)*. Then the following
conditions are equivalent:
i) a(t) is a polynomial in Z[t].
ii) There exist polynomials P.(t) € Q[t] for 0 <r <1, such that deg P.(t) < s—1
and P.(n) = hpigr for alln >> 0.

Furthermore, if the conditions above hold, then a(1) > 0 if and only if P.(t) has
degree s — 1 for at least one integer r with 0 < r <.

PROOF. See CGHSW [9], proposition 2.3 and remark 2.4. O

Assume that the conditions of proposition 3.3 hold. In this case, we follow the
notation of the proof, and write a,(¢) for the polynomial a,(t) = > ani.t"™ € Z[t],
where the coefficients a; for i > 0 are given by a(t) = > a,;t'. So we obtain
polynomials ag(t),...,a;—1(t) € Z[t], and we have a(l) = ao(1) + -+ + a;—1(1).
Furthermore, the polynomial P, (¢) has the form

ar(1)
(s —1)!

for 0 < r < I, where P/(t) is a polynomial in Q[t] of degree deg P/(t) < s — 1.
Consequently, we see that a,.(1) > 0 for all r, and that deg P,.(¢t) = s — 1 if and only
if a,(1) > 0.

Let us apply proposition 3.3 to the Hilbert series Hps(t): We let I =m, s =d
and H(t) = Hps(¢). Then the first condition of proposition 3.3 is satisfied, with

a(t) = Qu(t) and a(1) = Qu(1) > 0. So let e, = e,.(M) = a,(1) for 0 < r < m.

P.(t) = t=1 + Pl(t)
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Then e, > 0 is a positive integer for 0 < r < m, and > e, = Qu(1) > 0. We
obtain the following result on the Hilbert function of M:

Corollary 3.4. Let A be a quasi-homogeneous k-algebra of finite type, and let M
be a non-zero, positively graded A-module of finite type with d = dim M. Then
there exist polynomials ph,(t) € Qt] for 0 < r < m, such that degp},(t) < d—1,
and pl;(n) = Hy(nm + ) for all n >> 0. Furthermore, e, > 0 for at least one

integer v with 0 < r < m, and if e, > 0, then pl,(t) has leading term (de_rl)! pd—1

A function f : Ng — Ny is a quasi-polynomial of period [ if it is given by
[ polynomials po(t),...,p—1(t) € Q[t], in such a way that f(nl +r) = p.(n) for
0<r<l, n>0,and ! is the least positive integer with this property. We see that
there exists a unique quasi-polynomial p,; of period m, defined by the polynomials
P, (t), ..., T (t) given above, such that pas(n) = H(M,n) for all n >> 0. We
denote this quasi-polynomial p,, and call it the Hilbert quasi-polynomial of M.

In fact, the polynomials p,(¢), ... ,p’]\’}[_l (t) are themselves Hilbert polynomials.
We introduce the degree modules, defined in the following way: For 0 < r < m,
we define Alm;r] =5 Apmyr and M[m;r] = > Mym+r. We say that a € Alm;r]
is homogeneous of degree n if @ € Aoy, and correspondingly that m € M|[m;r]
is homogeneous of degree n if m € Myy,yr. If follows that A[m;0] is a quasi-
homogeneous k-algebra, and that A[m;r]|, M[m;r] are positively graded A[m;0]-
modules for 0 < r < m.

Lemma 3.5. Let A be a quasi-homogeneous k-algebra of finite type, and let M be
a non-zero, positively graded A-module of finite type with d = dim M. Then we
have:
i) Alm;0] is a k-algebra of finite type, and dim A[m;0] = dim A.
it) M is a Alm;0]-module of finite type, and it has Krull dimension d considered
as an A[m;0]-module.

PROOF. The first part is contained in CGHSW [9], proposition 4.2, which shows
that A is an integral ring extension of A[m;0]. For the second part, it is clear that
M is of finite type over A[m;0], since A is integral over A[m;0]. So it is enough
to notice that the ring extension of quotients A[m;0]yr C Ay is integral as well
(where we define Ay = A/anna (M) for any A-module M). O

From lemma 3.5, we see that M[m;r] is an A[m;0]-module of finite type for
0 <7 < m. Furthermore, corollary 3.4 shows that p’,(¢) is the Hilbert polynomial
of M[m;r]. Let d, denote the Krull dimension of M[m;r| for all integers r with
0 <7 < m such that M[m;r] # 0. Then d, < d for all 7, and d,, = d for at least
one integer r. Even though A[m;0] is not, in general, generated by homogeneous
elements of degree 1, we have the following result:

Lemma 3.6. Let r be an integer with 0 < r < m. Then, the Alm;0]-module
M m;r] has Hilbert polynomial ply,(t), and degph,;(t) =d, — 1 if M[m;r] # 0.

PROOF. The first part is clear. For the last part, let » be some integer such that
M[m;r] # 0. We denote by p(t) the Hilbert series of M[m;r], and by s the degree
of the polynomial ph,(t). Since ph,(t) is the Hilbert polynomial of M[m;r], it
follows from proposition 3.3 that a(t) = p(t) (1 —t)*T! is a polynomial in Z[t] with
a(l) > 0. But from theorem 3.2, we see that there is an integer [ > 1 such that
b(t) = p(t)(1 — ') is another polynomial in Z[t] with b(1) > 0. So we have the
polynomial identity a(t)(1 —t)% = b(t)(1 — ¢)**!, and s = d, — 1 by counting the
multiplicity of the irreducible factor (¢ — 1) on each side of this identity. O

We define the higher iterated Hilbert functions H*(M,—) for i > 0 in the
following way: Let H(M, —) be given by H(M,n) = H(M,n), and let H (M, —)
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be given inductively by
H (M,n) => H"'(M,j)
Jj<n

for i > 0. The following observation is implicit in Bruns and Herzog [8], lemma
4.1.2: For any integer i > 0, there is a polynomial a(t) € Q[t] of degree s such that
a(n) = H'(M,n) for all n >> 0 if and only if there is a polynomial b(t) € Q[t] of
degree s + 1 such that b(n) = H (M, n) for all n >> 0. Furthermore, if there are
such polynomials, then a(t) has leading term § ¢° if and only if b(¢) has leading

term ﬁ t5+1. We use the fact that similar properties hold for quasi-polynomials:

Theorem 3.7. Let A be a quasi-homogeneous k-algebra of finite type, and let M
be a non-zero, positively graded A-module with d = dim M. Then there exist poly-
nomials Pj;(t) € Q[t] for 0 < r < m, such that Pj;(n) = H'(M,nm + ) for
all n >> 0. Furthermore, the leading term of the polynomial Pf,(t) is %td for
0<r<m, wheree=ey+- -+ e€m_1.

PRrOOF. If d = 0, then dimy, M is finite by theorem 3.2. So H'(nm + r) = dimy, M
for all n >> 0 and all integers r with 0 < r < m, and p},(t) = e, = dimy M[m;r].
We may therefore assume that d > 0. Let us fix an integer r with 0 < r < m, and
calculate H' (M, nm + r) using the induction formula for H* (M, —):

H'(M,nm+7) = Y H(M,j)
j<nm+r
r o on m—1 n—1
= ZZH(M,ierS) + Z ZH(M,im+s).
s=0 1=0 s=r+1 i=0
Let us fix an integer s with 0 < s < m. Then, we have that H(M,im + s) = p%, (%)
for all 4 >> 0, and we obtain the formula

> H(M,im+s) = pi(i) + Dy
i=0 i=0

for all n >> 0, where Dy is an integer constant that only depends on s. Since
pis(t) = ﬁtd’l + pl(t) with degp’,(t) < d — 1, the observation preceeding the
theorem implies the following result: For all integers s with 0 < s < m, there is
a polynomial Py(t) € Q[t] of the form Py(t) = %t + P.(t) with deg P/(t) < d,
such that Ps(n) = >, ., H(M,im + s) for all n >> 0. Consequently, we have the
formula B

H' (M,nm+7r)= > Pin)+ »  Pn-1)
0<s<r r<s<m
for all n >> 0. Solet Py (t) = Po(t)+-- -+ Pp(t) + Pryp1(t = 1)+ + Pp_1(t —1).
Then P}, (t) € Q[t] is a polynomial of degree d and with leading term $t¢, where
e=ey+-+em_1. But Py (n) = H'(M,nm+r) for all n >> 0, which concludes
the proof of the theorem. O

We define the first iterated Hilbert quasi-polynomial of M to be the quasi-
polynomial Py, of period m defined by the polynomials Py, (t), ..., P]’\?fl(t). From
theorem 3.7, it follows that all the polynomial components Pj,(t) of this quasi-
polynomial have the same leading term %td with e = eg + - -+ + €,,—1. We define
the multiplicity of M tobe e = e(M) = eg+- - -+em,—_1, which is clearly an invariant
of M. We see that e(M) is a strictly positive integer if M # 0. Furthermore, the
cardinality of the set {r: e, # 0} = {r : d, = d} is a lower bound for e(M).

Finally, the following remark is in order: Let M be any graded module over a
quasi-homogeneous k-algebra A. If M is of finite type, there exists some integer n
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such that M; = 0 for all ¢+ < n: This is clear, it is enough to let n be the minimal
degree of a finite set of homogeneous generators of M. But then the twisted A-
module M (n) is positively generated, and the Hilbert function of M is related to
the Hilbert function of M(n) by the equation H(M,i) = H(M(n),i — n). So the
condition that M is positively graded, imposed in this section, is not essential.

3. Dimension and multiplicity

Let " be a numerical semigroup, let A = k[I'] be the corresponding monomial
curve, and let D be the ring of differential operators on A. We recall that the Bern-
stein filtration {B"(A)} is an exhaustive, ascending filtration of the k-algebra D,
and that the associated graded ring gr D is a Z-graded k-algebra via the Bernstein
filtration. Notice that gr D is a quasi-homogeneous k-algebra of finite type.

Let M be a D-module. We denote by a filtration of M any ascending, exhaustive
filtration {M,, : n € Z} of M compatible with the Bernstein filtration of D, such
that M,, = 0 for n < 0 and M, is a finite dimensional vector space over k for all
integers n > 0. For any filtration (M,,) of M, we consider the associated graded
gr D-module gr M = ® M,,/M,,_1. This is a positively graded gr D-module, and it
will of course depend upon the chosen filtration. We say that the filtration (M,,) is
a good filtration if gr M is a gr D-module of finite type. From Bjork [3], proposition
2.6.1, we see that there exists a good filtration of a D-module M if and only if M
is of finite type over D.

We shall only be interested in D-modules of finite type. From now on, a D-
module will therefore denote a D-module of finite type. Consequently, all D-modules
have a good filtration. A good filtration is usually not unique, but we have the
following result:

Lemma 3.8. Let M be a D-module. If (M,),(M},) are two good filtrations of M,

n
then there exists a integer p > 0 such that M,’l_p Cc M, C M’ +p for all integers n.

n

PROOF. See Bjork [3], proposition 2.6.1. O

Let M be a non-zero D-module, and let (M,,) be any good filtration of M. Then
the associated graded module gr M is non-zero, so the conditions of theorem 3.7 is
satisfied for the gr D-module gr M. Consequently, there exists a quasi-polynomial
P : Ng — Np such that dimg M,, = P(n) for all n >> 0. Let d = dimgr M and
let e be the multiplicity of gr M. We see from lemma 3.8 that d, e are independent
upon the good filtration (M,,). We define the dimension of the D-module M to be
d =d(M) = dimgr M, and the multiplicity e = e(M) of M to be the multiplicity
of gr M. We see that the dimension and multiplicity of M are well-defined, non-
negative integers with d > 0, e > 1. We also remark that d = 0 if and only if M is
a finite dimensional vector space over k, see theorem 3.2.

Consider the example M = D. Clearly, the Bernstein filtration of D is a
good filtration, and dimy, B"(A) = £(n + 1)(n + 2) — r for n >> 0, where r is the
cardinality of the finite set No*\T". Consequently, we have d(D) = 2 and e(D) = 1.

Proposition 3.9. Let 0 = N — M — P — 0 be an exact sequence of non-zero
D-modules. Then we have:

i) d(M) = max{d(N),d(P)}.

ii) If d(N) = d(P), then e(M) = e(N) + e(P).
i) If d(N) > d(P), then e(M) = e(N), and if d(P) > d(N), then e(M) = e(P).

PROOF. Denote the morphisms f : N — M and g : M — P, and let (M,) be
a good filtration of M. Then there are induced filtrations (V) of N and (P,)
of P, given by N,, = f~Y(M,) and P, = g(M,) for all integers n. We obtain
an exact sequence of gr D-modules 0 — grN — grM — grP — 0, and grD is
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a Noetherian ring. Since (M,,) is a good filtration, the same holds for (N,) and
(P,). But dimy M,,/M,,—1 = dimg N,,/N,,—1 + dimy P,,/P,,—1 for all n > 0, and
M, = N, = P, =0 for n < 0, so dimy M,, = dimy N,, + dimy P, for all n > 0.
Consequently, Pyr(n) = Py (n) + Pp(n) for all n > 0, and the result follows. O

Corollary 3.10. Let f : M — M’ be an isomorphism of non-zero D-modules.
Then d(M) = d(M') and e(M) = e(M"). In particular, the dimension d(M) and
the multiplicity e(M) of a D-module M are invariants of M.

PROOF. From the proof of proposition 3.9, we see that Py;(n) = Py (n) for all
n > 0. The rest is clear. O

Let M be a non-zero D-module, then there is a surjection D" — M of D-
modules for some n > 0. Since d(D) = 2, e(D) = 1, we see from proposition
3.9 that d(D™) = 2 and e(D™) = n. If follows that d(M) < d(D™) = 2 for any
D-module. A more interesting fact is that there is a lower bound for the dimension
of D-modules. This lower bound is classically known as Bernstein’s inequality:

Proposition 3.11. Let M be a non-zero D-module. Then d(M) > dim A = 1.

PROOF. Assume that M is non-zero and d(M) = 0. Then M is of finite type as
vector space over k. By corollary 2.9, D is a simple ring. So the ring homomor-
phism D — Endg (M) defining the D-module structure on M is an injective ring
homomorphism, since M # 0. But End;(M) is a finite dimensional vector space
over k, and D is clearly not of finite dimension as a vector space over k, so this is
a contradiction. O

We say that a D-module M is holonomic if M =0 or if M # 0 and d(M) = 1.
Let 0 = N — M — P — 0 be an exact sequence of D-modules. Then M is
holonomic if and only if IV and P are holonomic: This is clear from proposition 3.9.
So in particular, submodules and quotients of holonomic modules are holonomic,
and extensions of holonomic modules are holonomic. We also see that any finite
sum of holonomic modules is holonomic: This is clear, since such a sum is a quotient
of a direct sum of holonomic modules.

Lemma 3.12. Let I C D be a non-zero left ideal in D. Then D/I is a holonomic
D-module.

PROOF. Assume that I is generated by a non-zero operator P € D. Then we
have an exact sequence of D-modules 0 — D — D — D/I — 0 induced by the
right multiplication with P on D. If d(D/I) = 2, then e(D) = e(D) + e(D/I)
by proposition 3.9. This means that e(D/I) = 0, which is a contradiction. So
d(D/I)=1or D/I =0, and D/I is holonomic. For the general case, assume that
I C D is a non-zero left ideal, and choose a non-zero operator P € I. Let J be the
left ideal J = DP C I, and consider the short exact sequence

0—1/J—D/J— DJ/I—DO.

We know that D/J is holonomic, so D/I is a quotient of a holonomic module, and
hence holonomic. O

Proposition 3.13. Let M be a D-module. Then M has finite lenght if and only if
M is Artinian, and the following conditions are equivalent:
i) M is holonomic.
it) M is Artinian.
i11) M is cyclic and not isomorphic to D.
iv) M is a torsion D-module.
Furthermore, if M is non-zero and satisfies these conditions, then M has finite
length (M) < e(M).
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PRrROOF. Clearly, all conditions are satisfied if M = 0, as we may assume that
M # 0. First, assume that M is holonomic. Then M has finite length [(M) < e(M):
If My C My C---C M, C...isachain asubmodules of M, then e(M;) < e(M;41)
for all integers i, since each submodule of M is holonomic. But e(M) is finite, so
the length of such chains is bounded by (M) < e(M). In particular, M is Artinian.
Secondly, assume that M is Artinian. Since D is a simple ring, but not left Artinian,
M is cyclic by Bjork [3], theorem 1.8.18, and M is not isomorphic to D since D is
not left Artinian. Thirdly, assume that M is cyclic, but not isomorphic to D. Then
M = D/I for some non-zero left ideal I C D, and M is holonomic by lemma 3.12.
So the three first conditions in the proposition are equivalent. But M is holonomic
if and only if M is a torsion D-module: Assume that M is a torsion D-module,
generated by mq,...,m,. Then Dm; is a cyclic D-module not isomorphic to D for
all 7, since m; is a torsion element. So Dm; C M is holonomic for all 4, and M is a
sum of holonomic modules, and therefore holonomic. Conversely, assume that M
is holonomic, and let m € M be a non-zero element. Consider the homomorphism
D — M of D-modules given by P +— Pm for all P € D. Since Dm C M, Dm
is holonomic. So if the homomorphism is injective, D is holonomic as well, which
is a contradiction. Consequently, m € M is a torsion element, and M is a torsion
D-module. O

Let M be a D-module. If M is non-holonomic, then there exists an element
m € M which is not a torsion element by proposition 3.13. This element gives rise
to an exact sequence of D-modules

0—-D—M— M/Dm — 0,

where D — M is defined by right multiplication with m. If M/Dm is non-
holonomic, we have e(M/Dm) = e(M) — 1. This argument points in the direction
of the following structural result:

Proposition 3.14. Let M be a non-holonomic D-module with n = e(M). Then
there exists an injective D-module homomorphism ¢ : D™ — M such that the
cokernel of ¢ is an holonomic D-module.

ProOF. We shall find elements myq, ..., m, such that the corresponding mor-
phism of D-modules ¢,, : D™ — M, given by ¢n(Py,..., P,) = Prmi+ -+ Pymy,
is injective. From the argument preceeding the proposition, we know that we can
find an element m; € M such that ¢; : D — M is injective. If n = 1, we are
done. We show that if my,...,m; € M such that ¢; : D! — M is injective and
1 <1 < n, then there exists an element m;; € M such that ¢; 4 : D! — M is
injective: Since I < n, coker ¢ is non-holonomic, and there exists some m;11 € M
such that the image of m;y; in coker ¢ is not a torsion element. But this means
that Pm;y1 € Dmy + -+ 4+ Dmy implies P = 0 for all P € D, so the morphism
¢141 @ D1 — M is injective. So by induction on [, there exist m1,...,m, € M
such that ¢, : D™ — M is an injection of D-modules. But assume that coker ¢,
is non-holonomic. Then e(coker ¢,,) = e(M) —n = 0, which is a contradiction.
Consequently, coker ¢,, is holonomic. O

We denote by Iso(R) the set of isomorphism classes of left R-modules of finite
type for any k-algebra R. Let S be a subset of Iso(R). We define the set of extension
of extensions of S in the following way: Let Ey(S) = S, and for all integers n > 1, we
define E,(S) C Iso(R) inductively as the set of isomorphism classes of R-modules
which are extensions of a R-module in E,_;(S) with an R-module in S. We say
that an R-module M is an extension of extensions of S if the isomorphism class of
M is in E™(S) for some integer n > 0, and we denote by E(S) = UE,(S) the set
of extensions of extensions of S.
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Let F' denote the subset of Iso(D) consisting of the isomorphism classes of the
simple D-modules and of the trivial D-module D. We refer to F' C Iso(D) as the
fundamental set of isomorphism classes of D-modules. From proposition 3.14, we
see that for any D-module M, there is a finite subset F(M) C F such that M
is an extension of extensions of F(M). If M is holonomic, then F(M) consists
of simple modules, and the well-known results on composition series of modules
of finite length applies. If M is non-holonomic, then F'(M) consists of the trivial
D-module, and possibly a finite number of simple D-modules.

A simple example will clarify the situation in the non-holonomic case: Let
M = D be the trivial D-module. Then, for any non-zero differential operator
P € D, we have an exact sequence

0—-D—D-—D/DP —0,

where D — D is given by right multiplication with P. So D can be obtained as
an extension of the holonomic D-module D/DP with the trivial D-module D, or
it can simply be considered as the trivial D-module D. Furthermore, there is no
bound on the length of the holonomic D-module D/DP, when P € D is non-zero:
Indeed, if € k\ Z, then D/D(FE — «) is a simple module by Dixmier [11], lemma
24, and D/D(E — a)™ is a holonomic D-module of length n.

We end this section by making some comments on the Morita equivalence: Let
I' be a numerical semigroups, let A = k[I'] be the corresponding monomial curve,
and let D be the ring of differential operators on A. Furthermore, let D be the
first Weyl algebra A; (k) corresponding to the numerical semigroup Ng. Then, we
know from corollary 2.9 that D and D are Morita equivalent, so any D-module M
corresponds to a uniquely defined D-module M. It is clear that M is Artinian if
and only if M is Artinian, and if this is the case, then [(M) = [(M). Consequently,
the dimension d(M) and the length (M) are Morita equivalent invariants of D-
modules over monomial curves. However, it is not known if the multiplicity e(M)
is a Morita equivalent invariant.

4. The characteristic variety

Let M be any D-module, and let (M,,) be a good filtration of M. We denote
by I(M) the characteristic ideal of M, which is defined by the equation

I(M) = rad(ann(gr M)).

It is clear that I(M) C grD is an homogeneous ideal. We shall prove that it is
independent upon the chosen good filtration of M.

Lemma 3.15. Let M be a D-module, let (M), (M)) be two filtrations of M, and
let I(M),I(M)" be the characteristic ideals of M with respect to these filtrations.
If (M), (M) are good filtrations of M, then I(M) = I(M)’.

PROOF. By symmetry, it is enough to show that I(M) C I(M)’, and since these
ideals are homogeneous, it is enough to show that any homogeneous element in
I(M) is in I(M)'. Solet f € I(M) be homogeneous of degree s, represented by
P € B*(A). Since f € I(M), we see that P™M,, C M, ms—1 for all integers n.
By g iterations of this formula, we see that P M,, C M,, ,(ms—1) for all integers
n and for all ¢ > 1. But from lemma 3.8, we know that there exists some integer
p such that M, , C M, C M, for all integers n, since (M,),(M,) are good

p n
filtrations of M. Let ¢ = 2p + 1, then we have

! / !
quMn - quMner - Mn+p+q(ms—1) c n+2p+q(ms—1) = Mn+qms—1

for all integers n. Consequently, f?™ € anngr M, where gr M is the graded module

associated to the filtration (M),). This means that f € I(M)’, which is what we
wanted to prove. O
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We see that if M, M’ are isomorphic D-modules, then I(M) = I(M'). It follows
that the characteristic ideal I(M) is an invariant of M. Furthermore, I(M) = gr D
if and only if M = 0.

Let V(T') be the affine variety V(I") = Spec(gr D) corresponding to the commu-
tative affine semigroup ring gr D. We define the characteristic variety Char(M) of a
non-zero D-module M to be the the closed subspace Char(M) =V (I(M)) C V(T).
This is an affine scheme over k with corresponding k-algebra (gr D)/I(M), which
is a reduced k-algebra of finite type, but it is not in general an integral domain. It
follows that Char(M) is a (not necessarily irreducible) affine variety. By definition,
(gr D)/I(M) has Krull dimension d(M), so Char(M) has dimension d(M) as well.
It is clear that Char(M) is an invariant of M.

Proposition 3.16. Let 0 — M’ — M — M"” — 0 be an exact sequence of D-
modules. Then Char(M) = Char(M’) U Char(M").

PROOF. Choose a good filtration of M, and let M, M" have the induced filtrations.
Then we obtain an exact sequence of graded gr D-modules associated to these
filtrations, 0 — grM’ — gr M — gr M” — 0. From this exact sequence, we see
that we have inclusions of homogeneous ideals

ann(gr M) ann(gr M"") C ann(gr M) C ann(gr M") Nann(gr M").

But V(ab) = V(anb) = V(a) UV(b) for arbitrary ideals a,b, and this proves the
proposition. O

We see that Char(M) = V(') if M is a non-holonomic D-module, since we
have Char(D) = V(T'), and D™ C M with n = e(M) > 0 for all non-holonomic
D-modules M. Furthermore, Char(M) is a curve for all non-zero D-modules which
are holonomic.

Let P € D be a non-zero differential operator, and consider the holonomic
D-module M = D/DP, with free resolution given by

0—-D—D—-M-—Q0,

where D — D is given by right multiplication by P. Let the middle term have the
Bernstein filtration, which is a good filtration. Then the other terms have induced,
good filtrations, and we obtain the following exact sequence of gr D-modules

0—grD—grD—grM — 0,

where the homomorphism gr D — gr D is given by (right) multiplication of the
equivalence class P € gr D. It follows that ann(gr M) is the homogeneous, principle
ideal in gr D generated by P, and the characteristic variety is the (not necessarily
irreducible) curve V(P) C V().

Let us calculate some examples: Let I' = Ny, then the corresponding ring
of differential operators is D = A;(k). Clearly, grD = k[t,§] for I' = No. We
consider the D-module M = D/DP: First, let P = 9, then M = A = k[t], and
P = ¢ Consequently, Char(M) = V(£) € A? so Char(M) = A' in this case.
Secondly, let P = E = td. Then P = t£, and Char(M) = V(t£) C A?, which is a
curve with two irreducible components and an isolated singularity in the origin.

It is not hard to see that for any numerical semigroup I', the simple D-module
M = A = k[I'] has characteristic variety Char(M) = Spec A. Consequently, the
isomorphism class of the characteristic variety is not invariant under the Morita
equivalence between D and D.

5. The Morita equivalence

Let T be a numerical semigroup, let A = k[I'] be the corresponding monomial
curve, and let D = D(A) be the ring of differential operators on A. Then, we know
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from corollary 2.9 that D is Morita equivalent to the Weyl algebra D = A; (k). In
this section, we shall study this Morita equivalence in more detail.

Let us denote by D-Mod the category of D-modules, and by D-Mod the cat-
egory of left D-modules of finite type. We know that the Morita equivalence of
D and D means that there exists an equivalence between the category of left D-
modules and left D-modules. Furthermore, a left D-module M is of finite type over
D if and only if the corresponding left D-module M is of finite type over D. So we
have equivalences of categories

F :D-Mod — D-Mod,
G : D-Mod — D-Mod.

Since ACACT = k[t,t’l], where T" may be considered as a localization of
A or A with respect to a multiplicatively closed subset consisting of homogeneous
elements, we may consider the rings D, D as graded subrings of D(T). In fact,
we have the identifications of graded rings D = {P € D(T) : P« A C A} and
D={PeD(T): PxAC A}. We define D(A,A) = {P e D(T): P+ AC A}, and
D(A,A) ={P e D(T): P* A C A} using these identifications. Clearly, D(A, A) is
a D-D bimodule in D(T), and D(A4, A) is a D-D bimodule in D(T).

Lemma 3.17. We have D(A, A) = D4(A, A) and D(A, A) = D4(A, A).

PROOF. From Smith and Stafford [32], lemma 2.7, it follows that the equation
Da(A,A)={PeD:PxAC A} holds. Bt {P € D:PxAC A} = D(4,A)
from corollary 1.6, since T is a localization of A. From Smith and Stafford [32],
proposition 3.14, we also see that D4(A, A) = {P € D(K) : P x A C A}, where K
is the field of fractions of A. But we have inclusions

DA(A,A) C{PeD(T): PxACA}C{PeD(K): PxAC A},

since ST1D4(A, A) = D(T) when S = {z € A: z # 0, x is homogeneous } from
Smith and Stafford [32], lemma 2.7. Consequently, both inclusions are equalities,
and D4 (A, A) =D(A4, A). O

The results in Smith and Stafford [32], section 3.14, show that the equivalences
of categories F' : D-Mod — D-Mod and G : D-Mod — D-Mod are implemented
in the following way: For all D-modules M, we have F(M) = P @7 M, and for all
D-modules M, we have G(M) = P* ® p M. Furthermore, P, P* are the bimodules
given by P = D(A, A) and P* = D(4, A4).

We know that D(T) is Z-graded k-algebra with graded subrings D, D. There-
fore, D(T') has a natural Z-graded structure as left and right D-module and as
left and right D-module. Let P € D(T) be a non-zero differential operator, and
let P =3 P, be the unique decomposition in homogeneous differential operators
P, of weight w. If P € D(A, A), then P, € D(A, A) for all integers w, and if
P € D(A, A), then P, € D(A, A) for all integers w: This is clear, since A and A are
Z-graded rings. Consequently, D(A4, A) and D(A, A) are Z-graded sub-bimodules
of D(T).

We shall in fact describe the graded structure of these bimodules explicitly, fol-
lowing the strategy used in the proof of theorem 2.2: For any pair I, I of numerical
semigroups, we write Q,,(I'/T") = {y € ' : y+w ¢ I''} for all integers w € Z. Then
clearly, Q,,(T'/T”) is a finite set, and we define the characteristic polynomial of w
relative to I'/T” to be the polynomial in k[¢] given by

W@y = [ (€=

YEQW (I'/T)



6. LOCALIZATIONS 40

for all integers w. Clearly, this is a monic polynomial, and its degree equals the
cardinality of Q,,(I'/T"). Using this notation, we obtain:

Proposition 3.18. Let I' be any numerical semigroup, let A = k[I'] be the corre-
sponding monomial curve, and let D be the ring of differential operators of A. Then
we have

D(A4, A) = @ P, k[E],
D(A, A) = @ P} k[E],

where Py, Pt € D(T) are differential operators given by P, = t“x.,(No/T)(E)
and P} = tYx,(I'/No)(E) for all integers w.

PRrOOF. This follows from the proof of theorem 2.2 and corollary 2.3. O

An important consequence of these results, is that the Morita equivalence in-
duces an equivalence between Z-graded D-modules and Z-graded D-modules:

Proposition 3.19. Let M be a Z-graded D-module, and let M be a Z-graded D-
module. Then F(M) is a Z-graded D-module and G(M) is a Z-graded D-module
in a natural way.

PRrROOF. This is clear, since a tensor product of two graded modules has a natural
graded structure, see Nastasescu and Van Oystaeyen [29], section 1.3.4. O

6. Localizations

Let " be a numerical semigroup, let A = k[I'] be the corresponding monomial
curve, and let D = D(A) be the ring of differential operators on A. Since A is an
integral domain, the set S = A\ {0} is a multiplicatively closed subset of A. We
shall denote by K = S~ A the field of fractions of A, and we see that K = k(t)
for all numerical semigroups I'. Clearly, the localization map A — K is injective,
and we shall always identify the monomial curve A = k[I'] with its image in K, and
also identify A with its image in K via A = k[Ny].

From proposition 1.5, we see that the non-commutative ring D has a localization
with respect to any multiplicatively closed subset in A. In particular, this applies
to the set .S, so S is an Ore set for D. We also see that D(K) is the localization of D
with respect to S. Equivalently, there is a natural isomorphism of K-D bimodules
K ®a D 2D(K).

Let us give an explicit description of the ring D(K): We observe that in par-
ticular, we have an isomorphism K ®4 D = D(K) for the numerical semigroup
I' = No, so D(K) = k(t) @y D, where D = Ay (k) is the Weyl algebra. This
means that any non-zero differential operator P € D(K) can be written uniquely
in the form

P
P = Z Ciai,
=0
where ¢; € k(t) is a rational function for 0 < ¢ < p, and p = d(P) is the order of P.

Lemma 3.20. The ring D(K) has a left and right Euclidean division algorithm.
In particular, D(K) is a PI domain.

PROOF. Let P,Q be non-zero differential operators in D(K) of orders p and g.
We show by induction on p that there exist differential operators L, R such that
P =LQ+ R with d(R) < ¢: If p =0, then we let L =0,R = P if ¢ > 0, and we
let L = P/Q and R = 0if ¢ = 0. Let us assume that p > 0. If p < ¢, then we
let L =0, R = P, and there is nothing to prove. If p > ¢, write ¢,0P and c;(’?q
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for the leading coefficients of P and @, and write P’ = P — (c,/c; 0P~ 1)Q. Then
clearly, d(P’) < d(P), so by the induction hypothesis, P’ = L'Q + R for differential
operators L', R € D(K) with d(R) < g. We obtain P = (L' +¢,/c; 0P~ 1)Q + R'.
So by induction, D(K) has a left Euclidean division algorithm, and by a similar
argument it has a right Euclidean division algorithm, as well. O

A direct computation shows that d(PQ) = d(P) + d(Q) for all differential
operators P, @ € D(K). This means that all units in the ring D(K) have order 0,
and since K is a field, the units are exactly D(K)* = K* = K \ {0}.

Let M be a D-module. We say that an element m € M is an S-torsion element
if sm = 0 for some s € S. That is, m is an S-torsion element if and only if
anng(m) = annp(m) N A C A is a non-zero ideal, or equivalently, if the element
m € M is a torsion element when M is considered as an A-module. We denote by

Ts(M)={meM:sm=0 for some s S} C M

the set of S-torsion elements in M. This is a D-module, since .S is an Ore set for D.
We say that M is S-torsion free if Ts(M) = 0, and that M is an S-torsion module
if Tg(M) = M. Notice that if M is a simple D-module, then M is an S-torsion free
module or an S-torsion module.

Let M be any left D(K)-module of finite type. We define the degree of N to
be deg N = dimg N. Clearly, the degree is an invariant of IV, but it is not finite in
general. However, if N is a cyclic D(K)-module which is not isomorphic to D(K),
then deg N is finite: Let n € N be a cyclic generator, and put I = ann(n) C D(K).
Then I is a non-zero left ideal in D(K'), and therefore generated by some non-zero
differential operator P € D(K). Let d(P) = d, then we may choose P with leading
term P, since K* are units in D(K). So the set {n,dn,...,0% n} is a basis for
N as a K-linear space, and deg N = d.

Let M be a D-module, then clearly S™*M = S~*D®p M is a left D(K)-module
of finite type. We define the degree of M to be deg M = deg S~'M, which may
be infinite or a non-negative integer, as the case may be. If M is holonomic, then
N = S7!'M is a cyclic B-module, not isomorphic to B, so deg M is finite. If M
is non-holonomic, then D™ C M with n = e(M) > 1 from proposition 3.14. But
D(K) has K-linear basis {0° : i > 0}, so deg D(K) is infinite. Consequently, deg M
is infinite for any non-holonomic D-module M.

Proposition 3.21. Let M be a D-module. Then the degree of M is finite if and
only if M is holonomic, and the degree is an additive function on the category of
holonomic D-modules. Furthermore, we have deg M = 0 if and only if M is an
S-torsion module.

There is a natural covariant functor S=! : D-Mod — D(K)-Mod, given by
M +— S™1M for all D-modules M. Since it is a localization functor, it follows that
S~1is an exact functor. Moreover, we have a diagram of functors

D(K)-Mod
o &
G
D-Mod D-Mod
F

where S = A\ {0}. We show that this is a commutative diagram of functors, in
the sense that the localization functors commute with the equivalence of categories
between D-Mod and D-Mod:
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Proposition 3.22. Let M be a D-module, and let M = G(M) be the ﬁ—ﬁodule
corresponding to M wunder the Morita equivalence. Then S™*M = (S)"'M. In
particular, the degree of a D-module is invariant under Morita equivalence.

PRrROOF. Clearly, S C S C A is a multiplicatively closed subset of A. Since
(S)"'M = K @7y M = S~'M, it is enough to prove S~™'M = S~'M. But
M = D(A,A) ®p M, and S~ D(A,A) = D(K) from Smith and Stafford [32],
remark 1.3 (d). So we have STI!M 2 D(K)®p M 2 K @4 M = S~1M. O

The following observation will be useful later on: From proposition 3.21, we
see that a D-module is an S-torsion module if and only if deg M = 0. Furthermore,
proposition 3.22 shows that the degree of a module is invariant under Morita equiv-
alence. So it follows that the property of being an S-torsion module is invariant
under Morita equivalence.

7. Graded localizations

We shall adapt the localization techniques described in section 6, which were
introduced in Block [4], to the graded situation. So for the rest of this section, we
let S be the multiplicatively closed subset S = {z € A : z # 0,z is homogeneous}.
Then S™'A = T is a graded ring, and S™'D = D(T) =T ®4 D is graded as well.

We say that a D-module M is a graded D-module if M has a Z-graded structure
M = & M; compatible with the natural graded structure on the k-algebra D. For
any graded module M and any integer n, we denote by M|n] the n’th twisted D-
module of M. M][n] is a graded D-module with the same underlying D-module
structure as M, such that M[n]; = M, ; for all integers i. We see that any graded
D-module M has a localization S™'M = D(T) ®p M which is a graded D(T)-
module.

We already know the ring structure of D(T) quite well. We recall that any
homogeneous differential operator P € D(T') of weight w and order p has the form

P
P = Z Cl'tierai
i=0
with ¢; € k for 0 <7 < p and ¢, # 0. Furthermore, the graded left and right ideals
in D(T) are principal:

Lemma 3.23. Let P, Q) be homogeneous differential operators in D(T) with Q # 0.
Then there exist unique homogeneous differential operators L, R and L', R’ in D(T')
such that P=LQ + R, P = QL'+ R’ and d(R),d(R) < d(Q). In particular, any
left or right graded ideal in D(T) is principal.

PROOF. We may assume that P # 0, so let p = d(P), ¢ = d(Q) and let w, w’ be the
weights of P, ). We show that there exist homogeneous differential operators L, R
of weights w — w’, w such that P = LQ + R and d(R) < g (where we allow L, R to
be zero) by induction on p: If p =0, then we let L =0,R = P if ¢ > 0, and we let
L =PQ 'and R=0if ¢ = 0. Let us assume that p > 0. If p < g, then we let
L =0, R = P, and there is nothing to prove. If p > ¢, write ¢,t?** 9 and c;t‘”“’/@q
for the leading coefficients of P and @, and write P’ = P— (cp/c;tp*‘w_q_w,@p_q)Q.
Then clearly, P’ is a homogeneous differential operator of weight w, and we have
d(P’) < d(P), so by the induction hypothesis, P’ = L'Q + R for homogeneous
differential operators L', R € D(T') of weights w — w’, w which satisfy d(R) < q. We
obtain P = (L' + cp/c;thr“”q’“’/ap*q)Q + R. So the existence of L, R follows by
induction, and the uniqueness is clear. The right division algorithm can be proved
in a similar way. O
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Let M be a graded D-module. We say that an element m € M is an S-torsion
element if sm = 0 for some s € S, and we write Ts(M) C M for the subset of M
consisting of S-torsion elements. Let m = Y m; be the unique decomposition of
m € M in homogeneous elements m; € M;. Then m € Tg(M) if and only if there
exists a homogeneous element s € S such that sm; = 0 for all 7. Since .S is an Ore
set with respect to D, Ts(M) is a invariant under D, and hence Ts(M) C M is a
graded D-submodule. We say that M is an S-torsion module if Ts(M) = M, and
that M is an S-torsion free module if T¢(M) = 0.

For any Z-graded ring R, we say that a graded R-module M is gr-simple if 0, M
are the only homogeneous R-submodules of M. Clearly, every graded R-module
which is simple, is gr-simple. The following proposition shows that the converse
statement holds for graded D-modules. We shall therefore make no distinction
between gr-simple D-modules and simple, graded D-modules in the remainder of
this thesis.

Proposition 3.24. Let T be a numerical semigroup, let A = k[I'] be the corre-
sponding monomial curve, and let D be the ring of differential operators on A.
Then a graded D-module M is gr-simple if and only if it is simple.

PROOF. Let M be a gr-simple D-module M, and let m € M be a non-zero, homo-
geneous element. We denote by I = {P € D : Pm = 0} the annihilator of m. There
is an isomorphism of graded D-modules D/I — M of degree deg(m), given by right
multiplication with m. Since I # D, M is an Artinian D-module by lemma 3.12,
and in particular M is not 1-critical. But from Nast&sescu and Van Oystaeyen [29],
theorem I1.7.5, any gr-simple D-module M has an underlying D-module structure
which is either simple or 1-critical. So it follows that the D-module M is simple,
and this proves the proposition. O

There is a natural functor S~1 : D-Mod — D(T)-Mod, given by M +— S—1M,
and we have seen that if M is a graded D-module, then S™!M is a graded D(T)-
module. By an argument very similar to the proof of proposition 3.22, we have the
following diagram of functors, where all the triangles commute:

D(T)-Mod
e
D-Mod D-Mod
F

Furthermore, all these functors preserve the relevant graded structures. We also
remark that if M is a graded D-module, then S™'M = 0 if and only if M is an
S-torsion module.

For any associative k-algebra R, let us denote by Simple(R) the set of iso-
morphism classes of simple left R-modules and by Simple(R)[P] C Simple(R) the
subset of isomorphism classes which satisfy the property P. Then we have a canon-
ical, injective map S~! : Simple(D)[S — torsion free] — Simple(D(T)) by Block
[4], lemma 2.2.1. Since Block [4], corollary 2.2.2 holds for the ring D, the above
map is also surjective by an argument similar to that of Block [4], corollary 2.2.
We conclude that S~ : Simple(D)[S — torsion free] — Simple(D(T)) is a bijective
map.

For any Z-graded associative k-algebra R, let us denote by gr-Simple(R) the set
of equivalence classes of simple, graded R-modules, where the equivalence relation
is given by graded isomorphisms of degree 0 and twists. Furthermore, we denote
by gr-Simple(R)[P] C gr-Simple(R) the subset of equivalence classes that satisfy
the property P. We have already seen that if R = D, then we may replace the
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condition graded and simple with the condition gr-simple. Since D(T) is a PI ring,
the same holds for R = D(T).

Lemma 3.25. The natural map gr-Simple(D) — Simple(D) is injective.

PROOF. Assume that I, J C D are maximal, homogeneous left ideals in D, so that
M =D/I and N = D/J are simple, graded D-modules. Assume furthermore that
¢ : M — N is an isomorphism of D-modules. Then ¢ is given by right multiplication
with P for some P € D. Let P = P, + --- + P,, where P; is homogeneous and
non-zero for 1 < ¢ < n. We know that IP C J, so IP; C J for all i, since
I, J are homogeneous ideals. This means that we have well-defined homogeneous
morphisms ¢; : M — N for all i, where ¢; is given by right multiplication with P;.
Since M, N are simple modules, we have ¢; = 0 or ¢; is an isomorphism for all i.
Since ¢ = ¢1 + -+ + ¢, is an isomorphism, it follows that there exists an index 14
such that ¢; is an isomorphism. So ¢; : M — N is a graded isomorphism. O

Observe that if M is a simple, graded D-module, then either M is an S-torsion
module and S™'M = 0, or M is an S-torsion free module and S~'M is a simple
D(T)-module: The last part follows from Block [4], lemma 2.1. So we have the
following commutative diagram of sets:

Simple(D)[S — torsion free] —— Simple(D(T))

! |

gr-Simple(D)[S — torsion free] —— gr-Simple(D(T))

We know that the upper horizontal map is a bijection, and that the left vertical map
is an injection. So it is clear that the lower horizontal map is injective. To see that
it is surjective, assume that N is a simple, graded D(T")-module, and let n € N be a
non-zero, homogeneous element. Then there is an isomorphism of graded modules
D/J — N of degree deg(n), where J is the ideal J = {P € D(T) : Pn =0} # 0. Let
I =JND,then I C D is a non-zero, homogeneous left ideal. So D/I = Dn C N
is a graded D-submodule of N which is Artinian. Then we may find a simple,
graded D-module M C Dn C N: Since the graded D-submodules of Dn satisfy the
ACC and DCC, we can find a gr-simple submodule M C Dn, and any gr-simple
D-module is a simple, graded D-module by proposition 3.24. So Block [4], lemma
2.2.1 shows that S~'M = N. This proves the following proposition:

Proposition 3.26. Let I" be a numerical semigroup, let A = k[I'] be the corre-
sponding monomial curve, and let D be the ring of differential operators on A. If
S={zx e A:x+#0,x is homogeneous }, the map

S~ : gr-Simple(D)[S — torsion free] — gr-Simple(D(T))
is a bijection.

Let P € D(T) be a non-zero, irreducible differential operator, which is homoge-
neous of weight w. Then we have P = t* f(E), where t*“ is a unit in D(T') and f(E)
is a polynomial in E with coefficients in £ such that deg f = 1. So any maximal
homogeneous ideal I in D(T') has the form I = D(T)P with P = E — « for some
a € k.

If a =0, then I =D(T)0 and M = D(T)/I is a simple, graded D(T)-module.
Moreover, M is isomorphic to the left D(T")-module T', with D(7")-module structure
given by Pf(t) = P« f(t) for all f(t) € T. If « € Z, consider the exact sequence of
left D(T)-modules

0—-DT)E—-a)—D(T)—-T—0,
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where the morphism D(T) — T is given by P — Pt* = P xt“ for all differential
operators P € D(T). Since this morphism is homogeneous of degree a, we see that
the simple, graded left D(T)-module D(T')/ D(T)(E — «) is isomorphic to T'[a] as
a graded D(T')-module.

Let N, be the simple, graded D(T)-module N, = D(T)/D(T)(F — «) for
all @« € k. The remarks above show that any simple, graded D(T)-module in
gr-Simple(D(T)) is equivalent to N, for some o € k. Furthermore, we have shown
N, is equivalent with Ny for all & € Z. More generally, we have:

Lemma 3.27. Let o, 8 € k. The simple, graded D(T')-modules N, Ng are equiva-
lent in gr-Simple(D(T)) if and only if « — 3 € Z.

PRrROOF. If a — § = n € Z, then right multiplication by ¢" induces an isomorphism
of graded modules N, — Ng of degree n. Assume that n = a — 3 ¢ Z, and
denote by D = A;(k) the first Weyl algebra and by M, the graded D-module
M, = D/D(E —~) for all v € k\Z. If o, ¢ Z, it follows from Dixmier [11],
lemma 24 that M,, Mg are non-isomorphic simple modules. If « € Z or 3 € Z,
we may assume that « € Z and § = 0 by symmetry and the remark preceding
the lemma. In this case, M, and My = A = k[t] are non-isomorphic by Dixmier
[12], proposition 4.4, and they are simple modules by corollary 2.9 and Dixmier
[11], lemma 24. So in all cases, M, and Mg define different equivalence classes in
gr-Simple(D)[S — torsion free]. By proposition 3.26, we see that N, and Ng are
not equivalent in gr-Simple(D(T)). O

Let I = I(k) C k be a fixed subset of k containing 0, such that the natural
map I — k/Z is a bijection of sets. If &k = C is the complex numbers, we can
for instance choose I = {x + iy € C: 0 < 2 < 1}. In this notation, we have the
following result:

Corollary 3.28. There is a bijective correspondence between the set {N, : o € I}
and the set gr-Simple(D(T)) of equivalence classes of simple, graded D(T)-modules.



CHAPTER 4

Modules with integrable connections

Let A be a commutative k-algebra of finite type, and let M be an A-module.
If A is a regular ring, the notions of connections on M and of covariant derivatives
on M coincide. We extend both these notions to the general case, where they are
different in an essential way. We develop the obstruction theory for connections
and for covariant derivatives on M, which is due to Laudal in the general case.
Moreover, we present an application to torsion free, graded modules of rank 1 over
monomial curves.

In contrast, we mention a result obtained by Henrik Vosegaard and the author,
given in theorem 4.17. It shows that existence of D-module structures on M com-
patible with the A-module structure is a much stronger condition than existence of
integrable covariant derivatives on M.

1. Basic definitions

Let A be a commutative k-algebra. We define the module of Kdhler differentials
Q(A/k) on A/k to be the kernel of the natural A-linear map P*(A/k) — P°(A/k).
Clearly, Q'(A/k) inherits an A-module structure from P1(A/k): This is the A-
module structure induced by js : A — A ®; A, see section 1.2. Moreover, there
is a derivation d : A — Q'(A/k), induced by the map j; — jo : A — A ®; A.
This is called the universal derivation of A/k. Tt is easy to see that any element
w € Q' (A/k) has the form w = Y a;d(b;), with a;,b; € A for all i. This implies that
the functor Dery, (A4, —) : Mod4 — Mod 4 is represented by the couple (Q'(A/k), d),
in the sense that the derivation d induces an isomorphism of functors between
Hom 4 (Q'(A/k), —) and Dery (A, —).

Let Q"(A/k) = A3QY(A/k) for all n > 0. This is an A-module for all n, and
Q%(A/k) = A. There is a k-linear map d" : Q"(A/k) — QT (A/k) for all n > 0,
such that d° = d: Let w € Q"(A/k), then w has the form w = Y a;(dvi1 A+ - -Adin)
with a;,v;; € A for all integers ¢, j, and we define d™(w) = > da; Adyit A+ - - AdYin.
We see that the resulting sequence of k-linear maps

A—QYAMk) — - = Q" (AJk) — ...

is a complex of k-vector spaces, called the algebraic de Rham complex of A/k.
Let M be any A-module. We define a connection on M to be a k-linear map
V:M — QY (A/k) ®4 M which has the property that

V(am) = aV(m) + d(a) @ m
for all @ € A, m € M. This property is called the derivation property of the
connection V.

Assume that V is a connection on M. Then V induces a sequence of k-linear
maps

M — QY A/k) @4 M — Q2 (AJk) @A M — -+ — Q"(A/k) @4 M — ...

where the map V" : Q"(A/k) @4 M — Q"TY(A/k) ® 4 M is given by the formula
V' (w@m)=d"(w) @m+ (=1)"w A V(m) for all w e Q"(A/k), m € M. We see
that VY = V. Let us denote by Ry : M — Q2(A/k)®4 M the composition V!o V.

46
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This is a A-linear map, and it is called the curvature of the connection V. We see
that the sequence of k-linear maps is a complex of k-vector spaces if and only if
Ry = 0. We say that the connection V is integrable if Ry = 0, and we refer to the
above complex as the de Rham complex of the integrable connection V on M in
this case. It is also usual to call a connection V flat or regular if Ry = 0.

Let A be a commutative k-algebra, and let g be a Lie algebra over k. We say
that (A, g) is a Lie-Cartan pair over k if there is an action of A on g and an action
of g on A with the following properties:

i) The action of A on g makes g an A-module.
ii) The action of g on A induces a homomorphism p : g — Derg(A) of k-Lie
algebras and of A-modules.
iii) We have [g, ah] = a[g, h] + pg(a)h for all g,h € g, a € A.
We shall often write g for the Lie-Cartan pair (A,g) when the k-algebra A is
understood from the context.

The first example of a Lie-Cartan pair (A,g) is given by g = Dery(A) for
any commutative k-algebra A. In this case, the A-module structure on g and the
homomorphism g — Dery(A) are the natural ones. For another example, consider
any k-linear subspace g C Der(A), such that g is an A-submodule and a k-Lie
subalgebra of Dery(A). In fact, every Lie-Cartan pair (A,g) over k such that
p : g — Deri(A) is injective is isomorphic to a Lie-Cartan pair of this type. We
shall identify g with its image in Derg(A) when p is injective.

Let (A,g) be a Lie-Cartan pair over k, and let M be an A-module. A g-
connection on M is an A-linear homomorphism V : g — Endy (M) which has the

property
Vg(am) = aVy(m) + pg(a)m

foralla € A, m € M, g € g. This property is called the derivation property of the
g-connection V. If g = Derg(A), we call the g-connection V a covariant derivative
on M.

Let V be a g-connection on M. Then there exists an A-linear homomorphism
Ry :gAag— Enda(M), given by Ry (g Ah) = Vign — [Vg, V] for all g,h € g.
This homomorphism is called the curvature of the g-connection V, and we see that
Ry = 0 if and only if V is a homomorphism of Lie algebras. We say that V is an
integrable g-connection if Ry = 0.

2. Categories of modules with connection

Let A be a commutative k-algebra. We define the category of modules with inte-
grable connection MC(A) in the following way: An object in the category MIC(A)
is a couple (M, V), where M is an A-module and V is an integrable connection
on M. Given a pair of objects (M,V), (M’',V’) in the category MC(A), we de-
fine a morphism from (M, V) to (M’, V') to be a homomorphism ¢ : M — M’ of
A-modules, such that the following diagram commutes:

M———Y > QY A/k) @4 M
) J/id@(ﬁ
M’ - QY (A/k) ©@a M’

Let (A, g) be a Lie-Cartan pair over k. We define the category of modules with
integrable g-connection MC(A;g) in the following way: An object in MC(4;g)
is a couple (M, V), where M is an A-module and V is an integrable g-connection
on M. Given a pair of objects (M,V), (M’',V') in the category MC(4;g), we
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define a morphism from (M, V) to (M',V’) to be a homomorphism ¢ : M — M’
of A-modules, such that the following diagram commuates for all elements g € g:

Vg
M—M

o |+
M ——=M
Vo
Let (M, V) be an object in the category MC(A), so V: M — QY (A/k) @4 M
is an integrable connection on M. Let us consider the Lie-Cartan pair (4;g) with
g = Derg(A) and p : g — Derg(A) the identity map. For each element g € g,
pg € Dery(A) corresponds to an A-linear homomorphism ¢, : Q'(A/k) — A by
the universal property of the Kahler differentials. Let us denote by qu M —- M
the k-linear map given by (¢4 ® id) o V. This clearly defines an A-linear map
V' : g — Endg (M), and since the connection V has the derivation property, V' is
a g-connection on M.

Lemma 4.1. There is a natural covariant functor F' : MC(A) — MC(A;Derg(A)).

PRrROOF. The assignment (M,V) — (M, V'), where V is a connection on M and
V'’ the corresponding covariant derivative on M, is functorial: This can easily be
verified by considering the diagrams above. So the construction above induces a
covariant functor. We have to prove that if the connection V is integrable, then
the covariant derivative V' is integrable as well: Let g, h € Dery(A) be derivations,
and let us denote by D(g A h) : Q2(A/k) — A the A-linear map defined by the
formula D(g A h)(da Adb) = g(a)h(b) —h(a)g(b) for all a,b € A. A straight-forward
calculation shows that Ry/(g A h) is the composition (D(g A h) ® id) o Ry. But
Ry = 0 since V is integrable, so Ry = 0 and V' is integrable as well. O

Let (A,g) be a Lie-Cartan pair over k, and let V' be the k-vector space given
by V = A@g. Consider the tensor algebra T'(V') of V over k, defined as

T(V) = ‘
V) A 14

with free multiplicative structure. This is an associative k-algebra, and we let J be
the ideal generated by all relations of the form

i) a*b— ab,

ii) ax g — ag,
iif) g x a — ag — py(a),
iv) gxh—hxg—|g,h],
for all elements a,b € A, g,h € g, where * denotes the free multiplication in the
tensor algebra T'(V'). We denote by R(A;g) the quotient R(A;g) = T'(V)/J, which
is clearly an associative k-algebra.

Proposition 4.2. Let (A, g) be a Lie-Cartan pair over k. Then there is an equiva-
lence of categories between MIC(A; g) and the category R(A; g)-Mod of left R(A; g)-
modules. In particular, the category MC(A;g) is Abelian.

PRrOOF. This follows directly from the construction of R(A;g). O

Consider the homomorphism p : g — Dery(A) associated with the Lie-Cartan
pair (A,g). It induces a k-linear map V — D'(A), and consequently a k-algebra
homomorphism T'(V) — D(A). We observe that the the ideal J maps to 0, and
that the image of this map is contained in the derivation ring A(A) C D(A). So
we obtain a k-algebra homomorphism p : R(A;g) — A(A). We also see that if
p: g — Derg(A) is injective, then the ring homomorphism p : R(A;g) — A(A) is
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injective. In this case, we identify R(A;g) with its image in A(A), and we write
A(g) for this image.

Corollary 4.3. Let (A,g) be a Lie-Cartan pair over k such that p : g — Derg(A)
is injective. Then the category MC(A;g) is equivalent to the category of left A(g)-
modules. In particular, the category MC(A;Derg(A)) is equivalent to the category
of left A(A)-modules, where A(A) is the derivation ring of A.

3. Localizations

Let A be a commutative k-algebra, let S be a multiplicatively closed subset
of A, and let M, N be A-modules. Then we have canonical homomorphism of
S~ A-modules

STHM @4 N) — S™'M®g-14 SN,
S~ (Hom4 (M, N)) — Homg-14(S™*M,S™'N).

The first is an isomorphism, and the second is an isomorphism if M is of finite
presentation, see Bourbaki [5], proposition 2.2.7.18 and 2.2.7.19. Furthermore, we
have a canonical homomorphism of S~!A-modules S7!Q'(A/k) — QY(S~1A/k),
and this is an isomorphism by Matsumura [24], proposition 9.25.

Let D € Derg(A). Then there is a unique derivation D’ € Dery(S™tA) such
that D'(a/1) = D(a)/1 for all a € A: This derivation is given by the formula

D'(a/s) = (D(a)s — aD(s))/s*

for all @ € A, s € S. The uniqueness of D’ follows since D'(s/1-1/s) = 0
for all elements s € S. We observe that if d : Q'(A/k) — A is the universal
derivation of A/k, then d’' : Q'(S~1A/k) — S~!A is the universal derivation of
S~1A/k. Clearly, the construction above defines a canonical homomorphism of
S~tA-modules S7!Dery(A) — Dery(S7tA). From the results in the previous
paragraph, we see that this is an isomorphism if Q*(A/k) is an A-module of finite
presentation. In particular, it is an isomorphism if A is a k-algebra of finite type.

Let V: M — QY(A/k) ®4 M be a connection on M. We define a k-linear map
S7IV:S7IM — S7YQY(A/k) ®4 M) by the formula

STV (m/s) = 1/s*(sV(m) — d(s) @ m)
for all elements s € S, m € M. Let us show that this is a well-defined map. So
assume that um = 0 for some v € S. Then u? € S, and we have
uw?(tV(m) — d(t) @ m) = utV(um) — td(u) @ um — ud(t) @ um = 0.

Since STH(QN(A/k) @4 M) =2 QY (S1A/k)®g-14 S™1 M, we obtain a commutative
diagram of k-vector spaces:

M QY A/k) @4 M
st lsl
S—IM oy 91(57114/@ Rg-14 S—1m

It is straight-forward to see that S~!V has the derivation property, since V is a
connection. In fact, S~V is the uniquely defined connection on S~'M such that
the above diagram commutes.

Proposition 4.4. Let A be a commutative k-algebra, and let S C A be any multi-
plicatively closed subset. Then there ezists a natural, covariant localization functor
S~1:MC(A4) — MC(S71A).
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PROOF. Clearly, the construction of (S™'M,S™1V) from (M, V) given above is
functorial. So it is enough to show that S~™!V is integrable if V is integrable. But
a calculation shows that

Rg-1v(m/s) =1/s Ry (m)
for all elements s € S, m € M. So if Ry =0, then Rg-1y = 0 as well. O

Let S71 : Deri(A) — Derp(S~tA) denote the composition of the A-linear
localization map Dery(A) — S~! Dery(A) with the canonical S~!A-linear homo-
morphism S~! Derj(A4) — Dery(S~1A) defined above. For any Lie-Cartan pair
(A, g) over k, let us denote by S~1p: S~!'g — Dery(S~1A) the composition of the
S~1A-linear map S~!p: S~'g — S~ Dery(A) with the canonical S~!A-linear ho-
momorphism S~! Dery(A) — Deri(S~1A). We obtain the following commutative
diagram of A-modules:

g—" > Dery (4)

S—lg —— S~ Dery(A)

S~1p i

Dery(S™1A)

The S~!'A-module S~'g has a natural Lie algebra structure over k, defined by the
equation

[9/5,h/t] = [g,h]/st — pg(t)h/st* + pu(s)g/s*t
forall g,h € g, s5,t € S. A straight-forward calculation shows that the S~ A-linear
map S~1p: S7lg — Dery(S~1A) is a Lie algebra homomorphism over k.

Lemma 4.5. Let (A,g) be a Lie-Cartan pair over k, and let S C A be a multi-
plicatively closed subset. Then (S™'A,S™1g) is a Lie-Cartan pair over k as well.
Assume that QY (A/k) is an A-module of finite presentation. Then the structural
homomorphism S~'p : S™lg — Dery(S™1A) is injective if p : g — Derg(A) is
imjective.

PROOF. The first part is clear from the construction above. For the last part,
it is clear that if p is injective, then S~lg — S~!Dery(A) is injective as well.
But if Q'(A/k) is of finite presentation, then S~!Dery(A4) — Derg(S™1A) is an
isomorphism, so the result follows. O

Let M be an A-module, and let V : g — Endg (M) be a g-connection on M.
Then, we define the S~! A-linear map S~V : S~!'g — Endy(S~1 M) by the formula

SV, (mft) = /st (1Y, (m) = py(t)m)

forallgcg, s,t €S, m € M. Clearly, S'V is a S~'g-connection on S~'M, and
the following diagram commutes for all g € g:

Vg

M

51| |-

S IM———>S5"'M
ST Vg

Furthermore, S~V is the unique S~!g-connection on S~'M such that the above
diagram commutes for all g € g.
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Proposition 4.6. Let (A,g) be a Lie-Cartan pair over k, and let S C A be a
multiplicatively closed subset. Then there exists a natural, covariant localization
functor S™1: MIC(A;g) — MC(S™14;S 1g).

PROOF. The construction of (S~1M,S71V) from (M, V) is clearly functorial, so
it is enough to show that S~!V is integrable if V is integrable. But a direct
computation shows that

Rs-1v(g/s ANh/t)(m/u) = 1/stu Ry (g A h)(m)

forall g heg, s,t,Lu e S, me M. Soif Ry =0, then Rg-1y = 0 as well, which
is what we wanted to prove. O

Let A be any commutative Noetherian k-algebra. Then A is regular if A,, is a
regular local ring for all maximal ideals m C A. We know that Q'(A/k) is a locally
free A-module if A is a regular k-algebra. This implies the following result:

Proposition 4.7. Let A be a reqular, commutative k-algebra of finite type. Then,
the functor F : MC(A) — MC(A;Deri(A)) is an equivalence of categories.

PROOF. We construct an inverse to the functor F. Let V' : Dery(A) — Endy (M)
be a covariant derivative on M. For all m € M, we define ¢,,, € Hom 4 (Dery(A), M)
to be given by ¢,,(D) = V/,(m). We clearly have Dery(A) = Hom4 (Q'(A4/k), A),
so there is a natural A-linear map

QY (A/k) ®4 M — Homy (Dery(A), M),

given by w @ m +— {D +— D(w)m} for all w € Q' (A/k), m € M. But since
A is a regular, commutative k-algebra of finite type, the localization of this map
has the form ST'QY(A/k) ®g-14 S™'M — Homg-1 4 (Dery(S~1A), S~ M) for any
multiplicatively closed subset S. Furthermore, we see that if S = A\ p for some
prime ideal p C A, this map is an isomorphism: This is clear, since Q'(A/k) and
Dery(A) are locally free A-modules with the same rank. So Q'(A/k) ®4 M and
Homy (Dery(A), M) are naturally isomorphic A-modules. We define the k-linear
map V : M — QY(A/k) ®4 M by the formula V(m) = ¢y, for all m € M. Then
clearly, V is a connection on M which the functor F maps to V’. Furthermore, we
see that if V' is integrable, then V is an integrable connection. O

4. Obstruction theory

Let A be a commutative k-algebra, and let M be an A-module. In this section,
we shall describe the obstruction theory for connections on M, covariant derivatives
on M, and more generally g-connections on M for Lie-Cartan pairs (A,g) over
k with g C Derg(A). We shall describe this obstruction theory via Hochschild
cohomology, and we refer to appendix A for definitions and elementary results on
Hochschild cohomology.

We denote by v € Der, (A, Homy, (M, QY (A/k) @4 M)) the derivation given by
P(a)(m) = —da®@m for all a € A, m € M. From the definition of the Hochschild
complex, this is a cocycle in HC' (A, Homy (M, Q' (A/k) ®4 M)), and it defines a
canonical class ¢(M) € Ext (M, Q' (A/k) ® 4 M) via Hochschild cohomology. The
class ¢(M) is called the Atiyah-Kodaira-Spencer class of M.

Proposition 4.8. Let A be a commutative k-algebra and let M be an A-module.
Then there is a canonical obstruction c(M) € Ext} (M, Q" (A/k) ® 4 M) such that
(M) = 0 if and only if there exists a connection on M. Furthermore, the set of all
connections on M is a torsor over Homa(M,QY(A/k) @4 M) if ¢(M) = 0.
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PROOF. We have constructed ¢(M) above. First, observe that ¢(M) = 0 if and only
if there exists a connection on M: From the construction of ¢(M), we have that
¢(M) = 0if and only if ¢» = d°(V) for some V € Homy (M, Q' (A/k)®AM). But V is
a connection on M if and only if V(am) = aV(m)+da®@m for alla € A, m € M, or
equivalently if d°(V) = 1. Secondly, assume that ¢(M) = 0. Then we may choose a
connection V : M — QY(A/k)®4 M on M. For any V' € Homy (M, QY (A/k)®4 M),
V' is a connection on M if and only if V/ — V € Hom4 (M, QY (A/k) ®4 M), so this
proves the second part of the proposition. O

For any D € Dery(A), let ¢p € Derg (A, End,(M)) be the derivation given by
Yp(a)(m) =—D(a)m for all a € A, m € M. We see that the derivation ¢)p maps
to a uniquely defined element in Ext}A(M , M) via Hochschild cohomology, so we
obtain a natural homomorphism

g : Dery(A) — Ext! (M, M)

of k-vector spaces. We call this map the Kodaira-Spencer map of M, and we denote
by V = V(M) C Derg(A) its kernel, the Kodaira-Spencer kernel of M.

Lemma 4.9. Let A be a commutative k-algebra, and let M be an A-module. Then
(A, V) is a Lie-Cartan pair over k.

PROOF. From the definition, it is clear that g is an A-linear homomorphism, so
V C Der(A) is clearly an A-submodule. It is therefore enough to show that it is a
k-Lie subalgebra: For any derivation D € Derg(A), we see that D € V if and only
if p = d°(¢) for some ¢ € Endy(M), where d° : Endy(M) — Dery (A, Endg(M))
denotes the differential in the Hochschild complex. So if D, D’ € V, then there
exist ¢, ¢’ € Endg (M) with d°(¢) = ¥p, d°(¢') = ¥ps. An easy calculation shows
that d°([¢, ¢']) = ¢p,p,) with [¢, ¢'] € Endy(M), so [D,D'] € V. O

Proposition 4.10. Let A be a commutative k-algebra, and let M be an A-module.
Then there is a k-linear homomorphism V : V. — Endy(M) with the derivation
property Vp(am) = aVp(m)+ D(a)m for alla € A, m € M, D € Dery(A). Fur-
thermore, V is the unique mazimal k-linear subspace of Dery(A) with this property.

PROOF. Let D € Dery(A). Then there exists an endomorphism Vp € Endg (M)
with Vp(am) = aVp(m)+ D(a)m for alla € A, m € M if and only if p = d°(V)
for some V € Endg(M). But the last condition is equivalent with the condition
that D € V, and the result follows. O

Let V : V — Endg (M) be a k-linear map with derivation property in the above
sense. We define [(V) to be the k-linear map (V) € Homy (A, Homy (V, End,(M)))
given by

U(V)(a)(D) = Vap —aVp
for alla € A, D € V. An easy calculation shows that V,p —aVp € Ends (M) for
alla € A, D € V, and that {(V) € Homy (A4, Homy(V,End4(M))) is a derivation.

So 1(V) maps to a class lc(M) € Ext} (V,Enda(M)), and this class is canonical in
the sense that it does not depend upon the choice of k-linear map V.

Proposition 4.11. Let A be a commutative k-algebra, and let M be an A-module.
Then there exists a canonical obstruction lc(M) € Exty(V,Enda(M)) such that
le(M) = 0 if and only if there exists a V-connection on M. Furthermore, the set
of V-connections on M is a torsor over Hom4(V,End 4 (M)) if le(M) = 0.

PROOF. We have constructed the obstruction lc(M) above. First, let us show that
le(M) = 0 if and only if there is a V-connection on M: Let V : V — Endy (M)
be a k-linear map with derivation property. If V is A-linear, then (V) = 0,
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so clearly le(M) = 0. Let us assume that lc(M) = 0. Then there exists a k-
linear map ¢ : V. — End4(M) such that d°(¢) = (V). Let V/ = V + ¢, then
V' :V — Endg (M) is A-linear and it has the derivation property by construction,
so V' is a V-connection on M. Secondly, let lc(M) = 0. Then we may choose a
V-connection V : V — Endy (M) on M. For any A-linear map V' : V. — Endy (M),
we see that V’ is a V-connection on M if and only if V' —V € Hom4 (V,End 4 (M)),
so the result follows. O

5. Connections on graded modules over monomial curves

Let T' be a numerical semigroup, let A = k[I'] be the corresponding monomial
curve, and let M be a Z-graded A-module of finite type. Consider the multiplica-
tively closed subset S C A consisting of all non-zero, homogeneous elements in A.
Then we have seen that S™'A =T = k[t,t~!]. We observe that any homogeneous
element in T is a unit. Clearly, S™'M = T ®4 M is a Z-graded T-module of finite
type. From the above comment, it follows that any minimal, homogeneous set of
generators for S™'M is basis for ST'M. So there is an isomorphism of Z-graded
T-modules S™'M =2 T where n = rk M = dimg (K ®4 M) and K is the field of
fractions of A. In particular, S~'M = 0 if and only if M is a torsion module.

Assume that M is a torsion free A-module. Then, the natural map of Z-graded
A-modules M — S~'M is injective. Furthermore, S~™'M = T™ for n = rk M > 0.
In this case, we shall identify M with its image in 7™, and consider M a Z-graded
A-submodule of T™.

The case n = 1 is particularly simple, and we shall consider this case in more
detail: Assume that M is a torsion free, Z-graded A-module of rank 1. Then, we
may consider M as a Z-graded A-submodule of T' by the above comment. Let
mi,...,Ms be a minimal system of homogeneous generators for M considered as
an A-module. Then we may choose m; = t% with d; € Z for 1 < i < s. Consider
the set A = {\ € Z : t* € M}, and let k[A] be the k-linear subspace in T generated
by {t* : A € A}. Then we have M = k[A].

Proposition 4.12. Let T be a numerical semigroup, and let A = k[T] be the cor-
responding monomial curve. For each set A C Z such that T+ A C A, the k-linear
subspace k[A] C T is a torsion free, Z-graded A-module of rank 1. In particu-
lar, the assignment A — k[A] induces a bijective correspondence between the set
{A:T CACNg, I'+A C A} and the set of equivalence classes of torsion free,
Z-graded A-modules of rank 1, up to graded isomorphisms of degree 0 and twists.

PROOF. The first part is clear from the construction above. For the second part,
let us show that the correspondence A +— k[A] is surjective: Assume that M is a
torsion free, Z-graded A-module of rank 1. Then M = k[A] for some set A C Z
such that '+ A C A. Let d = min A. Since M is of finite type, this is a well-defined
integer, so we may define A’ = A —d. Clearly, ' + A’ C A’ and ' C A’ C Np.
But we have M|[d] = k[A’], and the surjectivity follows. The injectivity is clear: If
I C A, A" C Ny and k[A], k[A’] are equivalent, then there must be a homogeneous
isomorphism of degree 0 between these graded A-modules. Hence A = A’. O

Let (A,g) be a Lie-Cartan pair over k, and let M be an A-module. For any
g-connection V : g — Endy (M), we know that V, € Endy (M) is an endomorphism
which satisfies [V4,a] = py(a) for all a € A, g € g. Since py(a) € Enda(M) for all
a € A, we know that V, € D4 (M) for all g € g.

Let T be a numerical semigroup, let A = k[I'] be the corresponding monomial
curve, and let M be a torsion free, Z-graded A-module of rank 1. Consider the
multiplicatively closed subset S C A consisting of the non-zero homogeneous el-
ements in A. The localization D4 (M) — S™1D4(M) is injective, and we know
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that ST DA(M) 2 Dg-14(S 1M) = D(T) by Smith and Stafford [32], section 1.3
(d). Assume that V : g — Endg(M) is a g-connection on M, and let g € g. Then
V4 € Da(M) satisfies [Vg,a] = pg(a) for all a € A. We identify D4 (M) with its
image in D(T'). Then V, = p, + f, for some f, € T such that (py + fo) * M C M.
In particular, if g C Derg(A), then Vp = D + fp for some fp € T such that
(D + fp)* M C M for all derivations D € g. Moreover, f, = V(1) if 1 € M.

Corollary 4.13. Let T be a numerical semigroup, let A = k[I'] be the corresponding
monomial curve, and let M be a torsion free, Z-graded A-module of rank 1. Then
any covariant deriwative on M 1is integrable.

PROOF. We may assume that M = k[A], where ' C A C Ng and ' + A C A. Let
V : Derg(A) — Endg (M) be a covariant derivative, and let f = V(1) € End4(M).
We recall that Dery(A) is generated as left A-module by t"E for n € TW. It is
therefore enough to show that Ry(t™E At"E) = 0 for m,n € T U {0}. But
Vimg = t"VEg in D(T) for all m € Ng: Let ¢ be the conductor of T', then we
see that t°Vyimpg = tt" Vg in D(T), and Vimg = t™Vg since D(T) is an integral
domain. A direct computation shows that Ry (t™E At"E) = 0. O

We denote by Hom 4 (Der(A),End4(M)) the potentials of M. Their impor-
tance derives from the fact that if V is a covariant derivative on M, then the set of
covariant derivatives on M is given by {V + P : P € Hom4(Dery(A4),Ends(M)).
Notice that if A = k[I'] is a monomial curve, and M is a torsion free, Z-graded A-
module of rank 1, we have a natural map Hom 4 (Dery(A), End4(M)) — Enda (M)
given by P — P(E):

Proposition 4.14. Let T be a numerical semigroup, let A = k[I'] be the corre-
sponding monomial curve, and let M be a torsion free, Z-graded A-module of rank
1. Then the map Hom 4 (Dery(A),Enda(M)) — Enda(M) given by P — P(E) is
injective, and its image is the set of all endomorphisms f € Enda (M) such that
t"f € Enda(M) for allm € TW.

PROOF. It is easy to see that the map is injective: Let P, P’ be potentials of M.
Since M is torsion free, and P(E) = P'(E) implies t°P(t"E) = t°P'(t"E) for all
n € T where ¢ is the conductor of I', the map is injective. It is also clear that if P
is a potential, then f = P(F) satisfies t" f € End (M) for all n € M. Conversely,
assume that f € End(M) is such that t"f € Enda(M) for all n € D, Then
P(t"E) = t™ f defines a potential, so the result follows. O

Notice that the map Hom(Dery(A),Ends(M)) — End4(M) is a graded ho-
momorphism of degree 0, so its image is a graded submodule of Ends(M). Let
fo € Enda (M) be a homogeneous element of degree 0. Then f is in the image of
the map above if and only if fo = 0 or t™ € Enda(M) for all n € TV, We denote
by F C Ends (M) the image of the above map, and by F, the homogeneous part
of F of degree 0.

We define A©®) = {w € Z: w+A C A}. Then it is easy to see that A(®) C Ny is
a numerical semigroup which satisfies ' C A(®) C A, and End 4(M) is the monomial
curve End 4 (M) = k[A(?)]. With this notation, we see that Fy = k if ') € A(©)
and Fy = 0 otherwise. In particular, if I" is a symmetric numerical semigroup, then
Fo=kif A#T,and Fy = 0 if A = I': To see this, we recall that ') = {g} when
I' is symmetric. If A =T, then clearly g & A since g+0=g & A. If A # T, then
there exists some h € A\ I'. Since I is symmetric and h ¢ I', then g — h € I', and
consequently g = (g —h) + h € A.

Proposition 4.15. Let T be a numerical semigroup, let A = k[I'] be the correspond-
ing monomial curve, and let M = k[A] forT C A C Ng with'+A C A. Then there
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is an injective map from the set of covariant derivatives on M to End (M), given
by V +— Vg(1). Furthermore, the image of this map is the set of endomorphisms
f € Enda(M) such that t"(E 4 f)* M C M for alln € TV,

PROOF. Let V : Derg(A) — Endi(M) be a covariant derivative on M, and let
f=Vg(l) € M. Then Vg = E + f, considered as an element in D(T") by the
comments above. Clearly, Ext"™ = nt"™ for all n € Z, so Ex M C M. It follows that
f*M C M,so fe€Enda(M). We see that V — V(1) induces a well-defined map
with image in Ends (M) C T. We will show that this map is injective: Assume
that V,V’ are covariant derivatives on M, with Vg(1) = V(1) = f. We recall
the following definition from section 2.5:

Y ={weZ:r(w)=1}={we H:n+weTl for all non-zero n € T'}

Since Dery(A) is generated as left A-module by t"F for n € ') it is enough to
prove that Ving = Vi.p. We have Vg,V = E + f considered as elements in
D(T), so Vg = V5. We obtain t°Ving = Vinseg = t"7°Vg = "1V = Vi g
because ¢,n + ¢ € ', where c¢ is the conductor of I". But M is torsion free, so this
means that Ving = V},. 5. For the last part, the condition t"(E + f) * M C M for
all n € TW is necessary, since Vinp = t"(E+ f). But assume that f € End (M) is
such that ¢"(E + f)* M C M for all n € T, Then the formula Vg = t"(E + f)
defines a covariant derivative V : Derg(A) — Endg(M) with Vg(1) = f, since
Da(M)={PeD(T): P+ M C M}. O

Let V : Dergy(A) — Endg(M) be a covariant derivative on M = k[A], and
let f € Enda(M) be given by Vg(1) = f. Then f has a unique decomposition
f=fo+(f—fo), where fy is homogeneous of degree 0, and fo, f — fo € Enda(M).
Furthermore, Vg = (E + fo) + (f — fo). We have that Ving(M) C M for all
n e TW, sot"(E+ fo)* M C M and t*(f — fo) * M C M. This implies that
f—fo € F, and P € Homa(Dery(A),Ends(M)) defined by P(E) = f — fo is
a potential. We conclude that V' = V — P is another covariant derivative, and

v=E+ fo

Theorem 4.16. Let I' be a numerical semigroup, and let A = E[['] be the corre-
sponding monomial curve. If ' is symmetric, then there exists an integrable covari-
ant derivative V : Dery(A) — Endg (M) for all torsion free, Z-graded A-modules
M of rank 1.

PROOF. We may assume that M = k[A] for T' C A C Ng with I' + A C A. Then
clearly Vg = E defines a covariant derivative on M: It is enough to see that
Ex«M C M and that t9F « M C M. We have seen that any covariant derivative is
integrable, so this concludes the proof. O

Notice that Vg = E + fy defines an integrable, covariant derivative on M for
all fo € kif A #T, while Vg = E defines the only integrable covariant derivative
on M of this form if A =T.

Let ' =< 3,4,5 > and let A = T U (I' +1). Then M = E[A] is a torsion-
free, Z-graded module of rank 1 over the monomial curve A = k[I']. But there
are no covariant derivatives on M: If there were, there would exist an fy € k
such that Vg = E + fy defined a covariant derivative. But T™™) = {1,2}, and
t(E+fQ)*t = (1—|—f0)t2 € ]\47 tQ(E+f0)*1 = f0t2 S M, SO 1+f0 = fo = 0.
This is impossible, so the condition that I' is symmetric is necessary in the above
theorem.

We remark that a torsion-free, Z-graded module M of rank 1 over A = k[I']
is projective if and only if it is free. So M is projective if and only if A = T.
Consequently, there exists integrable, covariant derivatives on many non-projective
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A-modules M. In contrast, we mention the following result on the existence of
D-module structures on M

Theorem 4.17. Let T’ be a numerical semigroup, let A = k[I'] be the corresponding
monomial curve, and let D be the ring of differential operators on A. For a torsion
free, Z-graded A-module M of rank 1, there exists a D-module structure on M
compatible with the A-module structure if and only if M is projective.

PROOF. We may assume that M = k[A], where ' C A C Ng and '+ A C A.
Assume that p: D — D4 (M) defines a D-module structure on M compatible with
the A-module structure. Then p(E) = E+ f with f € Enda(M). Let m = t* € M,
and let P, = t“x(E) € D. Then p(Py)(m) = t“xw(E + f) *m € M, and the
component of degree w + A is given by t“x., (X + fo)m = Xw(X + fo)t*T¥. Since
the component of degree 0 must be in M, we obtain A +w € A or x,(A+ fo) =0
for all A € A, w € Z. For A = 0, this gives x,(fo) = 0 for all w < 0. We
conclude that fo = 0. Assume that A # I'. Then we may choose A € A\ T. If
Xw(A+ fo) = Xw(X) = 0, then A € Q(w). In particular, A € T and this is impossible,
sow+ A € A for all w € Z. But this is impossible, so A = I'. It is clear that if
A =T, then there exists a D-module structure on M compatible with the A-module
structure, so this concludes the proof. O



CHAPTER 5

Non-commutative deformation theory

In this chapter, we will introduce a non-commutative deformation theory for
modules, which is due to Laudal (see Laudal [21], [22]). This theory generalizes the
well-known local or formal deformation theory, as given by Schlessinger [30], in the
case of deformations of modules: It will enable us to simultaneously deform a finite
family of modules. We will state it for left modules (there is a similar theory for
right modules), and we aim to make this introduction as self-contained as possible.

In the last section, we develop the theory of extensions of extensions of a finite
family M of left R-module with fixed extension type G. In particular, we show
that we can classify all such extensions of extensions via deformation theory. This
theory is also due to Laudal, and is described in Laudal [21].

1. The categories a, and 4,

Let p be a fixed natural number, and consider the ring kP. This commutative
ring has a natural k-algebra structure via the map a — («,...,a) for a € k,
and we shall always consider it as a k-algebra via this map. We denote the ideal
pr;(k?) C kP by k; for 1 < i < p, where pr; : k¥ — kP is the ¢’th projection, and
consider k; as a kP-module. Clearly, kP is an Artinian ring, and {k1,...,k,} is the
set of isomorphism classes of simple kP-modules.

A p-pointed k-algebra is a triple (S, f,g), where S is an associative ring, and
f:kP— S, g: S — kP are ring homomorphisms such that go f =id. A morphism
w: (S, f,9) — (9, f',¢") of p-pointed k-algebras is a ring homomorphism u : S — S’
such that the natural diagrams commute. That is, such that uof = f" and ¢’ou = g.
We shall denote the category of p-pointed k-algebras by A,,. Notice that if (S, f, g)
is an object of A, then f is injective and g is surjective, and we shall identify kP
with its image in S. We often write S for the object (S, f, g) to simplify notation.

Let (S, f,g) be an object in A,, and denote this object by S. We define the
radical of S to be I(S) = ker(g), which is an ideal in S. Furthermore, we denote
by J(S) the Jacobson radical of S. This radical is defined by

J(S)={z € S:xzM = 0 for all simple left S-modules M}

and it is also an ideal in S (see Lam [18], Corollary 4.2). We shall write I, J for the
radicals I(S), J(S) when the meaning of these expressions is clear from the context.
Notice that the Jacobson radical J depends only on the ring S, while the radical I
depends on the structural morphism g as well.

For all objects S in Ay, the inclusion J(S) C I(S) holds: We have J(k?) =0
since kP is semi-simple, and ¢(J(S)) C J(kP) = 0 since ¢ is a surjection (see
Anderson, Fuller [1], Corollary 15.8). In general, we know that S and S/J(S) have
the same simple left modules (see Lam [18], proposition 4.8). So if we consider
k; as a left S-module via the morphism g : S — kP for 1 < i < p, we see that
{k1,...,kp} is contained in the set of isomorphism classes of simple left S-modules,
and the equality J(S) = I(S) holds if and only if {k1,...,k,} is the full set of
isomorphism classes of simple left S-modules. Consequently, it is clear that the
equality I(S) = J(S) does not hold in general: For a counter-example, consider

57
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S = k[z]/(z — 2?) with the natural k-algebra structure f : k — S and let g: S — k
be given by  — 0. Then S is an object of Ay, but J(S) # I(S) because S has two
non-isomorphic simple left S-modules (given by 2 — 0 and x — 1).

We denote by e; the idempotent (0,0,...,1,...,0) € kP for 1 <7 < p. Notice
that e;e; = 0 if ¢ # j, and that e; +--- + e, = 1. For any object S in A,, we
identify {e1,...,ep} with idempotents in S via the inclusion k¥ — S. Denote by
S;; the k-linear sub-space e;Se; C S. We immediately see, using the properties of
the idempotents, that the following relations hold for 1 <4, 5,1, m < p:

1. SijSim C ;1Sim.,

2. Sij N Slm =0if (Z,]) # (l,m),

3.38,;,=5.

In particular, we have that § = @©S;;, so every element s € S may be written in
matrix form s = (s;;) with s;; € S;; for 1 < ¢,j < p. Furthermore, elements of
S also multiply as matrices. It is therefore reasonable to call an object S in A, a
matrix ring, and to write it S = (S;;). Notice that S;; is an associative ring (with
identity e;), and that S;; is a (unitary) S;; — S;; bimodule for 1 < 4,5 < p. For
any ideal K C §, we see that e;Ke; = K N .S;;, and we shall denote this k-linear
subspace K;; for 1 <, < p. Since K = & K;;, we write K = (K;).

We recall that an associative ring is Artinian (Noetherian) if and only if it is
left and right Artinian (Noetherian). That is, if and only if the ring has the DCC
(ACQ) for left ideals and for right ideals. We would like to have methods to decide
when an associative ring is Artinian or Noetherian. For objects in A, we state the
following useful proposition:

Proposition 5.1. Let S = (S;;) be an object in A,. Then S is Noetherian (Ar-
tinian) if and only if the following conditions hold:
i) S;i is Noetherian (Artinian) for 1 <i < p,
i) Si; is a Noetherian (Artinian) left S;;-module and a Noetherian (Artinian) right
Sjj-module for 1 < 1,5 <p, i #j.

PrOOF. Let C; = & S;; be the j'th column of S for 1 < j < p. Then each Cj is a
left S-module, and S is left Noetherian (Artinian) if and only if C; is a Noetherian
(Artinian) left S-module for 1 < j < p. Furthermore, we see that C; is a Noetherian
(Artinian) left S-module if and only if \S;; is a Noetherian (Artinian) left .S;;-module
for 1 <1i < p. It follows that S is left Noetherian (Artinian) if and only if S;; is a
Noetherian (Artinian) left S;;-module for 1 <4,j < p. On the other hand, we may
consider the i’th row of S, R; = ®5;; for 1 <14 < p. A similar argument shows
that S is right Noetherian (Artinian) if and only if S;; is a Noetherian (Artinian)
right Sj;-module for 1 <4,5 <p. O

We recall that a finitely generated, associative k-algebra is not necessarily Noe-
therian. That is, Hilbert’s basis theorem does not hold for associative rings. For
a counter-example, let S = k{z1,...,z,} be the free, associative k-algebra on n
generators. It is well-known that S is Noetherian only if n = 1. However, we
know from the Hopkins-Levitzki theorem (see Lam [18], Theorem 4.15) that an
associative Artinian ring is Noetherian.

A k-algebra S is Artinian if S has finite dimension as k-vector space. This is
clear, since S is an Artinian k-vector space if and only if S has finite dimension as
k-vector space. We have a converse statement under certain conditions:

Lemma 5.2. Let S be an object of A,, and let I = I(S). If S is Artinian and
I =0 for some n > 1, then S has finite dimension as a k-vector space.

PROOF. Since S is Artinian, it is Noetherian, and I™ is finitely generated as left
S-module for all m. Consequently, I"™/I™%1 is a finitely generated left S/I-module
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for all m, and hence of finite dimension as a k-vector space. But I™ = 0, and
in particular a k-vector space of finite dimension. By induction, we see that I™
has finite dimension as a k-vector space for all m, and consequently, .S has finite
dimension as a k-vector space. O

We define the category a, to be the full sub-category of A, consisting of objects
Sin A, such that S is Artinian and I(S) = J(S). The condition I(S) = J(S) might
equivalently be replaced by the condition that I(.S) is a nilpotent ideal (that is, that
I(S)™ = 0 for some n > 1), since the Jacobson radical is the largest nilpotent ideal
in an Artinian ring (see Lam [18], Theorem 4.12). In particular, all objects S
in a, have finite dimension as k-vector spaces by lemma 5.2. From the comment
above, we also have a geometric interpretation of the condition I(S) = J(S): It
means that {k1,...,kp} is the set of isomorphism classes of simple left S-modules,
or equivalently, that the number of isomorphism classes of simple left S-modules is
D.

Let S be an object in A, with radical I = I(S). Then the I-adic filtration
defines a topology on S compatible with the ring operations (see Bourbaki [5],
chapter III, §2, no. 5), and we shall always consider S a topological ring in this
way. We say that the topology on S is Hausdorfl (or separated) if and only if
NI™ = 0.

For all objects S in A, there is an I-adic completion S of S and a canonical
morphism S — S in A,. The I-adic completion S is defined by the projective limit

S =1limS/I",

and the morphism S — § is the natural one induced by this projective limit. We
say that S is complete (or separated complete) if the natural morphism S — S is
an isomorphism in A,,. Since S/I"™ =2 §/I(S)" for all n > 0, any I-adic completion
is complete. We remark that S is complete if and only if S is topologically complete
and has a Hausdorff topology.

We define the pro-category &, of a,, to be the full sub-category of A, consisting
of objects S in A, such that S is complete and S/I(S)™ belongs to a, for all n > 1.
In particular, all objects S in &, have a topology which is Hausdorff. We also see
that there is an inclusion of categories a, C a,.

Let S be an object in &,, and let I = I(S). To fix notation, we denote by gr, S
the k-vector space I"/I"! for n > 0 (with I° = S), and denote by gr S = @ gr,, S
the graded ring associated to the I-adic filtration of S. Furthermore, we define the
tangent space of S to be the k-linear space dual to gr; S,

ts = Homy (I/1?, k) = (I/I?%)*,

which is clearly of finite dimension. In particular, we have (tg)* = I/I2.

Let v : S — T be a morphism in &,. Since u preserves the given filtrations
of S and T, i.e. u(I(S)™) C I(T)™ for all n > 0, v induces a morphism of graded
rings gr(u) : gr S — grT. Since gr(u) is homogeneous of degree 0, u also induces
morphisms of k-vector spaces gr,, (u) : gr,, S — gr,, T for all n > 0. In particular, we
have a morphism of k-vector spaces gry(u) : gr; S — gr; 7', and a dual morphism
tu : tT — ts.

Proposition 5.3. Let v : S — T be a morphism in a,. Then u is a surjection if
and only if gry(u) is a surjection. Furthermore, u is injective if gr(u) is injective.

PROOF. If u is surjective, then clearly gr,(u) is also surjective. To prove the other
implication, let us consider the map gr(u) : gr(S) — gr(T). Since gr T is generated
by the elements in gr; T as an algebra, it follows that if gr,(u) is surjective, then
gr(u) is also surjective. From Bourbaki [5], chapter III, §2, no. 8, corollary 1 and
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2, we have that wu is surjective (injective) if gr(u) is surjective (injective), and the
result follows. O

Let n be any natural number. We define the category a,(n) to be the full
sub-category of a,, consisting of objects S in a, such that I(S)™ = 0. Notice that
ay(n) C ay(n + 1) for all n > 1. Furthermore, each object S in a, belongs to a
sub-category a,(n) for some integer n.

We conclude this section with an important family of examples: Let V;; be
a finite dimensional k-vector space for 1 < 4,5 < p, with dimy V;; = d;;. Let
furthermore {s;;(1) : 1 <1 <d;;} be a basis of V;; for 1 <4,j < p (or simply {s;;}
if d;j = 1). We define the free matriz ring S = S({Vj;}) defined by the vector
spaces V;; in the following way: We say that a monomial in S of type (i,7) and
degree n is an expression of the form

Smgma (11)Smymy (12) « -+ Sm,_ym,, (In)

with mg = i,m, = j. To these, we add the monomials e; for 1 < i < p, which
we consider to be of type (i,7) and degree 0. We define S to be the k-linear space
generated by all monomials in S, with the obvious multiplication: Let M be a
monomial of type (4, 7), and M’ a monomial of type (I,m). If j # [, then MM’ = 0,
and otherwise the product is the new monomial obtained by juxtapositioning M
and M’ (possibly after having erased unnecessary e;’s). We see that S is an object
of the category A, via the obvious maps k¥ — S — kP, and S;; is the k-linear
subspace generated by monomials in S of type (i,7). The ideal I = I(S) is the
k-linear subspace generated by all monomials of positive degree.

We denote by S = S({Vi;}) the completion of S, and call this the formal
matriz ring defined by the vector spaces V;;. Explicitly, every element in S'ij is an
infinite k-linear sum of monomials in S of type (¢,). Let I = I(S). We have that
S, = S/I" = §/I(S)" belongs to a, for n > 1: Clearly, S, has finite dimension
as k-vector space, so S, is Artinian, and I(S,) = I/I", so the radical is nilpotent.
Since S clearly is complete, it follows that S belongs to &,.

Notice that neither S nor S is Noetherian in general. For a counter-example,
it is enough to consider the case when p = 2 and dy; = di2 = do; = 1, dog = 0.
In this case, S11 = k{s11, 812821} = k{x,y}, which is not Noetherian. Similarly,
Sy = k{{x,y}}, which is not Noetherian. So by proposition 5.1, neither S nor S
is Noetherian in this case.

2. Non-commutative deformation functors

Let R be a fixed associative k-algebra, and let M = {Mj, ..., M,} be a finite
family of left R-modules. In this section, we shall define a deformation functor

Defy : a, — Sets

describing how these R-modules can be deformed simultaneously.

Let S be an object of a,. A lifting of the family M of left R-modules to
S is a left R ®; S°P-module Mg, together with isomorphisms of left R-modules
n; : Mg ®gk; — M; for 1 <17 < p, such that Mg = (M; ® S;;) as right S-modules.
We remark that a left R ®; S°P-module is the same as an R-S bimodule such that
the left and right k-vector space structures coincide. Furthermore, the notation
(M; ®y, S;j) refers to the k-vector space

(M; ® Sij) = ?@,(Mi ®k Sij)

with the natural right S-module structure coming from the multiplication in .S. The
condition that Mg =2 (M; ®j S;;) as right S-modules replaces the flatness condition
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in the theory of local deformations, and we shall refer to it as the flatness condition
in this theory as well.

Let Mg, Mg be two liftings of M to S. We say that these two liftings are
equivalent if there exists an isomorphism 7 : M§ — M{ of left R ®j S°P-modules
such that the natural diagrams commute. That is, such that n) o (T ®g k;) = n} for
1 <i<p. We let Defpg(S) denote the set of equivalence classes of liftings of M to
S, and we refer to these equivalence classes as deformations of M to S. We shall
often denote a deformation represented by (Mg, n;) by Mg to simplify notation.

Let w : S — T be a morphism in a,, and let Mg be a lifting of M to 5,
representing an element in Defyg(S). We define My = Mg ®g T, which has a
natural structure as a left R ®; T°P-module. Since u is a morphism in a,, we have
natural isomorphisms of left R-modules

(Ms®sT) @7 ki = Ms ®g ki,

inducing isomorphisms of left R-modules p; : My @71 k; — M; via n; for 1 < i < p.
A straight-forward calculation shows that Mp together with the isomorphisms p;
for 1 <4 < p constitutes a lifting of M to T, and furthermore that the equivalence
class of this lifting is independent upon the representative of the equivalence class
of Ms. Hence, we obtain a map Defyg(u) : Defp(S) — Defyp(T'), and we see that
Defy @ @, — Sets is a covariant functor.

Let S = (S;;) be an object in a,. We shall give a more explicit way of calculating
Defym(S): We may assume that every element of Defyg (S) is represented by a lifting
Mg, such that Mg = (M; ®y S;;) considered as a right S-module. In order to
describe this lifting completely, it is enough to describe the left action of R on Mg.
Furthermore, it is enough to describe this action on elements of the form m; ® e;
with m; € M;, since we have

r(mi @ i) = (r(m; ® e;))si;
for all » € R, m; € M;, s;; € S;;. For a fixed r € R, m; € M;, assume that
r(m; ®e;) = > (m} ® s};) with m}; € M;, s}, € Sj. Then multiplication by e; on
the right gives the equality

r(m; @ e;) =Y (m @ s,),
J
and the isomorphism 7); gives a further restriction on the left action of R, expressed
by the formula

(3) r(m; ®e;) = (rm;) ® e; + Zm; ® 8%,
J

where r € R, m; € M;, m; € M;, s}, € 1(5);;. Consequently, the set Defa (.5)
consists of all possible ways of choosing a left R-action on elements of the form m; ®
e;, fulfilling the above conditions and the associativity condition, up to equivalence.

Let S be any object in a,. Then the formula r(m; ® ¢;) = (rm;) @ e; for
r € R, m; € M, defines a left R-module structure on (M; ® S;;) compatible with
the right S-module structure. Hence, there exists a trivial lifting Mg to S for all
objects S in a,,, and Defy(S) is non-empty. Notice that in the case S = kP, we have
I = I(S) =0, such that this trivial lifting is the only one possible. Consequently,
we have Defy (kP) = {*}, where % denotes the equivalence class of the trivial lifting.

Let w : S — T be a morphism in A,, and let My € Defpm(T) be a given
deformation. We say that a deformation Mg € Defyg(S) is a lifting of My or is
lying over My if Defyi(u)(Mg) = Mp. Given any object S in A, and a deformation
Mg € Defnm(S), we see that Mg is a lifting of the trivial deformation  in Defyg (kP)
in the above sense, relative to the structural morphism g : S — kP. Hence, our
notation is consistent.
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For another example, consider the test algebras S(m,n) for 1 < m,n < p,
constructed in the following way: Let S be the free matrix algebra defined by the
k-vector spaces V;; with d;; = 1 if (4,5) = (m,n), and d;; = 0 otherwise. Then
we define S(m,n) = S/I(S)?, and this is an object in a, by construction. Let
¢ € BExty(M,, M,,), then there exists a derivation 1 € Dery (R, Homy,(M,,, M,,))
representing & in Hochschild cohomology (see appendix A for a general reference of
Hochshild cohomology). We denote by M (1) the lifting of M to S(m,n) given by
the left R-action

r(m; @ ;) = (rmy) ® e + 6t (1) (Mmn) ® Enn

with r € R, m; € M;, 1 < i < p, and where ¢,,,, is the equivalence class of s,
in S(m,n). A straight-forward calculation shows that the liftings M (v), M (¥')
are equivalent if and only if ¥, 1’ € Derg (R, Homg (M, M,,)) define the same ele-
ment in Ext}%(Mn, M,,). Furthermore, we see that any lifting of M to S(m,n) is
of the form M (v) with ¢ € Dery (R, Homy (M, M,,)), up to equivalence. Hence,
the map ¢ — M (¢)) induces an isomorphism of sets between Exth (M, M,,) and
Defp(S(m,n)). In particular, Defy(S(m,n)) has a natural k-vector space struc-
ture inherited from Extk (M, M,,).

3. Pro-representing hulls of functors on a,

Let F : a;, — Sets be a functor. In this section, we shall consider such functors
which are pointed, that is, such that F(kP) = {*}. Notice that any functor F on a,,
may be extended to a functor F : 4, — Sets on the pro-category a, by the formula

F(S) = lim F(S/I")
for objects S in &, with I = I(S). Furthermore, any functor F on a, has a restriction
F,, : ay(n) — Sets to the sub-category a,(n).

Let R be an associative k-algebra, and M a finite family of left R-modules. As
we have seen in the previous section, Defys is an example of a pointed functor on
a,. For another example, let S be an object in &,. We define hg to be the functor
Mor(S, —) : a, — Sets, where Mor denotes the morphisms in the pro-category &,.
Since hg(kP) = {*}, this is a also a pointed functor on a,.

Lemma 5.4. Let S be an object in &,, and let F : a, — Sets be a functor. Then
there is a natural isomorphism of sets

o : F(S) — Mor(hg, F),
where Mor denotes the morphisms in the category of functors from a, to Sets.

PROOF. Let ¢ € F(S), then & = (&,) with &, € F(S/I") for all n > 1. For any
object T'in a,, we construct a map of sets «(§)r : Mor(S,T) — F(T): Letu: S — T
be a morphism in &, then u(I(S)) C I(T), and I(T) is nilpotent since T is in a,,
so there exists n > 1 such that u factorizes through w,, : S/I(S)” — T. We define
a(é)r(u) = F(u,)(&n), and a straight-forward calculation shows that this expression
is independent upon the choice of n, and gives rise to a natural transformation of
functors. Conversely, let ¢ : hg — F be a natural transformation of functors on
a,. Then we define &, € F(S/I(S)") to be &, = ¢g/1(s»(S — S/I(S)™), where
S — S/I(S)™ is the natural morphism. Again, a straight-forward calculation shows
that & = (£,) defines an element in F(S), and that this map of sets defines an inverse
to a. O

There is also a version of lemma 5.4 for the category a,(n): For an object S in
a,(n), and a functor F : a,(n) — Sets, there is a natural isomorphism of sets

ayp, : F(S) — Mor(hg, F),
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where Mor denotes the morphisms in the category of functors from a,(n) to Sets.
The construction of this isomorphism is similar to the construction in lemma 5.4.

We recall that a morphism ¢ : F — G of functors F,G : a, — Sets is smooth
if the following condition holds: For all surjective morphisms  : S — T in a,, the
natural map of sets

(4) F(S) — F(T) xar) G(9),

given by = — (F(u)(z), ¢s(x)) for all z € F(S), is a surjection. Notice that any
morphism ¢ : F — G of functors naturally extends to a morphism ngS :F — G of
functors on &,. If ¢ is a smooth morphism, then bs : F(S) — G(S) is surjective
for all objects S in &,.

Similarly, we say that a morphism ¢ : F — G of functors F, G : a,(n) — Sets
on a,(n) is smooth if the map of sets (4) is surjective for all surjective morphisms
u: S — T in ay(n). Clearly, a morphism ¢ : F — G of functors on a, is smooth if
and only if the restriction ¢, : F,, — G,, is smooth for all integers n.

Consider a morphism « : S — T in a,, and denote by I = I(S) the radical of
S and by K = ker(u) the kernel of u. We say that u is small if IK = KI = 0.
Notice that we do not insist that K is a 1-dimensional k-vector space. If u: S — T
is surjective, then u can be factored into a finite number of small surjections, since
I is nilpotent. Clearly, the assignment of the map of sets (4) to the morphism
u respects compositions. A morphism ¢ : F — G of functors on a, is therefore
smooth if and only if the map (4) is surjective for all small surjective morphisms
u:S —Tin ap.

Let F be a fixed functor on a,. A pro-couple for F is a pair (S,¢), where S is
an object in &, and ¢ € F(S) is an element. A morphism u : (S,€) — (5’,¢&') of
pro-couples is a morphism « : S — S’ in &, such that F(u) (&) =¢". A couple for F
is a pair (5,§), where S is an object of a,, and §{ € F(5) is an element. Morphisms
of couples are defined similarly. We say that a pro-couple (S, ) pro-represents F if
a(§) : hg — F is an isomorphism of functors, and that a couple (5, &) represents F
if () : hg — F is an isomorphism of functors. It is clear that if the couple (5, ¢&)
represents F, then this couple is unique up to a unique isomorphism of couples.

Similarly, let F be a fixed functor on a,(n). We define a couple for F to be a
pair (S,&), where S is an object of a,(n) and £ € F(S) is an element. We say that
the couple (5,&) represents F if and only if «,(§) is an isomorphism. It is clear
that if this is the case, the couple (S, €) is unique up to a unique isomorphism of
couples.

Let F be a functor on a,, and let (S, £) be a pro-couple for F. Then there exists
a couple (S, &,) for F,, for all integers n, given in the following way: S,, = S/I(S)™,
uw: S — S, is the canonical surjection, and &, = F(u)(§). Notice that for all integers
n, the morphism o, () is the restriction of the morphism «(§) to a,(n). It follows
that (S, &) pro-represents F if and only if (Sy,&,) represents F,, for all integers n.
In particular, it follows that if there exists a pro-couple (.5, £) which pro-represents
F, then this pro-couple is unique up to a unique isomorphism of pro-couples.

Definition 5.5. Let F be a functor on a,. A pro-representing hull (or a hull) for
F is a pro-couple (S, ) such that the following conditions hold:

i) a(&) is a smooth morphism of functors,

it) (Se,&2) represents Fa.

We conclude this section by proving the uniqueness of the pro-representing hull,
if it exists. Notice that the pro-representing hull is only unique up to non-canonical
isomorphism.
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Proposition 5.6. Let F : a, — Sets be a functor, and assume that (S,€), (S, &)
are two pro-representing hulls for F. Then there exists an isomorphism of pro-
couples u : (S,&) — (5',¢).

PROOF. Let ¢ = «a(§),¢’ = a(€’). Since ¢, ¢’ are smooth morphisms, we have
that ¢g and ¢ are surjective. So there are morphisms u : (S,§) — (5',¢’) and
v:(5,8) — (S,§) of pro-couples for F. The restriction to a,(2) gives us morphisms
Uug (52,52) — (Sé,gé) and Vg (Sé,gé) — (52,52). But both (SQ,EQ) and (Sé,gé)
represent Fa, so ug and ve are inverses. In particular, gry(us) and gri(vq) are
inverses, and (vowu)s = vy 0us = id. From the proof of proposition 5.3, we see that
gr(vouw) is surjective. This means that gr,(vowu) is a surjective endomorphims of a
finite dimensional k-vector space for all n > 1, so gr(v o ) is an isomorphism. By
proposition 5.3, v o u is an isomorphism as well, and the same holds for u o v by a
symmetric argument. It follows that v and v are isomorphisms. O

4. Hulls of non-commutative deformation functors

Let R be an associative k-algebra, and M = {M;,..., M,} a finite family of
left R-modules. The aim of this section is to show that the functor Defys has a
pro-representing hull (H,¢), and furthermore to construct this hull explicitly. We
will do this, following Laudal [19], [20], under the assumption that Exts(M;, M)
has finite dimension as a k-vector space for n = 1,2, 1 <4,j < p. We remark that
it is possible to generalize this result to the case of countable dimension, see Laudal
[19].

Proposition 5.7. Let v : S — T be a small, surjective morphism in a, with ker-
nel K = ker(u), and let My in Defyp(T) be a deformation. Then there exists a
canonical obstruction

o(u, MT) S (EXt%(Mi, Mj) Rk Kji)7

such that o(u, M) = 0 if and only if there exists a deformation Mg in Defa(S)
lifting Mr. If this is the case, the set of deformations in Defp(S) lifting Mr is a
torsor under the k-vector space

(]'__‘)Xt}%(]\4i7 MJ) Rk Kﬂ)

PROOF. We recall from section 2 that up to equivalence, we may assume that
Mry has the following form: My = (M; ® T;;) with the natural right T-module
structure, and with a left R-module structure given by the k-linear homomorphisms
r: M; — &(M;®,Tj;) for all r € R. Via the natural projections, the map r give rise
to k-linear maps r;; : M; — M; ® Tj; for r € R, 1 <4,j < p. Since u is surjective,
we may choose k-linear maps L(r);; : M; — M;®;,S}; such that (id®u)oL(r);; = r4j
forr€ R, 1 <4,j <p. Let L(r) = (L(r);;) € (Homy(M;, M; ®j Sj;)), this defines
a k-linear left action of R on Mg = (M, ®j, S;;), lifting the left R-module structure
on Myp. Welet Q' = (Homy (M;, M; ®j Sj;)), and remark that this is an associative
k-algebra in a natural way: We compose the k-linear morphisms in @’ by using the
multiplication in S.

For r, s € R, consider the expression L(rs)—L(r)L(s) € Q’. By the associativity
of the left R-module structure on My, we see that L(rs) — L(r)L(s) € @, where
Q = (Homy(M;, M; ®, Kj;)) € Q'. Furthermore, we notice that @ C @’ is an
ideal, and therefore @) has a natural structure as a R-R bimodule via L. We define
1 € Homy (R ®i, R, Q) to be given by 9 (r,s) = L(rs) — L(r)L(s) for all r,s € R.
A straight-forward calculation shows that ¢ is a 2-cocycle in HC*(R, Q), so v
gives rise to an element o(u, M7p) € HH*(R,Q). (See appendix A for a general
reference of Hochschild cohomology). Since u is a small morphism, K? = 0 and
therefore Q2 = 0. If follows that if I’ is another k-linear lifting of the left R-module
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structure on My, then the R-R bimodule structures of Q given by L and L’ coincide.
Therefore, HH* (R, @) is independent upon the choice of L, and a straight-forward
calculation shows that the same holds for the obstruction o(u, Mr).

We remark that there exists a deformation Mg € Defy(S) lifting My if and
only if there exists some k-linear lifting L’ : R — @’ of the left R-module structure of
My such that L'(rs) = L'(r)L'(s) for all r,s € R. Let 7= L'—L,then7: R — Q is
a k-linear map. And a straight-forward calculation shows that L'(rs) = L'(r)L/(s)
if and only if the relation

L(rs) — L(r)L(s) = L(r)7(s) — 7(rs) + 7(r)L(s) + 7(r)7(s)

holds. Since ¢ is small, Q? = 0, and the last term vanishes. The fact that the above
relation holds for all r, s € R is therefore equivalent to the fact that o(u, Mr) = 0 in
HH?(R, Q). We have therefore established that there exists a canonical obstruction
o(u, Mr) € HH*(R, Q) such that o(u, M7) = 0 if and only if there is a lifting of
MT to S.

Assume that L : R — Q' is such that L(rs) = L(r)L(s) for all r, s € R, that is,
such that it defines a deformation Mg lying over M. For any other k-linear lifting
L' : R — @’ of the left R-module structure on Mr, we may consider the difference
7=L—L:R— Q. A straight-forward calculation shows that 7 is a 1-cocycle in
HC*(R, Q) if and only if L'(rs) = L'(r)L/(s) for all r,s € R, that is, if and only if
L’ defines a left R-module structure on Mg. Furthermore, we have that L and L’
give rise to equivalent deformations if and only if 7 is a 1-coboundary: It is clear
that any equivalence between the left R-module structures of Mg = (M; ® Sij)
given by L and L’ has the form id + 1, where ¢ € ). Furthermore, the map
id+ 1 : Mg — Mg (with the left R-module structure from L’ and L respectively)
is a left R-module homomorphism if and only if L(r)(id 4 1) = (id + )L’ (r) holds
for all » € R, and this last condition is equivalent with the fact that 7 = d(v), so
that 7 is a 1-coboundary. If 7 is a 1-boundary in HC*(R, @), it is also clear that
id + 1 defines an equivalence between the two deformations given by L and L'.
Therefore, the set of deformations Mg lying over My is a torsor under the k-vector
space HH'(R, Q).

To end the proof, we have to show that there are isomorphisms of k-vector
spaces HH" (R, Q) = (ExtR(M;, M;) ® Kj;) for n = 1,2: Since L(r) is a lifting
to Mg of the left multiplication of  on My (satisfying equation 3), L(r) satisfies
equation 3 as well. That is, we have L(r);;(m;) — 6;;(rm;) ® e, € M; ®y, I;; for
all r € R, m; € M;, 1 < 4,57 < p. But I(S)K = 0 since u is small, so the
R-R bimodule structure of @) defined above via L coincides with the following
natural one: Let @Q;; = Homy(M;, M; ®; Kj;) be the (4, j)’th component of @,
which has a natural R-R bimodule structure since M; and M; ®; K;; are left
R-modules in a natural way (see appendix A). This defines a component-wise
bimodule structure on . The natural isomorphism HC"(R, Q) — (HC"(R, Qi;)),
which is given by the natural projections, defines an isomorphism of complexes.
Therefore, we have HH" (R, Q) = (HH"(R,Q;;)) for all n > 0. By appendix A,
proposition A.3, we have HH"(R, Q;;) = Exts(M;, M; @i Kj;) for n > 0. But we
have Ext(M;, M; ® Kj;) = Exty(M;, M;) @k Kj;, since Kj; is a k-vector space
of finite dimension. This completes the proof of proposition 5.7. O

Let w:S — T and v’ : S” — T" be two small surjections in a,, let K = ker(u)
and K’ = ker(v'). Assume that v : S — 5" and w : T — T” are morphisms such
that v’ ov = wowu. Then v(K) C K’, and the map v induces a k-linear map of
obstruction spaces

(Extf(M;, M;) @ Kij) — (Exty(M;, M;) ®y, Ki;).
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From the proof of proposition 5.7, we observe that if My is a deformation of M
to T and My = Defpy(w)(Mr) is the corresponding deformation to 7”, then this
map of obstruction spaces maps o(u, Mr) to o(u’, M7).

We shall now start the construction of the pro-representing hull (H, &) of Defy,
using the obstruction theory for Defyg. Let us therefore fix the following notation:
Let {S”(l) 01 S l S dz]} be a basis for EXt}%(Mj,Mi)* and {t”(l) 01 S l S Tij}
be a basis for Extf{(Mj,Mi)* for 1 <1i,j < p, with d;; = dimg Ext}%(Mj,Mi) and
ri; = dimy Ext%(M;, M;). Furthermore, we let wﬁj € Dery(R,Homy(M;, M;)) be
a representative of s;;(1)* € Extp(M;, M;) via Hochschild cohomology. Finally,
we define T' = S({Exth(M;, M;)*}) and T? = S({Ext®(M;, M;)*}) to be the
corresponding formal matrix rings in &,.

First, let us show that Defy restricted to a,(2) is representable: We define Ho
to be the object Hy = T3 = T'/I(T')? in a,(2). For all objects S in a,(2), we get
Mor(H, S) & (Homy (Exty(M;, M;)*, 1(S)i)) = (Extp(Mj, M;) @ 1(S)i;), and
Defy(S) 2 (Exth(M;, M;)® I(S);;) from proposition 5.7 applied to the morphism
S — kP. The isomorphisms we obtain in this way are compatible, so they induce an
isomorphism ¢ : hy, — Defy of functors on a,(2). From the version of lemma 5.4
for the category a,(2), we see that there is a unique deformation & € Defy(Ho)
such that as(§2) = ¢. By definition, (Ha,&2) represents Defyg restricted to ay(2).

Let us also give an explicit description of the deformation &;: We have Hy = T3,
so let us denote by €;;(l) the image of s;;(I) in Hy for 1 < ¢,j < p, 1 <1 < d;;.
Then & is represented by (M; ®j (Hz);;) with left R-module structure given by

r(m; ®e;) =rm; ®e; + Zwéz(r)(mz) ® €;i (1)
gl
forallr € R, m; € M; and 1 <1 < p.

Theorem 5.8. Let R be an associative k-algebra, and M = {Mjy, ..., M,} a finite
family of left R-modules such that Exti(M;, M;) is a finite dimensional k-vector
space forn = 1,2, 1 <i,j < p. Then there exists a morphism o : T?> — T in &,
such that H(M) = T'@72kP is a pro-representing hull for Defyy.

PRrROOF. For simplicity, we write I for the ideal I = I(T'). For all n > 1, we
denote by T. the quotient T. = T!/I™ and by t, : T}H_l — TL the natural
morphism. From the paragraphs preceding this theorem, we know that (Hs,&2)
represents Defyy restricted to a,(2). Let og : T2 — T3 be the trivial morphism
(that is, og is such that og(I(T?)) = 0), then Hy = T} @12 kP. Using o0p and &
as a starting point, we construct o, for n > 3 by an inductive process. So let
n > 2, and assume that the morphism o, : T? — T} is given. Furthermore, let the
deformation &, € Defy(H,,) be given, with H,, = T. @12 kP. Notice that for each
n > 2, we may assume that o,, is constructed such that ¢,_1 0 0,, = 0,1, and that
&, is chosen as a lifting of &, _1.

Let us now construct the morphism o0y,11 : T2 — T} ;: We let a], be the ideal
in T! generated by 0, (I(T2)). Then a/, = a,,/I" for an ideal a,, C T! with I" C a,,
and H,, = T'/a,,. We obtain the following commutative diagram:

T2 T —— TY/Iay,
T, —— H, =T!/a,

Observe that right vertical morphism is a small surjection. So by proposition 5.7,
there is an obstruction o}, |, = o(TY/Ia, — H,,&,) for lifting &, to T!/Ia,, and
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we have
o1 € (Bxth(M;, My) @y, (an/Ian)i;) = (Homy (gry (T%)i5, (an/Ian)i;)).

Consequently, we obtain a morphism o/, ,; : T?> — T'/Ia,,. Let a// , be the ideal in
T!/Ia, generated by o), ,(I(T?)). Then a , = ant1/Ia, for an ideal a,4; C T*
with Ta,, C any1 C a,. We define H,, ;1 to be H, 1 = T'/a,1, and we obtain the
following commutative diagram:

/
Ont1

/”1’-“\

T? Trnyr ——= T/ Tay ——= Hpy1 = T fapia

b T

T, —— H, =T!/a,

By the choice of a,+1, the obstruction for lifting &, to H,41 is zero. We can
therefore choose a deformation &, 11 € Defypg(Hy,q1) lying over &,.

We know that ¢,,_1 00, = 0,,_1, which means that a,_; = I"~! +a,,. For sim-
plicity, let us write O(K) = (Homy (gr; (T?);j, K;;)) for any ideal K, and consider
the following commutative diagram of k-vector spaces, in which the columns are
exact:

O(Ian/I") —2> O(Ian_1/17)

O(an/1n+l) O(an—1/I")

Tn41 Tn

O(an/Ian) —> O(an_1/Ian_1)

0 0

We may consider consider o, as an element in O(a,—1/I"™). On the other hand,
0,11 € O(a,/Iay), and from the commutativity of the previous diagram, we have
ln(0),41) = rn(0n). But from the construction, o, is an element of O(a,/I") as
well, and we can find an element 0,41 € O(a,/I""!) such that k,(6,:1) = on.
Let furthermore 0, = 7 41(0n41). Then d' = o], | — o), € ker(l,). But the
top horizontal morphism ¢, is surjective, since a,—1 = a, + I" 1. By the snake
lemma, it follows that d’ = r,,1(d) with d € ker(k,). We let 0,11 = 0,41 +d, then
Ont1 € O(ay, /1) satisfies ky, (0p11) = 0, and 7, 11(0p41) = 0}, 41 If follows that
0n41 defines a morphism o0, : T? — T}LH in &, such that ¢, o 0,41 = 0, and
such that T}, | ®72 kP = H, 4.

Using this construction, we obtain a morphism o, : T2 — T} and a deformation
&, € Defp(Hy), with H,, = TL ®72 kP, for all n > 1. From the construction,
we see that there are morphisms h, : H,41 — H, for all n > 1, and we have
Hy1/I(Hp1)™ =2 Hy. Let 0: T? — T be the morphism defined by the projective
limit of the morphisms o,,, and let H be the corresponding object in A,,

H=T'®p2k? = lim H,,.
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Then, H/I(H)" = Hp41/I1(Hpq1)™ & Hy,, so H is an object in the pro-category
a,. Let ¢ € Defp(H) be the deformation given by the projective limit of the
deformations &,. Then (H,¢&) is a pro-couple for Defyg. It only remains to show
that (H,&) is a pro-representable hull for Defp;.

It is clearly enough to show that (H,,&,) is a pro-representing hull for Defyy
restricted to a,(n) for all n > 3. So let ¢ = a,(&,) be the morphism of functors
on a,(n) corresponding to &,. We shall prove that ¢ is a smooth morphism. So
let w: S — T be a small surjection in a,(n), and assume that Mg € Defp(S) and
v € Mor(H, T) are given such that Defpy(u)(Mg) = ¢r(v) = Mp. Since I(T)™ = 0,
we may consider v as a morphism in Mor(H,,T). Now, let us consider the following
commutative diagram:

Tt/ Ia,
T —— Hya S
Hy, ——T

Let v” : T' — S be any morphism making the diagram commutative. Then
v"(ay) € ker(u), so v’ (Ia,) = 0 since u is small. But the obstruction o(u, Mr) is ob-
viously zero, so v"(an+1) = 0, and we obtain a morphism v” € Mor(H,,41, S) mak-
ing the above diagram commutative. Since v”(I(Hp+1)™) = 0, we may consider v”
as a morphism from H,,11/1(Hp41)" & H,, that is, v” € Mor(H,,, S) = Mor(H, S).
We denote by Mg the corresponding deformation in Defy(S). Since Mg, Mg are
two liftings of My, the difference is an element d € (Extp(M;, M;) @, Ki;) by
proposition 5.7, with K = ker(u). Hence, d defines a map D : T* — S such that
D(I) C K. Clearly, D(I?) = 0 since u is small, so D factorizes through H. Let
v" € Mor(H, S) be given by v'(s) = v"(s) + D(s) for all s € I(H). Notice that this
is a ring homomorphism since u is small. Then ¢g(v') = Mg by construction, and
uov' =wuov” =wsince D(I) C K = ker(u). It follows that ¢ is smooth, and this
concludes the proof of the theorem. O

The theorem shows that the deformation functor Defy; has a pro-representing
hull H = H(M) when the conditions of the theorem are fulfilled. In this case, we
know from proposition 5.6 that this hull must be unique, up to (non-canonical)
isomorphism. Furthermore, theorem 5.8 shows that the hull H can be calculated
from the obstruction morphism o : T2 — T!, which is defined by the obstruction
theory for Defyp, as described in proposition 5.7.

There is another procedure for calculating the pro-representing hull H, us-
ing the cohomology groups Ext}_—{(Mi,Mj) and certain generalized Massey prod-
ucts (called matrix Massey products) defined on these cohomology groups. These
Massey products are in a sense dual to the obstruction morphism o : T2 — T!. In
the case of the deformation functor of a module, in the sense of Schlessinger [30],
this procedure is explained in detail in Laudal [20] using symmetric matrix Massey
products. It is possible to adapt this procedure to our non-commutative deforma-
tion functors, using a non-symmetric variation of these matrix Massey products.

We say that a ring R is left (right) hereditary if the following condition holds:
For all left (right) R-modules M, N, we have Ext’z (M, N) = 0 for all n > 2. We say
that R is hereditary if it is left and right hereditary. From theorem 5.8, it is clear
that if R is a left hereditary ring, then H = T' is a hull for the deformation functor
Defyp for any finite family M of left R-modules such that dimy Extj(M;, M;) is
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finite for 1 < 4,5 < p. In this paper, we shall only be interested in non-commutative
deformation functors over hereditary rings. For this reason, we choose not to go
into the details of non-symmetric matrix Massey products in this paper.

5. Classification of extensions of extensions

Let R be an associative k-algebra, and let M = {Mq, ..., M, } be a finite family
of left R-modules. Throughout this section, we shall assume that the modules
My, ..., M, are non-isomorphic as left R-modules.

We define an extension of extensions of the family M to be a couple (M, F),
where M is a left R-module and F is a finite, descending filtration of M of left
R-modules

M=FK2FN2 - 2F,_12F, =0,

such that for 1 < i <n, F;_1/F; & M;, with 1 <ly,...,l, < p. We say that the
couple (M, F') has length n and order vector | = (l1,...,l,). Notice that the order
vector is uniquely defined by the filtration F', since the modules My, ..., M, are
non-isomorphic.

We denote by a co-filtration of M of length n a chain of surjections of left
R-modules

M=C,—-C,.1—--—C; —Cy=0.

This notion is equivalent with the notion of an ascending filtration on M of length
n: If F is a filtration, let C' be the co-filtration with C; = M/F; and such that the
surjection C; — C;_1 is induced by id : M — M. Conversely, if C is a co-filtration
of M, let F be the filtration given by F; = ker(M — C;) and the natural inclusions.
We observe that ker(C; — C;_1) = coker(F; — F;_1) = F;_1/F; for 1 <i < n.

It turns out that it is most useful to represent an extension of extensions of the
family M as a couple (M, C), where M is a left R-module and C' is a co-filtration
of M. We shall therefore keep this notation, and write n for the length of the
co-filtration and [ for the order vector. Notice that we have short exact sequences

0—-M,—-Ci—Ci_1 —0

for 1 < ¢ < mn. So C; is an extension of C;_; with M;, for 1 < ¢ < n, and in
particular M is an extension of extensions of the family M in the sense of chapter
3. This justifies the name.

Let (M,C) and (M’,C") be two extensions of extensions of the family M. We
say that (M,C) and (M',C") are equivalent extensions of extensions if there is an
isomorphism ¢ : M — M’ such that C! = ¢(C;) for all integers ¢ with 0 < i < n.
In particular, we see that equivalent extensions of extensions have the same length
n and order vector [. When ¢ defines an equivalence between (M, C) and (M’,C"),
we also see that for 1 < i < n, the extension

0—-M,—-Ci—Ci—1 —0
corresponds to the extension
0—-M,—-C,—Ci_,—0

via the map Extp(C;_1, My,) — Exth(C)_,, M;,).

Let (M,C) be an extension of extensions, and let n be the length and [ be
the order vector of (M,C). We define an ordered, directed graph to be a directed
graph (N, E), where N is a set of nodes and F is a set of edges with a given total
order. For each extension of extensions (M,C), we assign an ordered, directed
graph G = G(M,C) to (M,C): The graph G has nodes N = {1,2,...,p} and
edges E = {ay,aq9,...,a,_1}, where a; is an edge from node [; to node l;1, and
the total order on F is given by a1 < as < --- < a,—1. Notice that the ordered,
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directed graph G is uniquely defined by the length n and the order vector [ of
(M,C). We call G the eztension type of the extension of extensions (M, C). The
previous remark implies that equivalent extensions of extensions have the same
extension type.

Let G be an ordered, directed graph. We say that G is finite if G has a finite
number of nodes and a finite number of edges. In this case, we may assume that the
nodes of G are N = {1,2,...,p} and that the edges of G are F = {a1,...,ap_1}
with a1 < -+ < a,_1 for some natural numbers p, n. If the start of edge a; is the
same node as the end of edge a;_1 for 2 < i < n — 1, we say that the ordered,
directed graph G is connected. For an ordered, directed graph which is finite and
connected, we shall write [; for the node which is the starting point of edge a; for
1<i<n-1,andl, for the node which is the ending point of arrow n — 1.

Let G be an ordered, directed graph which is finite and connected. We define
the associative k-algebra k[G] in the following way: For 1 < i < p, let e; be the
idempotent e; = (0,...,1,...,0) € kP. We define k[G] to be the associative k-
algebra in A, generated by kP and z,...,z,—1, where x; are generators which
satisfy the matrix relations z; = e, ,w;e;, for all 4 and the additional relations
z;x; = 0if ¢ < j. It follows that k[G] satisfies I™ = 0, where I is the radical of
k[G], and that k[G] has finite dimension as a k-vector space. Consequently, k[G] is
an object in ay,.

Assume that the family M = {M;y,...,M,} is such that dimy Ext}%(Mi,Mj)
is finite for 1 < ¢,7 < p. Then the deformation functor Defys : a, — Sets has a
pro-representing hull H = H(M) by theorem 5.8, and we know that this hull is
unique up to non-canonical isomorphism. For any ordered, directed graph G which
is finite and connected, we consider the set X (M, G) = Mor(H, k[G]) of morphisms
from H to k[G] in the category in &,.

Lemma 5.9. Let M be a family of left R-modules such that dimy, Exty(M;, M;) is
finite for 1 < i,5 < p, and let G be an ordered, directed graph which is finite and
connected. Then X (M, G) has a natural structure as an affine algebraic variety.

PROOF. Let Vz? = Ext}}%(Mj,Mi)* for 1 < 4,57 < pand h = 1,2. We define
T! = S’({VZE}) to be the formal matrix ring defined by the vector spaces Vé,
and T? = 5'({‘/;3}) to be the formal matrix ring defined by the vector spaces V2.
Furthermore, we let {s;;(1) : 1 <1 < d;;} be a basis for V;} and {t;;(1) : 1 <1 <7j;}
be a basis for Vé for 1 < 4,5 < p. Clearly, the surjection T' — H defines an
injective map X(M,G) — Mor(T!, k[G]) = Mor(TL, k[G]), where n — 1 is the
number of edges in G. Furthermore, we have that
Mor(T},, k[G]) = | [ Homy (Extj, (M;, M;)*, Wij),
Z"j
with W = I(k[G]). This means that Mor(T", k[G]) = A", where N is given by
N = }"(d;; dimy W;;). We choose a basis {w;;(m) : 1 < m < v;;} for W;;. Then
we obtain a set of coordinates z;;(l,m) for the affine space A" such that each
zi; (1, m) corresponds to a morphism ¢;;(l, m) given by
i (1, m)(si5 (")) = drpwiz(m)
for 1 < 4,5 <p, 1 <ULl <dj, 1 <m < v;. Consequently, we may write
Mor (T, k[G]) = Speck[{z;;(I,m)}]. Let ¢ = (a;;(l,m)) be a point in the affine
space AV, and let fij(1) be the image of o(t;;(1)) in Th for 1 <i,j <p, 1 <1 <.
We know that ¢ € X (M, G) if and only if ¢(f;;({)) = 0 for all f;;(I). But we have
S(fi3(1)) =D fiy () (ciz(l,m)) wiz(m),

m
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so this condition translates to the equations

fij (D) (aui(l,m)) =0

for 1 <4,57 <p, 1 <1< dyy, 1 <m < vy It is clear that for each i, 7,1, m, this
equation induces a polynomial relation R; ;(I,m) € k[{z;;(I,m)}]. It follows that
X(M,G) = V({Ri;(l,m)}) € A is an affine, algebraic variety. O

We let A(M, G) be the affine coordinate ring of the affine variety X (M, G).
Then we have A(M, G) = k[{z;(l,m)}]/R, where R C k[{z;;(I,m)}] is the ideal
generated by {R;;(I,m)}.

Let My be the versal family defined over the hull H. That is, let My be
a deformation My € Defy(H) such that (H, Mp) is a pro-representing hull for
Defy. For any ¢ € X(M, G), let My be the deformation

M¢ = DefM(zb)(MH)

This is a deformation in Defyg(k[G]) which depends on ¢. From the definition of
the versal family My, the map of sets X (M, G) — Defam(k[G]), given by ¢ — My,
is surjective.

Let us describe the deformation My in detail, when ¢ € X (M, G) is given: As
usual, we let My be given as the trivial right £[G]-module

My = (M; @y k[Glij),

and let My have a left R-module structure given in the following way: Let m; € M;,
and consider m; ® e; as an element in My. Then r(m; ® ;) € My, and we define
left multiplication by r on the element (m; ® e;) € My to be

r(mi ® e;) = (1@ ¢)(r(m; ® ;)),
where r(m; ® e;) on the right side is the multiplication in My = (M; ®k H;j),
and 1 ® ¢ : (M; ® Hij) — (M; ® k[G];;) is the map given by the equation
(1 ® ¢)(ml ® h”) =m; @ gb(h”) for all m; € M;, hij S Hl‘j.

Let M € Defy(k[G]) represent a deformation of the family M to k[G]. Clearly,
we have M = (M; ®y, k[G];;) considered as a right k[G]-module. We shall denote
by M' = (M; @ k[G]i,,) the I;’th column of M. We have seen that M’ C M is
invariant under the left R-module action on M, so M’ has a natural left R-module

structure. For each ordered subsequence j = (j1,...,Jjr) € (n—1,n—2,...,1) with
lj, = 1, let us write M'(j) = M, ,, ®@xj, v, ... xzj, C M'. We shall write M'(U) for
the sum of M'(j) for all sequences j of the form (i,4—1,...,2,1) for some integer i

with 0 <4 < n—1, and we shall write M'(B) for the sum of M’(j) for all other sub-
sequences j with I;, = I;. Then M'(U), M'(B) C M’ are k-linear subspaces with
M'(U)+M'(B) = M'. Moreover, a calculation shows that M'(B) is invariant under
the left R-action on M’. So we have an R-linear homomorphism M’ — M'/M'(B).
We shall denote by M the underlying left R-module of M’/M’(B), and we see that
M = M'(U) considered as k-vector spaces.
Let us construct a co-filtration of the left R-module M in the following way:

Let F; € M be given by

n—1

Fj = ZMli+1 & XT;Tij—1...01

i=
for 0 < j <n—1. We see that Fj is invariant under the left R-action for all j. So
we a have a co-filtration of M of left R-modules of the form

M=C,—-C,.q1—--—C,—>Cy=0
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with C; = M/F; for 0 <i<n—1and C, = M. It is clear that the co-filtration C
is such that ker(C; — C;_1) = M, as left R-modules for 1 < i < n. So (M,C) is
an extension of extensions of the family M of extension type G.

We also see that if M, N are two equivalent deformations of M to k[G], then
the corresponding isomorphism

¢ : M — N
of R-k[G] bimodules has the property that ¢(M’) C N’ and ¢(M'(B)) C N'(B).
So ¢ induces an isomorphism ¢ : M — N of left R-modules. If C,C’ are the

corresponding filtrations of M’ and N’ respectively, then it is furthermore clear
that ¢(C;) C C! for 0 <i < n.

Proposition 5.10. Let M = {Mq, ..., M,} be a family of left R-modules such that
dimy, Ext}%(Mi,Mj) is finite for 1 < 4,5 < p, and let G be an ordered, directed
graph which is finite and connected. Then there is a natural bijective map between

Defni(k[G]) and the set of equivalence classes of extensions of extensions of the
family M with extension type G.

PROOF. The construction given above clearly defines a map of sets from Defyg (k[G])
to the set of equivalence classes of extensions of extensions of M with extension
type G. We construct an inverse of this map: Let (M,C) be an extension of ex-
tensions of M with extension type G. We let M = (M; ®j, k[G];;) considered as
a right k[G]-module. Then it is easy to see that the left R-module structure of M
and the filtration C of M generate a unique left R-module structure on M, such
that M represents a deformation in Defy(k[G]). Furthermore, equivalent exten-

sions of extensions of M with extension type G give equivalent deformations in
Defm (k[G)). O

We define an equivalence relation on the set X (M, G) in the following way:
For morphisms ¢,¢’ € X(M,G), we say that ¢, ¢’ are equivalent if and only if
M, and My are equivalent deformations in Defy(k[G]). That is, ¢ ~ ¢ if and
only if My = My in Defp(k[G]). From the proposition above, we see that ¢, ¢’
are equivalent if and only if the corresponding extensions of extensions (M, C) and
(M’,C") are equivalent extensions of extensions.

Consider the set of left R-modules M which has a co-filtration C such that
(M, C) is an extension of extensions of the family M with extension type G. We
denote by E(M, G) the set of isomorphism classes of left R-modules of this type.
Clearly, we have a surjective map of sets from the set of equivalence classes of
extensions of extensions of the family M with extension type G to E(M, G), given
by (M,C) — M. So we have a sequence of surjections

X (M, G) — Defy (k[G]) — E(M, G).

Let S be any commutative k-algebra. We define an algebraic family of deforma-
tions of M to k[G] parametrized by S to be an R-(k[G] ®% S) bimodule M (M, G, S)
such that the following conditions hold:

i) M(M, G, S) = (M; @ k[G];j) Q& S considered as right S-module.
ii) For each closed point P € Spec S, the corresponding fiber M (M, G, S)p, given
by the R-k[G] bimodule M(M, G, S)p = M(M, G, S)®sk(P), is a deformation

of M to k[G].

Using this notation, we obtain the following proposition:

Proposition 5.11. Let M = {Mq, ..., M,} be a family of left R-modules such that
dimy, Ext}z(Mi,Mj) is finite for 1 < 4,5 < p, and let G be an ordered, directed
graph which is finite and connected. Then there exists a family M (M, G) of defor-
mations of M to k[G] parametrized by A(M,G) such that the fiber M(M,G)y is
the deformation My € Defa(k[G]) for all closed points ¢ € X (M, G).
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PRrROOF. Let M(M, G) = (M; @ k[G];;) ®r A(M, G) with trivial structure as right
k]G] ®r A(M, G)-module, and with left R-module structure (modulo the squares of
the radicals) given by

r((m; ®e;) ©1) = ((rm; ®e;) ® 1)
+ Z (1® ¢ji(l,m))(r(m; @ e;) —rm; ® €;) ® zj(1,m),

7,l,m
where r(m;®e;) —rm; ®e; is considered as an element in My, and we write zji(l,m)
for the image of z;;(I,m) in A(M, G). It is now straight-forward to check that this
family has the desired properties. [

Corollary 5.12. Let M = {M;,..., M,} be a family of left R-modules such that
dimy, Ext}?(Mi,Mj) is finite for 1 < 4,5 < p, and let G be an ordered, directed
graph which is finite and connected. Then there exists a family of left R-modules
parametrized over A(M, G), realized as a quotient family of the family M(M, G),
such that all equivalence classes of E(M, G) occur as fibers of this family. In par-
ticular, E(M, G) is the quotient of the affine algebraic variety X (M, G) defined by
this family.



CHAPTER 6

Graded holonomic A;(k)-modules

Throughout this chapter, we fix the numerical semigroup I' = Ng. We shall
therefore write A = k[['] = k[t] and D = D(A) = A;(k). The purpose of this
chapter is to classify the indecomposable, graded, holonomic D-modules over the
Weyl algebra D = A;(k). We do this in two steps: First, we continue the work
from chapter 3 in order to classify all simple, graded D-modules in the case I' = Nj.
Secondly, we use the methods from chapter 5 to classify all indecomposable D-
modules which are extensions of extensions of the simple, graded D-modules.

We observe that the indecomposable, graded, holonomic D-modules correspond
exactly to the indecomposable, holonomic modules with regular singularities in the
local, analytic case, see Briangon and Maisonobe [7] and Boutet de Monvel [6] for
the classification in this case.

1. Simple, graded D-modules

Let I' = No, let A = k[['] = k[t], and let D = D(A) = A;(k). Let furthermore
M be a simple, graded D-module. Then, we recall from section 3.7 that M is either
an S-torsion D-module or an S-torsion free D-module. In the first case, S™!M = 0,
and we shall study this case in more detail.

The maximal ideals of A are exactly the ideals (t — ) C A for all @ € k. Given
an element o € k, we denote by k(a) the residue field k(o) = A/(t — «). This
is an A-module, and hence V(a) = D ®4 k() is a well-defined D-module for all
a € k. Tt is easy to see that D is a free, right A-module with basis {9% : i > 0}.
This means that any element p € V(a) can be written uniquely as a polynomial
p = p(0) € k[0]. Furthermore, if we identify V(«) with k[0] and write * for the
induced left multiplication by D, we see that t xp = ap — p’, and 0 * p = dp for all
p € k[0], where p’ denotes the formal derivative of p.

Theorem 6.1. Let D = A;(k). Then the set Simple(D)[S — torsion] of isomor-
phism classes of simple, S-torsion D-modules is given by {V(a) : o € k}. Further-
more, V(a) 2 D/D(t — «) for all a € k.

PROOF. See Block [4], proposition 4.1 and corollary 4.1. O

For a = 0, we obtain the simple, graded, torsion D-module V(0) = D/Dt. A
simple argument shows that this is the only V' («) with o € k which admits a graded
structure. In fact, we have the following result:

Corollary 6.2. Let D = A;(k). Then the set gr-Simple(D)[S — torsion] of equiv-
alence classes of simple, graded S-torsion D-modules is {V(0)}.

PROOF. Let M be a simple, graded, S-torsion D-module. Then clearly, there is
an isomorphism M 2 V(«a) of D-modules for some unique o € k. Assume that
a # 0. Since M is a simple, graded D-module, there is an isomorphism M = D/I
of graded D-modules for some maximal, homogeneous left ideal I C D (up to a
twist). So D/I and D/D(t — «) are isomorphic D-modules, and the isomorphism
¢ : D/Dt — D/I is given by right multiplication with some @ € D in the sense
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that ¢(P) = PQ for all P € D. Write Q = Q1 + --- + Q,, where Q; is non-
zero and homogeneous for all ¢ and deg(Q1) < deg(Q2) < -+ < deg(Qn). If
Q1 € I, right multiplication with ¢ and right multiplication with (Q — @1) induce
identical maps. We may therefore assume that Q1 ¢ I. But since (t — «)Q € I,
we obtain —a@ +tQ1 — aQs + --- +tQ, € I. This gives —a@Q); € I, since this
is the homogeneous part of degree deg(Q?1) of (t — @)@ and I is homogeneous.
Consequently, @1 € I and this is a contradiction, so it follows that oo = 0. Finally,
we have from lemma 3.25 that there exists a unique graded structure on V(0), up
to graded isomorphisms of degree 0 and twist, and this ends the proof. O

The second case is that of simple, graded D-modules that are S-torsion free.
From proposition 3.26, we know that there is a bijective correspondence between the
set gr-Simple(D)[S —torsion free] of equivalence classes of simple, graded, S-torsion
free D-modules, and the set gr-Simple(D(T)) of equivalence classes of simple, graded
D(T)-modules. Furthermore, this bijective correspondence is given by M + S~1M.

Let I C k be a subset of k containing 0, such that the natural, set-theoretic map
I — k/Z is a bijection. From corollary 3.28, we know that the set gr-Simple(D(T"))
is given by {N, : o € I'}, where N, = D(T)/D(T)(E — «) for all o € I. We also
see that Ng = D(T')/0D(T) 2 T considered as a D(T)-module.

For each a € I* = I'\ {0}, let us consider the D-module M, = D/D(E — «).
Since I* C k\ Z, it follows from Dixmier [11], lemma 24 that M, is a simple D-
module for all & € I'*. Furthermore, let us consider the D-module My = D/D0 = A.
It is clear that Mj is a simple D-module, see corollary 2.9. Consequently, we have
that M, is a simple, graded D-module with S~'M, = N, for all o € I.

Corollary 6.3. Let D = Ay(k). Then the set gr-Simple(D) of equivalence classes
of simple, graded D-modules is given by {M, : a € I} U{V(0)}.

2. Graded holonomic D-modules

Let A = k[t] and let D = A;(k). We recall that a D-module M is holonomic if
M =0or M # 0 and d(M) = 1. This means that M is holonomic if and only if M
is an Artinian D-module. In particular, any holonomic D-module has a composition
series

M=F2F2---2F,_12F =0,

where n = [(M) it the length of M, and F;/F;_; is a simple D-module for 1 < i < n.
Equivalently, M has a co-filtration of the form

M=C,—-Cyh.q— -—C; —Cy=0,

where the homomorphism C; — C;_1 is surjective with simple kernel for 1 < i < n.

Assume that M is a graded holonomic D-module. Then M is Noetherian and
Artinian, so M satisfies the ACC and DCC for submodules of M. We say that
the graded module M is gr-Noetherian (gr-Artinian) if the set of homogeneous
submodules of M satisfies the ACC (DCC). In this notation, the graded holonomic
D-module M is clearly gr-Noetherian and gr-Artinian, since it is graded, Noetherian
and Artinian. This means that M has a co-filtration

M:Cn_’cnfl_’"'_)cl_}CO:(L

such that C; — C;_1 is a graded surjection of degree 0 with gr-simple kernel for
1 <¢ < n. This is clear, since each homogeneous ideal I C D with I # D is either
maximal among the homogeneous ideals, or there is a minimal element among the
homogeneous ideals J with I C J and I # J. From proposition 3.24, any gr-
simple D-module is a simple, graded D-module. So in particular, n is the length
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of the holonomic D-module M, and the filtration corresponding to C' is a graded
composition series for M.

Proposition 6.4. Let D = Ay(k) and let M be a non-zero, graded, holonomic
D-module of length n. Then there exist a co-filtration of M of the form

M:Cn—>Cn,1—>-~-—>Cl—>C():0,

where C; — C;_1 is a graded surjection of degree 0 with a simple, graded kernel for
1 <i<n.

3. Extensions of extensions of simple, graded D-modules

Consider the set gr-Simple(D) = {M,, : « € I} U{V(0)} of equivalence classes
of graded, simple D-modules. It is essential to calculate the extensions between the
simple, graded modules in order to classify the extensions of extensions of simple,
graded D-modules. It will be useful to write My, for V(0) and I for I U {oo}, so
we shall use this notation.

Lemma 6.5. Leta,ﬂef, Ifa=pel*orifa=0and f =00 orif a =0 and
B =0, then dimy Exth (M., Mg) = 1. In all other cases, Extp, (M, Mg) = 0.

PrRoOOF. This is a straight-forward calculation. O

For a € IT*, we have a k-linear basis {t" : n > 0} U {0™ : n > 0} for M,.
Furthermore, we have a k-linear basis {¢t"™ : n > 0} for My and {0™ : n > 0}
for M. In all cases where dimy, Ext},(M,, Ms) = 1, we shall give a derivation
1 € Derg(D,Homy(M,, Mg)) such that the equivalence class of ¢ is a k-linear
basis for Ext}j (M, Mg). Since t,0 generate D as a k-algebra, it is enough to give
the endomorphisms ; and ¥y.

Assume that « = 8 € I*. Then we choose 9 such that . (t") = 0, ¥5(0") =0
for all n > 0, and such that 9;,(9") = 0"~ 1, wa(t") =t"~! for n > 0. If a = 0 and
B = oo, we choose 1 such that ¥, = 0 and ¥g(1) = 1, s(t") = 0 for n > 0. If
a = oo and 8 = 0, we choose v such that s = 0 and ¢;(1) = 1, ¢;(9"™) = 0 for
n > 0.

Let R be any associative, Z-graded k-algebra, and let M, N be Z-graded R-
modules. If R is a Noetherian ring and M is an R-module of finite type, then
Extk(M, N) is a Z-graded k-vector space for all n > 0. Let ¢ € Dery,(Homy (M, N))
represent & € Extp(M, N) via Hochschild cohomology. Then ¢ is homogeneous of
degree w if and only if ¢(R;)(M;) C M,y j4w for all 4,5 € Z.

Let R be an associative, Z-graded k-algebra, and let M, N be Z-graded R-
modules. A graded extension of M with N of degree d is a short exact sequence

0O—-N—-FE—->M-—0

of graded R-modules, where f : N — F is a graded homomorphism of degree d and
g: E — M is a graded homomorphism of degree 0. A pair of graded extensions
(E,f,9), (E',f',g") of degree d are equivalent if there exists a graded isomorphism
7: E — E' of degree 0, such that 7f = f" and g = ¢’7. We denote by Ext(M, N)y
the set of equivalence classes of graded extensions of M with N of degree d. We
refer to appendix A for comparison with the well-known, non-graded case version.

Proposition 6.6. Let R be an associative, Z-graded k-algebra, and let M, N be Z-
graded left R-modules. Then there is a bijective correspondence between Ext(M, N)q4
and Exty (M, N)_q.

PROOF. From the non-graded case, we know that E is an extension of M with N
if and only if £ = N @ M considered as k-vector space, with R-module structure
given by r(n,m) = (rn + ¢,.(m),rm) for some ¢ € Dery (R, Hom (M, N)). Notice
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that E has a graded structure compatible with N — E — M if and only if it is
homogeneous of degree —d in the sense that ¥(R;)(M;) € M;;;_q for all integers
1,j5. We know that the two extensions F,FE’ are equivalent via 7 : E — E' if
and only if there is a co-boundary ¢ such that 7(n,m) = (n + ¢(m),m). But if
dr = 1 —1)’ with 1, 1)’ homogeneous of degree —d, then 7 is homogeneous of degree
—d as well, in the sense that ¢(M;) C M;_4 for all integers 7. This proves the
claim. O

Let o, 3 € I. From the calculations of Ext} (M,, Mpg) given above, we see that
any extension & € Ext}, (M, M, ) satisfies £ = 0 or £ is homogeneous of some degree
d. Moreover, the latter case only occurs for the following values for « and 3:

)a=p¢el* withd=0.

ii) o =0and =00 withd = 1.
ili) @ = 00 and § = 0 with d = —1.
Consequently, any extension of M, with Mg is graded. Moreover, the extension is
either split or a graded extension of degree —d, and the latter case only occurs for
the values of o and 8 mentioned above.

Let M = {Mi,...,M,} be a finite family of graded D-modules. A graded
extension of extensions of the family M is a couple (M, F') consisting of a graded
D-module M and a filtration C of M of the form

M=C,—Ch1——C —Cy=0,

where C; — C;_; is a graded surjection of degree 0 for 1 < ¢ < n, and there is
a graded isomorphism ker(C; — C;_1) — M,, of degree d; for some integers d;, ;

Corollary 6.7. Let M be a non-zero, graded, holonomic D-module of length n.
Then there exists a finite subset I(M) C I and a co-filtration C of M of length
n, such that (M,C) is a graded extension of extensions of {My : a € I(M)}.
Moreover, every extension of extensions of a finite subfamily of {M, : « € f} of
length n is a non-zero, graded, holonomic D-module.

PrOOF. The first part follows from proposition 6.4 and the fact that any simple,
graded D-module is equivalent to M, for some o € I, up to graded isomorphisms of
degree 0 and twists. For the second part, it is enough to recall that any extension
of M, with Mg is graded for all a, 8 € I. O

It follows from the corollary that in order to classify the graded, holonomic
D-modules it is enough to classify all extensions of extensions of sub-families of the
family {M,, : a € I} of simple, graded D-modules.

4. Indecomposable, graded D-modules

We say that a D-module M is decomposable if M = Ny & Ns for some D-
submodules N1, No C M with Ny, No # 0. We say that M is indecomposable if it
is not decomposable. In particular, all simple D-modules are indecomposable. It
is well-known that every D-module is a direct sum of indecomposable D-modules,
since D is a Noetherian ring (recall that we only consider D-modules of finite type).

It is therefore of interest to classify the indecomposable D-modules. We shall
do this via the theory of extension of extensions, and the following lemma is useful:

Lemma 6.8. Let R be any ring, and let 0 = N — E — M — 0 be a short exact
sequence of R-modules. If M 1is decomposable, then E is decomposable as well.

PROOF. Assume that we have morphisms f: N — F and g : E — M7 & M> such
that 0 = N — E — M; & My — 0 is exact. Let E; = g~1(M;) for i = 1,2. Then
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FE1, Ey are submodules of E such that F1 + E5 = E and Fy N Ey; = 0. So the result
follows. O

This lemma implies that if (M,C) is an extension of extensions, then M is
indecomposable if and only if C; is indecomposable for all integers ¢« with 0 < i < n.
This observation has the following consequence:

Proposition 6.9. Let D = Ay (k) and let (M,C) be an extension of extensions of
a finite sub-family of the simple, graded D-modules. If M 1is an indecomposable
D-module, then the short exact sequence

0 — ker(C; — Ci—1) — ker(C; — C;_2) — ker(Ci—; — Ci—2) — 0
is mon-split for 2 <i < mn.

PROOF. Let us denote the extension corresponding to the above exact sequence by
& for 2 < i < n. It is immediately clear that £&; # 0 from the lemma above. So let
m > 2, and assume that & # 0 for all i < m. If &,, = 0, then it is clear that there
exists a split extension & of Cy,—1 with K,,, = ker(C,, — Cy—1) compatible with
the extension &,,. So the difference between ¢ and the given extension

0—-K,,—C,,—Cp_1—0

is given by an extension of C),_s to K,,. We see that the simple components of
Cin—1 are either all isomorphic to M, for some fixed o € I* (case I), or alternately
isomorphic to My and M., (case II): This follows since £ # 0 for all i < m.
We also see that if Exth (N, K,,) = 0 for each simple component N of C,,_, then
Ext! (Cru—2, K;) = 0 as well. But then &, is a sum of split extensions, and therefore
split. This is a contradiction, so in case I, we must have K,, = M, and in case IT we
must have K,, &£ My or K,, &£ M. In either case, we see that K,, is isomorphic
to a simple component of C,,,_;. But then we may add the extension of C,,,_o with
K, to the D-module C,,_; to obtain a new D-module C},_;, in such a way that
Cp = K, ® C),_;. But this is a contradiction, since C,, is indecomposable. So
& # 0 for all ¢ by induction on m. O

The proposition implies that if M is an indecomposable, graded D-module,
then is an extension of extensions of one of the following types:

e Type I: M = {M;} with My = M, for some « € I*, and G is given by the

arrows ai,...,a,_1 from node 1 to node 1 with a1 < as < -+ < @gp_1.
e Type ILA: M = {M;, Ms} with My = My and My = My, and G is given
by the arrows a1,...,a,-1 with a; < --- < a,_1, where a; is an arrow from

node 1 to node 2 for all odd numbers ¢, and an arrow from node 2 to node
1 for all even numbers 1.

e Type IL.B: M = {M;, My} with My = My and My = M, and G is given
by the arrows a1,...,a,-1 with a; < --- < a,_1, where a; is an arrow from
node 2 to node 1 for all odd numbers 4, and a; is an arrow from node 1 to
node 2 for all even numbers 1.

Furthermore, we have seen that given an indecomposable, graded D-module M,
then any co-filtration C on M such that (M, C) is an extension of extensions of
simple, graded D-modules has the property that the short exact sequence

0— ker(Ci — Cifl) — ker(Ci — 01;2) — ker(Ci,l — CZ‘,Q) — 0

is non-split for 2 < i < n.
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5. Extensions of extensions of type I

Let the family M be given by M = {M; }, with M; = M, for some a € I*.
Let furthermore G be the ordered, directed graph with a single node N = {1}, and
with edges E = {a1,...,a,_1} for some n > 1, where q; is an edge from node 1 to
node 1 for 1 < ¢ < n —1 and the total order of E is given by a1 < --- < ap—1. We
want to apply methods from chapter 5 to classify all indecomposable D-modules in
EM,G).

The k-algebra H = T! = k[[s11]] is a pro-representing hull of the deformation
functor Defys : a3 — Sets. This is clear, since D is a hereditary ring. We have
to find the versal family My over H: We know that My = M®H considered as
right H-module. Furthermore, we have that

Pm®1l)=Pm®1+Yp(m)® si1 +A(P,m)

for all P € D, m € My, where 1 is given as above and A(P,m) € MyI(H)?% Tt is
easy to see that A(t,m) = A(9, m) = 0 defines a versal deformation My if and only
if Yarhr —hrbg = 0, since [9,t] = 1 is the only relation in D. But ¢ath: = ¢rpg = 0
in Endg (M), so it follows that the left R-module structure on My is given by

P(m®1):Pm®1+wp(m)®811

for P=1t,0 and m € M.

Let k[G] be the k-algebra of the ordered, directed graph G. We see that we
have k[G| = k[z1,...,2,-1], where z; are generators with the relations z;z; = 0
if i > j. However, we shall consider the k-algebra k[G'] = k[z]/(z™) in a; and
the affine, algebraic variety X (M, G’) = Mor(H, k[G']) € Mor(H, k[G]). These
objects are obtained when we consider the ordered, directed graph G’ with relations
a; = a;_y for 1 < i < n—1. Let A(M,G’) be the affine coordinate ring of
X(M,G') = A""". Then A(M,G’) = k[z1,...,2,_1], where z; corresponds to the
the morphism ¢; : H — k[G'] given by ¢;(s11) = 2* for 1 <i < n—1. We construct
a family M (M, G’) of deformations of M to k[G'] parametrized by A(M,G’), in a
manner similar to the construction of the family M (M, G) for G.

We observe that the family M (M, G’) is versal in the sense that it contains
all indecomposable isomorphism classes of E(M, G) as fibers: It is clear that it
contains all indecomposable isomorphism classes of E(M,G’) as fibers. But we
have that dimy Ext})(Ma, M,) =1, and from proposition 6.9, the extensions

0— ker(C’i — Oi—l) — ker(C,» — C,‘_Q) — keI‘(CZ‘_1 — Cz'_g) — 0

are non-split for 2 < ¢ < n, since M is indecomposable. So the indecomposable
isomorphism classes of F(M,G) and E(M,G’) coincide.

Let us proceed to find the versal family M (M, G’) of deformations of M to
k[G'] parametrized by A(M,G'): Clearly, we have

MM, G') = (M; ® k[G']) @ A(M,G'),

considered as a right k[G'] ®;, A(M, G’)-module. Furthermore, we see that the left
D-module structure is given by the formula

n—1
Pm@1®l)=(Pm)@1el+» dp(m) @' ®z
i=1



5. EXTENSIONS OF EXTENSIONS OF TYPE I 80

for P =t,0 and m € M;. More explicitly, this gives
Pmez"'ol)=(Pm)es" el
Pm®az"?01)=(Pm)@z"?@1+¢yp(m)@z" '@z
Pmez"?@1)=(Pm)@s" @1 +¢p(m)@2" 2@z +1p(m) @2" ' @ 2

n—2

Pmez®l)= (Pm)®x®1+zwp(m)®x”1 ® 2

i=1
n—1 .

Pme1e1)=(Pm)@lel+ ) vpm)@s’' @z

i=1
for P =1¢,0 and m € M;.

Let m; =1®1®1 € M(M,G’). Then we see from the equations above that
MM, G/)~ is generated by m; considered as a D-k[G'] ®) A(M, G’) bimodule. Let
us write D = D ®j (k[G'] @) A(M, G"))°P. Then we may consider M (M, G') as a
left D-module with the following free resolution:

O<—M(M,G/)<—D£D<—O,

where C' denotes right multiplication with the element C € D given by
n—1
C=(E-a)o(1a)?-10(> ' ®z)”.
i=1

We know that there is a Kodaira-Spencer map for the family M (M, G’), which
we denote

g : Der(A(M, G') — Ext} (M (M, G"), M(M,G")).

We write V for the kernel of this map, and it is well-known that the maximal
integral manifolds of X (M,G’) = A" ! with respect to V consist of points over
which the fibers are isomorphic considered as D-k[G'] bimodules. A computation
of the Kodaira-Spencer kernel V in this case gives the k-vector space

V=<z101+ -+ 2p-10p-1,2100 + -+ 2n_20n_1,...,210,_1 >,

where 0; = 0/0z; for 1 <i < n—1. In particular, we see that all points in X (M, G")
with z; # 0 have fibers which are isomorphic considered as D-k[G’] bimodules.

Corollary 6.10. Let D = A1 (k). For each integer n > 1, there is a unique graded,
holonomic, indecomposable D-module M which is an extension of extensions of type
I, up to graded isomorphism of degree 0 and twists. Moreover, M = D/D(E — a)™
is a representative of this equivalence class.

PRrROOF. From the computation of the Kodaira-Spencer kernel V above, we see that
there can be at most one equivalence class of the above mentioned type for each
n > 1. But it is clear that the D-module M = D/D(E — )™ is a graded, holonomic
D-module for all n. Furthermore, we have an exact sequence

0~ D(E~a)"/D(E ~a)' - D/D(E - a)’ = D/D(E ~a)'"! =0

for 1 <i < n,and D(E — )" '/D(E — a)" & M, for all i. So it follows that
M is an extension of extensions of type I. Finally, a direct computation shows
that Endp(M) = k[E — a]/(E — )™ is a local ring, so M is an indecomposable
D-module. O
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6. Extensions of extensions of type II

Let the family M be given by M = {M;, My}, with M; = My and My = M.
Let furthermore G be the ordered, directed graph with nodes N = {1, 2}, and with
edges F = {a1,...,an_1} for some n > 1, with a; < -+ < ap—1. For type ILA, we
have that a; is an edge from node 1 to node 2 for all odd integers ¢ with 1 <i < n—1
and an edge from node 2 to node 1 for all even integers ¢ with 1 <47 < mn — 1. For
type II.B, we have that a; is an edge from node 2 to node 1 for all odd integers i
with 1 <i <n —1 and an edge from node 1 to node 2 for all even integers i with
1<1<n—1.

Assume that n = 2m is even. Then M4 = D/D(t0)™ and Mp = D/D(0t)™
are graded, holonomic D-modules which are extensions of extensions of type I1.A
and IL.B respectively. Similarly, if n = 2m + 1 is odd, then M4 = D/DJ(t0)™
and Mp = D/Dt(0t)™ are graded, holonomic D-modules which are extensions of
extensions of type II.A and II.B respectively.

Lemma 6.11. Let n > 1 be a positive integer, and let My, Mp be the graded,
holonomic D-modules given above. Then Endp(Ma),Endp(Mp) are local rings.
In particular, M4 and Mp are indecomposable D-modules.

PROOF. A direct computation shows that if n = 2m is even, then the endomor-
phism rings are Endp(My) = k[E]/E™ and Endp(Mp) = kK[E + 1]/(E + 1)™.
Similarly, the endomorphism rings are given by Endp(Ma) = k[E]/E™™ and
Endp(Mp) = k[E + 1]/(E +1)™™! when n = 2m + 1 is odd. Since all these rings
are commutative, local k-algebras, the result follows. O

It turns out that it is difficult to calculate the subset of indecomposable isomor-
phism classes in E(M, G) for type II extension of extensions using the techniques
from section 5. We shall therefore use a more direct computation to obtain this
subset. The key to the new approach, is the following computation of Ext-groups:

Lemma 6.12. We have dimy, Extp,(Ma, My) = dimy, Extp,(Mp, My) = 1 when
n = 2m is even, and we have dimy, Exth(Ma, My) = dimy Exty, (Mg, My) = 1
when n = 2m + 1 is odd.

PRrROOF. This follows from a straight-forward calculation. O

Corollary 6.13. Let D = Ay(k). For each integer n > 1, M4 and Mpg are the
unique graded, holonomic, indecomposable D-modules which are extensions of ex-
tensions of type II.A and type IL.B, up to graded isomorphism of degree 0 and
twists.

PROOF. It is clear that the D-modules M4 and Mp given above are graded, holo-
nomic and indecomposable D-modules which are extensions of extensions of type
I1.A and type I1.B. Let M be one of these modules, and let C be a co-filtration of
type II. Then C; is an extension of C;_; with K; = ker(C; — C;_1) for all ¢ > 2.
But from lemma 6.12, we have Ext},(K;, C;_1) = k, and since M is indecompos-
able, C; is not a trivial extension. But this means that C; is the unique possible
extension of C;_y with K;, for all ¢ > 2, up to isomorphism of D-modules. By
induction, the uniqueness of M4 and Mpg follows. O



CHAPTER 7

Graded holonomic D-modules

In chapter 6, we have classified all the graded, holonomic, indecomposable
modules over the Weyl-algebra D = A;(k). We recall that we have fixed some
subset I C k such that I contains 0 and the natural map I — k/Z is a bijection of
sets. Furthermore, we write I* = I \ {0}. Using this notation, we may summarize
the results from chapter 6 in the following theorem:

Theorem 7.1. Let D = A (k) and let n > 1 be a positive integer. The set of
graded, holonomic, indecomposable D-modules of length n, up to graded isomor-
phisms of degree 0 and twists, are given by

{D/D(E —«a)": € I*} U{D/DE™, D/D(0t)™}
when n = 2m is even, and by
{D/D(E - )" :a € I"}U{D/DJE™, D/Dt(0t)™}
when n = 2m + 1 is odd.

Let T' be a numerical semigroup, let A = k[I'] be the corresponding monomial
curve, and let D = D(A) be the ring of differential operators on A. From corollary
2.9, we know that D is Morita equivalent with the Weyl algebra A;(k). Further-
more, it is clear that the Morita equivalence preserves decompositions of modules,
so the property of being indecomposable is a Morita equivalent property.

Let us denote by M (n, a) the D-module corresponding to D/D(E — )™ for all
a € I*, n > 1. Let us furthermore denote by M4(n) the D-module corresponding
to D/DE™ when n = 2m is even and to D/DJE™ when n = 2m + 1 is odd, and
by Mp(n) the D-module corresponding to D/D(9¢)™ when n = 2m is even and to
D/Dt(0t)™ when n = 2m + 1 is odd.

Theorem 7.2. Let T be a numerical semigroup, let A = k[T'| be the corresponding
monomial curve, and let D = D(A) be the ring of differential operators on A.
The set of graded, holonomic, indecomposable D-modules of length n, up to graded
isomorphisms of degree O and twists, are given by

{M(a,n): € I"}U{Ma(n), Mp(n)}.
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APPENDIX A

The Ext groups and Hochschild cohomology

Let R be an associative k-algebra, and let M, N be left R-modules. In this
appendix, we recall several different descriptions of the k-vector space Ext (M, N)
for n > 0. In particular, we discuss the description given by Hochschild cohomology
of R with values in the R-R bimodule Homy (M, N). We also define the cup product
on Ext groups.

1. The Yoneda description of Ext groups

Let M, N be left R-modules, and fix free resolutions (L., d,) of M and (L}, d.)
of N. We shall write the differentials d; : Liy1 — L; and dj : Lj; — Lj. Further-
more, we denote the augmentation morphisms by p: Ly — M and p' : Ly — N.

For integers n > 0, Extz (M, N) is defined to be the n’th cohomology group of
the complex Hompg(L., N),

Exty(M,N) = H"(Hompg(L,N)).

Notice that in general, this Abelian group does not have a left R-module structure,
but only a left C(R)-module structure, where C(R) is the centre of R. In particular,
if R is commutative, then Ext (M, N) has the structure of an R-module for n > 0,
and if R is a k-algebra, then Extr (M) has the structure of a k-vector space.

We denote by Hom™ (L, L) the Yoneda complex, given in the following way:
For each integer n > 0, let Hom" (L, L’,) be the left R-module

Hom" (L., L.) = 1I; Hompg (L;yn, L),
where Homp denotes the left R-linear maps. We write ¢ = (¢;) for an element

¢ € Hom" (L., L)), where ¢, € Hompg(L;tn, L}) for all i > 0, and we define the
map d" : Hom" (L., L) — Hom" (L, L) by the formula

d"(9)i = Gidnyi + (1) dipia
for ¢+ > 0. It is then easy to check that this map is a well-defined differential,
and it is a morphism of Abelian groups. We shall write H"(Hom(L,, L)) for
the cohomology groups of the Yoneda complex. Since the differential d = d" is

left C(R)-linear, these cohomology groups have a natural structure as left C(R)-
modules.

Lemma A.1. For all integers n > 0, we have a canonical isomorphism
H"(Hom(L., L)) =2 Ext, (M, N)

PROOF. There is a natural map f, : Hom"(L,, L,) — Hompg(L,, N), given by
f(®) = p'¢o, where ¢ = (¢;) € Hom" (L., L,). It is easy to see that these maps
are compatible with the differentials, and a small calculation show that f,, induces
an isomorphism on cohomology H™(Hom(L.,L})) — Extk(M, N) for all integers
n > 0. O

Let f : L — L' be a left R-linear map between finite, free left R-modules.
Then, we shall always represent this map f as right multiplication by a matrix F
over R. This is done by choosing bases for L, L', and by letting the ’th row of F
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represent the image of the i’th basis vector of L under f. Notice that if g : L' — L”
is another map of the same kind, then gf is represented by the matrix F'G.

2. Definition of Hochschild cohomology

Let R be an associative k-algebra, and let () be an R-R bimodule. We define
HC™"(R, Q) = Homy(®}R, Q) for all n > 0. To simplify notation, we shall write
Y(ry,...,ry) in place of ¥(r1 ® -+ ® r,) for v € HC"(R,Q), r1,...,7m € R.
Furthermore, we define maps d” : HC"(R, Q) — HC" "' (R, Q) by the formula

(5) d™(W)(ro,. .. 1n) =1otp(r1, ... ) + Y (1) (ro, .., riaTiy )

1=1
+ (_1)n+11/}(7,_07 .o 771n71) Tn

for all ¢» € HC"(R,Q), 79,...,mn € R. It is clear that the maps d" are k-linear
maps.

Lemma A.2. HC*(R, Q) is a complez of k-vector spaces.

PrOOF. Let p € HC"(R,Q). Then ¢ = d"(¢) is a sum of n + 1 summands,
and we denote these by 9(,...,v/, in the order they appear in formula 5. Let
" = dvHy' = d"Tdme). Bach d" 1) for 0 < i < n is a sum of n + 2 summands,
and we denote these by ¥/, for 0 < j < n+1 in the order they appear in formula 5.
A straight-forward calculation shows that we have ¢}, + 47, ., = 0 for all indices
i,j with 0 < j <n+2, j <i<n+1. Since " = 4y, it follows that ¢” =0 in
HC"*"?(R, Q). Consequently, HC*(R, Q) is a complex of k-vector spaces. O

We denote the corresponding cohomology group HH" (R, Q) the n’th Hochschild
cohomology group of R with values in (. Explicitly, we define HH" (R, Q) to be

given by
HH"(R,Q) = H"(HC*(R, Q)) = ker(d")/ Im(d"~ 1)

for all n > 0. In particular, the cohomology groups HH" (R, Q) have a natural
structure as k-vector spaces.

We also notice that an element ¢ € HCl(R,Q) is a 1-cocycle if and only if
P(rs) = rip(s) + (r)s for all r;s € R. So we have ker(d') = Dery(R, Q). We say
that a derivation 1 € Derg (R, Q) is trivial if there is a ¢ € @ such that ¢ is of the
form ¢(r) = rq—qr for all r € R. Clearly, the set of trivial derivations is the image
Im(d).

3. Hochschild cohomology in terms of Ext groups

Let M, N be left R-modules. Then @ = Homy (M, N) is an R-R bimodule in a
natural way: For any r € R, let L, : M — M denote left multiplication on M by
r,and L. : N — N denote left multiplication on N by r. The bimodule structure
is given by r¢ = L'.¢, ¢r = ¢L, for r € R, ¢ € Homy (M, N). We shall consider
the Hochschild cohomology of R with values in @ = Homy (M, N).

By definition, we have that HH’(R, Q) = ker(d°), and furthermore it is clear
that ker(d°) = Hompg(M, N) when Q = Homy (M, N). So we have a natural isomor-
phism of k-vector spaces Ext%(M, N) = HH’(R, Q). Notice that since k C C(R),
Ext’z(M, N) has a natural k-vector space structure for all n > 0. We remark that
it is possible to extend the above isomorphism to the higher cohomology groups:

Proposition A.3. Let R be an associative k-algebra, M, N be left R-modules and
Homy (M, N) be the natural R-R bimodule. Then there exists a natural isomorphism
of k-vector spaces

on : Exth(M,N) — HH" (R, Homy (M, N))
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for all n > 0.

PRrROOF. From Weibel [33], lemma 9.1.9, we have a natural isomorphism of k-vector
spaces between the Hochschild cohomology group HH" (R, Homy (M, N)) and the
relative Ext group Extp (M, N) for n > 0. But since k is a field, there is a
canonical isomorphism between the relative and absolute Ext groups, see theorem
8.7.10 in Weibel [33]. O

We shall give an explicit identification of k-vector spaces between Ext} (M, N)
and HH'(R, Homy, (M, N)): Let (L.,d.) be a free resolution of M, with augmen-
tation morphism p : Ly — M, and let 7 : M — Ly be a k-linear section of p.
For any 1-cocycle ¢ € Homp (L1, N), let ¢ = ¢(¢) € Dery (R, Hom (M, N)) be the
following derivation: For any r € R, m € M, let x = x(r,m) € Ly be such that
do(z) = r7(m) — 7(rm). Notice that such an x exists, and is uniquely defined mod-
ulo the image Im d;. We define ¢ by the equation ¢(r)(m) = ¢(x) with x = z(r, m).
Since ¢ is a cocycle, 9 is a well-defined homomorphism in Homy (R, Homg (M, N)),
and a straight-forward calculation shows that ¢ is a derivation.

Lemma A.4. Assume that Exth(M,N) is a finite dimensional k-vector space.
Then the assignment ¢ — 1(p) defined in the above paragraph induces the iso-
morphism a1 : Exth (M, N) — HH' (R, Homy (M, N)).

PROOF. Assume that ¢ is a co-boundary, so ¢ = d°(¢’), where ¢’ € Hompg(Lg, N).
Then v = d°(¢’), where ¢’ = ¢'7 € Homy (M, N), so ¢ is a trivial derivation. Con-
sequently, the assignment induces a well-defined map of k-linear spaces. This map
is furthermore injective: Assume that v is a trivial derivation, so ¢ = d"(¢"), where
¥" € Homy (M, N). Then, we can construct an R-linear map ¢’ € Hompg(Lg, N) in
the following way: Choose a basis for Lg, and for each basis vector y € Lg, choose
y' € Ly such that do(y') = y — ¢¥'p(y). Then we define ¢'(y) = ¢'p(y) + ¢(y’) for
each basis vector y € Ly. We obtain a morphism ¢’ € Hompg(Lg, N) by R-linear
extension, and d°(¢') = ¢, so ¢ is a co-boundary. But since dimy, Ext}z(M, N) is
finite, it equals dimj HH'(R, Homy (M, N)) by proposition A.3. This shows that
the k-linear map defined above is an isomorphism, and it coincides with o7 by
naturality. O

4. Extensions and Hochschild cohomology

Let R be an associative k-algebra, and let M, N be left R-modules. An exten-
sion of M with N is an exact sequence

0o-NLEL MO

Furthermore, we say that two extensions E, E' of M with N are equivalent if there
is an isomorphism of left R-modules ¢ : E — E’ such that ¢f = f and ¢'¢ = g.
The set of equivalence classes of extensions of M with N is denoted Ext(M, N).

Proposition A.5. Let M, N be left R-modules. Then, there is a bijective corre-
spondence between the set Ext(M, N) of extensions of M with N and the Hochschild
cohomology HH' (R, Homy, (M, N)). In particular, the set Ext(M, N) is isomorphic
to Exty (M, N), and carries a natural structure of a k-vector space.

PROOF. Let 0 = N — E — M — 0 be an extension in Ext(M, N). Then E has
an underlying structure as a k-vector space, and £ = N & M as k-vector spaces.
We may therefore assume that £ = N @& M over k, with some left multiplication
by R given, and that the maps f: N — E and g : E — M are the natural ones.
Since f,g are R-linear maps, we have that r(n,m) = (rn + ¢¥(r,m),rm) for all
re€ R, ne N, mée M for some map ) : R x M — N. Distributivity gives that
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1 is k-linear in R and M, and associativity gives that v is a derivation. So there
is a bijection between extensions E and derivations ¢ € Dery (R, Homy (M, N)).
We claim that two extensions F, E’ are equivalent if and only if the corresponding
derivations 1), represent the same class in HH'(R, Homy (M, N)): Assume that
¢ : E — E’ is an equivalence of extensions. Then ¢ : N& M — N @& M, and ¢ has
the form ¢(n,m) = (n+~(m),m) for alln € N, m € M for some map v: M — N.
This follows, since ¢ is an equivalence of extensions. Clearly, v is k-linear since ¢
is, and the R-linearity of ¢ is equivalent to the equation

ry(m) +1.(m) = y(rm) + ¥r(m)
for all r € R, m € M. So ¢ is R-linear if and only if d°(y) = 1) —¢'. The inverse
of ¢ is easily obtained, it is given by (n,m) — (n —~(m), m), so this proves that £
and E’ are equivalent extensions if and only if the corresponding derivations differ
by a trivial derivation. O

5. Cup products on Ext groups

Let R be an associative k-algebra, and let M, N, P be left R-modules. There
is a uniquely defined cup product on Ext groups

c¢: Exty(N, P) @), Extp(M, N) — ExtR(M, P),

which is a k-linear map. We shall write £ Un for the cup product ¢(¢ ® 1), when
€ € Exth(N, P), € Extr(M, N). We shall recall two different ways of computing
this cup product, using the Yoneda complex and the Hochschild complex:

Let us first assume that ¢(¢) € Hom'(L’, L") is a representative of & and
that ¢(n) € Hom'(L,, L) is a representative of 7 in the corresponding Yoneda
complexes, with L., L}, L7 free resolutions of M, N,P. Then ¢(§); : Li,, — L}
and ¢(n); : Liy1 — L} for i > 0. Let ¢’ € Hom?(L., L") be given by the formula

¢ = ¢(€)i 0 d(M)it
for ¢+ > 0. A straight-forward calculation shows that ¢’ is a 2-cocycle, since
(&), ¢(n) are 1-cocycles. Moreover, the cohomology class of ¢’ in H?(Hom(L,, L"))
is independent upon the choice of representative ¢(¢) in H'(Hom(L’,L”)) and of
representative ¢(n) in H'(Hom(L,, L,)). So the map ¢(£) ® ¢(n) — ¢ induces a
k-linear map on cohomology, and this is the cup product.

Assume that M, N, P have free resolutions L,, L}, L’ such that L;, L;, L are
finite free R-modules for all ¢ > 0. Then we may choose a finite basis for each of
these finite free R-modules, and identify each ¢(£); with a matrix A;, and each ¢(n);
with a matrix B;. We recall that this identification is given by matrix multiplication
from the right. Using this identification, we see that each ¢} is identified with a
matrix Cz = Bi+lAi-

Secondly, let us assume that ¥(£) € Derg (R, Homy (N, P) is a representative of
&, and that ¢ (n) € Dery (R, Homy (M, N)) is a representative of 1 in the Hochschild
complex. We define ¢’ € Homy (R, Homy (M, P)) to be given by the formula

P (r@s) =v(€)(r) ov(n)(s)
for all 7, s € R. A straight-forward calculation shows that 1’ is a derivation, since
¥(&),1(n) are derivations. Furthermore, we see that the cohomology class of 1’
in HH?(R, Homy, (M, P)) is independent upon the choice of representative (€) in
HH'(R, Homy (N, P)) and of representative () in HH (R, Homy (M, N)). So the
map ¥(€) ® ¥(n) — ¢’ induces a k-linear map on cohomology, and this is the cup
product.
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