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ABSTRACT

Let A be a complete local ring with a coefficient field k of characteristic zero, and let
Y be its spectrum. The de Rham homology and cohomology of Y have been defined
by R. Hartshorne using a choice of surjection R — A where R is a complete regular
local k-algebra: the resulting objects are independent of the chosen surjection. We
prove that the Hodge-de Rham spectral sequences abutting to the de Rham homology
and cohomology of Y, beginning with their Fs-terms, are independent of the chosen
surjection (up to a degree shift in the homology case) and consist of finite-dimensional
k-spaces. These Es-terms therefore provide invariants of A analogous to the Lyubeznik
numbers. As part of our proofs we develop a theory of Matlis duality in relation to
D-modules that is of independent interest. Some of the highlights of this theory are
that if R is a complete regular local ring containing k¥ and D = D(R, k) is the ring of
k-linear differential operators on R, then the Matlis dual D(M) of any left D-module M
can again be given a structure of left D-module, and if M is a holonomic D-module,
then the de Rham cohomology spaces of D(M) are k-dual to those of M.

1. Introduction

In [Har75], Hartshorne constructs local and global algebraic de Rham homology and cohomology
theories for schemes over a field k& of characteristic zero. The global theories, defined for any
scheme Y of finite type over k, are defined using a choice of embedding Y — X into a smooth
scheme over k (or a local system of such embeddings if a global embedding does not exist): one
computes the hypercohomology of certain complexes of sheaves on X or on the formal completion
of Y in X. Hartshorne’s primary interest [Har75, Remark, p. 70] in constructing the local theories
is the case where Y is the spectrum of a complete local ring. For technical reasons, he defines
the local theories for a larger class of schemes (‘category C’: see [Har75, p. 65]), and proves the
corresponding finiteness and duality results by reducing to the global case and using resolution
of singularities.

There is a sketch in [Har75, pp. 70-71] of a failed attempt to prove that local algebraic
de Rham homology and cohomology are dual using Grothendieck’s local duality theorem. This
sketch is the inspiration for the present paper, as its ideas can now be profitably pursued using
Lyubeznik’s work on the D-module structure of local cohomology [Lyu93]. This structure allows
us to speak of the de Rham complex of a local cohomology module, and knowledge of such
complexes in turn enables us to better understand the early terms of the spectral sequences
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appearing in Hartshorne’s work. We are able to give a purely local proof for both the embedding-
independence and the finiteness of local de Rham homology and cohomology, replacing the global
methods of algebraic geometry (including resolution of singularities) with the theory of algebraic
D-modules over a formal power series ring in characteristic zero. Along the way, we will define
a new set of invariants for complete local rings, analogous to the Lyubeznik numbers. Our
proof shows more than is contained in [Har75], namely that the entire Hodge-de Rham spectral
sequences for homology and cohomology (with the exception of the first term) are embedding-
independent (up to a degree shift in the homology case) and consist of finite-dimensional k-spaces.

We now give more detail, recalling Hartshorne’s results and stating ours. Let A be a complete
local ring with coefficient field k of characteristic zero (that is, k is the residue field of A, and
A contains a field isomorphic to k). We view A as a k-algebra via this coefficient field. By
Cohen’s structure theorem, there exists a surjection of k-algebras m : R — A where R is a
complete regular local k-algebra, which must take the form R = k[[z1,...,z,]] for some n. Let
I C R be the kernel of this surjection. We have a corresponding closed immersion Y — X where
Y = Spec(A) and X = Spec(R). In [Har75], the de Rham homology of the local scheme Y is
defined as HIR(Y) = H%,nfi(X, %), the hypercohomology (supported at Y') of the complex of
continuous differential forms on X. The differentials in this complex are merely k-linear, so the
HAR(Y) are k-spaces.

Now let X be the formal completion of Y in X [Har77, §11.9], that is, the topological space
Y equipped with the structure of a locally ringed space via the sheaf of rings l(ir_n(’) x /2™ where
7 C Ox is the quasi-coherent ideal sheaf defining the chosen embedding ¥ — X (every Ox/Z"
is supported at Y and thus can be viewed as a sheaf of rings on Y'). The differentials in the
complex Q% are Z-adically continuous and thus pass to Z-adic completions. We obtain in this
way a complex SAIB( of sheaves on X , the formal completion of 2%, whose differentials are again
merely k-linear. In [Har75], the (local) de Rham cohomology of the local scheme Y is defined
as HL m(Y) = H}()A( , (AZ;(), where P is the closed point of Y. After making these definitions,
Hartshorne establishes the following properties.

THEOREM 1.1 [Har75, Theorems II1.1.1 and II1.2.1]. Let A be a complete local ring with
coefficient field k of characteristic zero and Y = Spec(A).

(a) The de Rham homology spaces HI®(Y') and cohomology spaces H}'D,dR(Y) as defined above
are independent of the surjection of k-algebras R — A used in their definitions.

(b) For all i, HI®(Y') and H};’dR(Y) are finite-dimensional k-spaces.
(c) For all i, the k-spaces HI®(Y") and HEdR(Y) are k-dual to each other.

The de Rham homology and cohomology of Y = Spec(A) are both defined using
hypercohomology. As is well known, there are in general two spectral sequences converging
to the hypercohomology of a complex ([GD61, 11.4.3]; also see §2.2). If K*® is a complex of
sheaves of Abelian groups on a topological space Z, the first of these spectral sequences begins
EP? = H(Z,KP?) and has abutment HP19(Z, K*). In our case, this takes the form of the

Hodge—de Rham homology spectral sequence, which begins E """ = Hy (X, Q") and
has abutment Hgfq(Y), as well as the Hodge-de Rham cohomology spectral sequence,

which begins EP? = HL(X, %) and has abutment H @L%(Y). A priori, these spectral sequences
depend on the choice of surjection R — A from a complete regular local k-algebra. We prove
stronger versions of Hartshorne’s results for these spectral sequences. Our theorem for de Rham
homology is the following.
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THEOREM A. Let A be a complete local ring with coefficient field k of characteristic zero.
Viewing A as a k-algebra via this coefficient field, let R — A be a choice of k-algebra surjection
from a complete regular local k-algebra. Associated with this surjection we have a Hodge—de
Rham spectral sequence for homology as above.

(a) Beginning with the Fs-term, the isomorphism class of the homology spectral sequence with
its abutment is independent of the choice of regular k-algebra and surjection R — A, up to
a degree shift.

(b) The k-spaces EY'? appearing in the Ea-term of the homology spectral sequence are finite-
dimensional.

The meaning of ‘up to a degree shift’ in the statement of part (a) is the following: given
two surjections R — A and R’ — A from complete regular local k-algebras, where dim(R) = n
and dim(R') = n’, we obtain two Hodge-de Rham spectral sequences E:I.% and E:;%, Part (a)
asserts that there is a morphism E:é — E::;z' of bidegree (n’ —n,n’ —n) between these spectral
sequences which is an isomorphism on the objects of the Ea- (and later) terms (see §2.2 for the
precise definitions of the terms used here).

We also have the analogue (without a degree shift) for de Rham cohomology, as follows.

THEOREM B. Let A and R be as in Theorem A. Associated with this surjection we also have a
local Hodge—de Rham spectral sequence for cohomology.

(a) Beginning with the Es-term, the isomorphism class of the cohomology spectral sequence
with its abutment is independent of the choice of regular k-algebra and surjection R — A.

(b) The k-spaces qu appearing in the Fo-term of the cohomology spectral sequence are finite-
dimensional.

Remark 1.2. In §2.2, the notion of an isomorphism of spectral sequences is defined. As described
in this subsection, the ingredients of a spectral sequence are the objects and differentials in the
E,-term for all r, the abutment objects, and the filtrations on the abutment objects, together with
the isomorphisms relating the terms with their successors and with the abutment. The assertion
of Theorems A and B is that all of these ingredients (except for the Ej-terms) are independent
of the chosen regular k-algebra and surjection. Therefore parts (a) and (b) of Theorem 1.1 are
subsumed by Theorems A and B, which provide more information: the isomorphism classes of
HI® (V) and HIQL%(Y) as filtered objects are independent of the surjection. We obtain many
numerical invariants of (A, k) from the spectral sequence: the (finite) dimensions of the kernels
and cokernels of the differentials d, for all » > 2, together with the dimensions of the filtered

pieces of the abutment.

The proof of Theorem B requires the development of a theory of Matlis duality for D-modules.
This theory is worked out in §§3, 4, and 5, which form a unit of independent interest. If R is a
complete local ring with coefficient field k of characteristic zero, we can consider the ring D(R, k)
of k-linear differential operators on R. Given any left module over this ring, we can define its de
Rham complex and speak of its de Rham cohomology spaces. We prove that the Matlis dual of a
left D(R, k)-module has a natural structure of right D(R, k)-module. Specializing to the case of
a complete regular local ring, we are able to obtain information about the de Rham cohomology
of a Matlis dual. In this case, the dual of a left D(R, k)-module can again be viewed as a left
D(R, k)-module. The following is the main result of our theory of Matlis duality for D-modules
(its two assertions are proved separately below as Proposition 4.17 and Theorem 5.1).
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THEOREM C. Let k be a field of characteristic zero, let R = k[[z1,...xzy]] be a formal power
series ring over k, and let D = D(R, k) be the ring of k-linear differential operators on R. If M
is a left D-module, the Matlis dual D(M) of M with respect to R can also be given a natural
structure of left D-module. We write Hjp (M) for the de Rham cohomology of a left D-module.
If M is a holonomic left D-module, then for every i, we have an isomorphism of k-spaces

(Hir(M))" ~ Hig'(D(M))
where V denotes k-linear dual.

Remark 1.3. If M is holonomic, its de Rham cohomology spaces are known to be finite-
dimensional (see Theorem 2.2), and so it follows from Theorem C that D(M) also has
finite-dimensional de Rham cohomology. Since D(M) is not, in general, a holonomic D-module
(see Remark 1.4 below), this is not clear a priori.

When applied to the F1- and Es-terms of the homology and cohomology spectral sequences,
Theorem C has the following consequence.

THEOREM D. Let A, k, and R be as in the statement of Theorem A. The objects in the Fs-terms

of the homology and cohomology spectral sequences are k-dual to each other: for all p and q,
BRI (qu)v'

We conjecture that the entire spectral sequences, beginning with Fs, should be k-dual to
each other (see §8), but at present we are able only to prove the preceding statement.

As was already clear to Hartshorne [Har75, p. 71|, the Matlis duals of the objects appearing
in the Fq-term of the homology spectral sequence are exactly the corresponding Ei-objects for
de Rham cohomology. What is much less clear is the relationship between the differentials. The
Fh-differentials for de Rham homology are merely k-linear, so the usual definition of Matlis
duality over R cannot be applied to them. A large part of this paper is devoted to the problem
of applying Matlis duality to these k-linear maps and establishing that, in our setting, Matlis
duality at the Ei-term gives rise to k-duality at the Es-term.

In more detail, the outline of the paper is as follows. In § 2, after reviewing some preliminary
material on differential operators, de Rham complexes, and spectral sequences, we prove
Theorem A using local algebra. In the course of this proof, we define a new set of invariants
for complete local rings with coefficient fields of characteristic zero. In §3, Matlis duality for
local rings containing a field k is interpreted in terms of k-linear maps, after SGA2 [GRO5]. This
allows us to dualize continuous maps between finitely generated modules over such rings. We pass
to direct limits in order to dualize k-linear maps between arbitrary modules that satisfy certain
finiteness and continuity conditions. In § 4, we consider the case of D-modules for complete local
rings containing k; we describe a natural right D-module structure on the Matlis dual D(M) of
a left D-module M. In the special case of a formal power series ring, we can regard D(M) as a
left D-module as well using a simple ‘transpose’ operation, and thus define its de Rham complex.
We determine the cohomology of this complex in § 5 in the case of holonomic M, completing the
proof of Theorem C. The specific case of local cohomology is considered next. In §6, we work
out precisely what happens to the action of derivations on a local cohomology module. Finally,
in §7, we give a self-contained proof of Theorem B(a) and combine the results of §§2, 5, and 6
to prove Theorems B(b) and D.
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Remark 1.4. After we identify the objects in the Es-term of the homology spectral sequence
with de Rham cohomology spaces of local cohomology modules in §2, part (b) of Theorem A
follows from Lyubeznik’s result ([Lyu93, 2.2(d)]; cf. [Meb77]) that local cohomology modules
are holonomic D-modules, as it is known that holonomic D-modules have finite-dimensional de
Rham cohomology. However, the objects in the Fa-term of the cohomology spectral sequence
are not de Rham cohomology spaces of holonomic D-modules: as shown in §6, they are de
Rham cohomology spaces of Matlis duals of local cohomology modules. Hellus has shown [Hel07,
Corollary 2.6] that Matlis duals of local cohomology modules have, in general, infinitely many
associated primes, implying that they need not be holonomic D-modules (which always have
finitely many associated primes [Lyu93, Corollary 3.6(c)]). It is therefore surprising that the
cohomology FEs-objects, which are, in general, de Rham cohomology spaces of non-holonomic
D-modules, are still finite-dimensional. For this reason, the proof of Theorem B(b) is significantly
more difficult than the proofs of the other parts of our main theorems.

2. The de Rham homology of a complete local ring

In this section, after reviewing some preliminary material on modules over rings of differential
operators and spectral sequences, we recall Hartshorne’s definition of algebraic de Rham
homology [Har75, ch. III] in the case of the spectrum of a complete local ring in equicharacteristic
zero, and examine the associated Hodge—de Rham spectral sequence. We give proofs that this
de Rham homology is intrinsically defined and finite-dimensional which are purely local; in fact,
we prove more, namely that up to a degree shift, the entire Hodge-de Rham spectral sequence
(with the exception of the first term) is intrinsically defined and has finite-dimensional objects.
As a byproduct of our proof, we obtain a new set of invariants for complete local rings analogous
to the Lyubeznik numbers [Lyu93, Theorem—Definition 4.1].

2.1 Preliminaries on D-modules

Let R be a commutative ring and k¥ C R a commutative subring. The ring D(R, k) of k-linear
differential operators on R, a subring of Endg(R), is defined recursively as follows [GD67, § 16].
A differential operator R — R of order zero is multiplication by an element of R. Supposing that
differential operators of order less than or equal to j — 1 have been defined, d € Endy(R) is said
to be a differential operator of order less than or equal to j if, for all » € R, the commutator
[d,r] € Endg(R) is a differential operator of order less than or equal to j—1, where [d, 7] = dr—rd
(the products being taken in Endy(R)). We write D’(R) for the set of differential operators on
R of order less than or equal to j and set D(R,k) = [, DI(R). Every DI(R) is naturally a
left R-module. If d € D/(R) and d' € D'(R), it is easy to prove by induction on j + [ that
d' od € DI*Y(R), so D(R, k) is a ring.

We consider now the special case in which & is a field of characteristic zero and R = k[[x1, .. .,
x,]] is a formal power series ring over k. A standard reference for facts about the ring D = D(R, k)
and left modules over D in this case is [Bj679, ch. 3]; we summarize some of these facts now. The
ring D, viewed as a left R-module, is freely generated by monomials in the partial differentiation
operators 0y = 0/0x1,...,0, = 0/0x, ([GD67, Theorem 16.11.2]: here the characteristic-zero
assumption is necessary). This ring has an increasing filtration {D(v)}, called the order filtration,
where D(v) consists of those differential operators of order less than or equal to v (the order
of an element of D is the maximum of the orders of its summands, and the order of a single
summand pd;* --- 9% with p € R is ) a;: this notion of order coincides with the one defined in
the previous paragraph). The associated graded object gr(D) = @D(v)/D(v — 1) with respect to
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this filtration is isomorphic to R[(1, ..., (,] (a commutative ring), where (; is the image of 0; in
D(1)/D(0) C gr(D).

If M is a finitely generated left D-module, there exists a good filtration {M(v)} on M,
meaning that M becomes a filtered left D-module with respect to the order filtration on D
and gr(M) = &M (v)/M (v — 1) is a finitely generated gr(D)-module. We let J be the radical of
Anng,py gr(M) C gr(D) and set d(M) = dim gr(D)/J (Krull dimension). The ideal J, and hence
the number d(M), is independent of the choice of good filtration on M. By Bernstein’s theorem,
if M # 0 is a finitely generated left D-module, we have n < d(M) < 2n. In the case d(M) = n we
say that M is holonomic. It is known that submodules and quotients of holonomic D-modules are
holonomic, an extension of a holonomic D-module by another holonomic D-module is holonomic,
holonomic D-modules are of finite length over D, and holonomic D-modules are cyclic (generated
over D by a single element).

Given any left D(R, k)-module M, we can define its de Rham complez. This is a complex of
length n, denoted M ® QY, (or simply Q% in the case M = R), whose objects are R-modules
but whose differentials are merely k-linear. It is defined as follows [Bj679, §1.6]: for 0 < i < n,
M ® QY is a direct sum of (7)) copies of M, indexed by i-tuples 1 < j; < -+ < j; < n. The
summand corresponding to such an i-tuple will be written M dz;, A --- Adxj,.

Convention 2.1. The subscript R in Q% indicates over which ring the tensor products of objects
are being taken. To simplify notation, we will follow this convention when de Rham complexes
over different rings are being simultaneously considered.

The k-linear differentials d* : M ® Q’é - M® le are defined by
d'(mdxj, A+ Ndxj,) = Z@s(m) dxs Ndzj, A--- ANdzy,,
s=1

with the usual exterior algebra conventions for rearranging the wedge terms, and extended by
linearity to the direct sum. The cohomology objects hi(M ® %), which are k-spaces, are called
the de Rham cohomology spaces of the left D-module M, and are denoted Hig(M). In the case
of a holonomic module, van den Essen proved that these spaces are finite-dimensional.

THEOREM 2.2 [vdES85, Proposition 2.2]. If M is a holonomic left D-module, its de Rham
cohomology Hig(M) is a finite-dimensional k-space for all i.

Remark 2.3. An important family of examples of holonomic D-modules is that of local
cohomology modules. Our basic references for facts about local cohomology modules are
Brodmann and Sharp [BS13] and SGA2 [GRO5]. If R is a commutative ring and I C R is an ideal,
the functor I'; of sections with support at [ is a left-exact functor on the category of R-modules
(for an R-module M, I'; (M) consists of those m € M annihilated by some power of I). The local
cohomology modules H} (M) are the right derived functors of I'; = H? evaluated at M. There is
a more general sheaf-theoretic formulation, given in [GRO05]: if X is a topological space, Y C X
is a locally closed subset, and F is a sheaf of Abelian groups on X, the local cohomology groups
H {, (X, F) are obtained by evaluating at F the right derived functors of I'y, the functor of global
sections supported at Y. The relationship between these two definitions in the case of an affine
scheme X is given below in Lemma 2.16. In the case of the ring R = k[[x1, ..., zy]], Lyubeznik
proved that for any ideal I, the local cohomology modules H}(R) have a natural structure of left
D-module [Lyu93]; cf. [Meb77]. Indeed, they are holonomic D-modules [Lyu93, 2.2(d)], a fact
which will repeatedly prove crucial for us.
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In addition to the standard long exact cohomology sequence for derived functors, there is
another useful long exact sequence for local cohomology: the Mayer—Vietoris sequence with
respect to two ideals.

PROPOSITION 2.4 [BS13, Theorem 3.2.3]. Let I and J be ideals of a commutative ring R. There
is a long exact sequence of R-modules

= Hin i (M) — Hiy (M) — Hj(M) & Hy(M) — Hjp (M) — Hi 75 (M) — -
for every R-module M, functorial in M.

Finally, we recall the well-known fact that the de Rham complex of a D-module is independent
of the coordinates 1, ..., x, for R. (See [Swil6, Proposition 2.5] for a proof.)

PROPOSITION 2.5. If R = k[[z1,...,2,]] and D = D(R, k), the de Rham complex of any left
D-module M is independent of the chosen regular system of parameters x1, ..., x, for R.

2.2 Preliminaries on spectral sequences

As we will be working with morphisms of spectral sequences, we collect some basic facts and
definitions in this subsection concerning them. References for this material include Weibel [Wei94,
ch. 5] and EGA [GD61, §11]. We will not need to consider convergence issues for unbounded
spectral sequences and hence make no mention of such issues here.

DEFINITION 2.6. Let C be an Abelian category. A (cohomological) spectral sequence consists of
the following data: a family {EX?} of objects of C (where p,q € Z and r > 1 or > 2; with
r fixed and p,q varying, we obtain the FE,-term of the spectral sequence), and morphisms
(the differentials) d? : EP? — EPTT4=+ g0 all p,q,r such that d?9 o a2 ™71 = 0 and
ker(d2?) /im(d?~ ") 5 E: a family of such isomorphisms, denoted o777, is part of the
data of the spectral sequence.

Let E be a spectral sequence in an Abelian category C, and suppose that for all [ and for all
r, there are only finitely many non-zero objects EI*? with p + ¢ = [. Such a spectral sequence is
called bounded. (For example, this occurs if XY = 0 whenever p or ¢ is negative, in which case F
is called a first-quadrant spectral sequence.) If E is a bounded spectral sequence, for every pair
(p,q), there exists o such that for all r > 7o, d2? has zero target, d? """ "' has zero source,
and so EPY, ~ EP?. We denote this stable object by EE?. We can now define the abutment of
such a spectral sequence.

DEFINITION 2.7. Let E be a bounded spectral sequence in an Abelian category C. Suppose we
are given a family E™ of objects of C, all endowed with a finite decreasing filtration E™ = EI" D
E™, >+ D EM™=0, and for all p, an isomorphism gP™m~P : ER™ P = EJ/ET . Then we say
that the spectral sequence abuts or converges to {E™} (the abutment), and write E{*Y = E™ or
EP? = E™.

For example, if F is a first-quadrant spectral sequence with abutment {E™}, every E™
has a filtration of length m + 1 (we take s = 0 and t = m + 1 in the definition above), with
E™/EP ~ EX" and ET ~ EZ°.

Given two spectral sequences, there is a natural notion of a morphism between them, which
consists of morphisms between the objects in the E,.-terms for all r, each of which induces its
successor on cohomology. There is also a natural notion of morphisms between bounded spectral
sequences with given abutments.
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DEFINITION 2.8. Let F and E’ be two spectral sequences in C with respective differentials d

and d’. A morphism u : E — E' is a family of morphisms u?? : E?? — EP9 such that the
ub? are compatible with the differentials (drpq oul? = uf”q rl o dl? for all p,q,r r) and the
morphisms

O Ker(d29) /im(dZ L) S er(dP) fim(dPT )

induced by u?? commute with the glven isomorphisms o7 (that is, a/>? o ul? = ;o) so

that, in the appropriate sense, u?’ +1 is the morphism induced by u}Y. If E and E’ are bounded
spectral sequences with abutments {E™} and {E"}, a morphism with abutments between the
spectral sequences is a morphism u : E — E’ as just defined together with a family of morphisms
um™: E™m — g™ compatible with the filtrations on E™ and E'™ such that7 if we denote by ub the
map induced by u}"? (or u5'?) between the stable objects F5 and EX27 this map must commute
with the isomorphisms $P4: if we denote by u,' the morphism E}"/E]} i1 E’m /E! o1 induced

by u™, which is required to be ﬁltratlon—compatlble, we must have BP9 o B = ,€+q o 3P4,

Convention 2.9. For the remainder of this paper, every spectral sequence will be a bounded
spectral sequence with abutment, and every morphism of spectral sequences will be a morphism
with abutments. Consequently, we suppress the phrase ‘with abutment’.

To show that two spectral sequences are isomorphic, it suffices to construct a morphism
between them which is an isomorphism on the objects of the initial (r = 1 or 7 = 2) terms. This
result is crucial to our work in both this section and in § 7, so we record a version here.

PROPOSITION 2.10 [Wei94, Theorem 5.2.12]. Let C be an Abelian category, and let u = (u’r’ 1 um)
be a morphism between two spectral sequences E, E' in C. If there exists r such that u?? is an
isomorphism for all p and q, then u%? is an isomorphism for all p and q and all s > r, and u™ is
an isomorphism for all m. It follows that the abutments of E and E' are isomorphic as filtered
objects.

There is also a notion of a degree-shifted morphism of spectral sequences and a degree-shifted
analogue of Proposition 2.10, which we will make use of in this paper. Again, for us, all spectral
sequences will be bounded and all morphisms will be morphisms with abutments.

DEFINITION 2.11. Let F and E’ be two spectral sequences in C with respective differentials d
and d'. If a,b € Z, a morphism v : E — E' of bidegree (a,b) is a family of morphisms ul? :
EP? . EP Fag+h such that the ufq are compatible with the differentials (d;’ taath o pa
WP o @4 for all p, ¢, r) and uy?) is induced on cohomology by u;?. If E and E’ are bounded
spectral sequences with abutments {E™} and {E"™}, a morphism with abutments between the
spectral sequences of bidegree (a,b) is a morphism u : E — E’ of bidegree (a,b) as just defined
together with a family of morphisms u™ : E™ — E'™+4+b such that u™(E}') C E;,’]ijrb for all p
and satisfying the obvious compatibility conditions analogous to those in the non-degree-shifted
definition.

The degree-shifted analogue of Proposition 2.10 is proved in exactly the same way, but in the

conclusion (that the abutments are isomorphic as filtered objects), it is worth recording precisely
which filtrations are being compared and what the corresponding degree shifts are.
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PROPOSITION 2.12. Let C be an Abelian category, and let u = (u’?,u™) be a morphism of
bidegree (a,b) between two spectral sequences E, E' in C. If there exists r such that ul?
is an isomorphism for all p and q, then u%? is an isomorphism for all p and q and all
s = r, and v is an isomorphism for all m. This has the following consequence for the
abutments: for all m, E™, endowed with the filtration {E"}" 4 where E'/EI | ~ ER™ P is
isomorphic (as a filtered object) to E™*** endowed with the filtration {E % Ay, where
E}/)nizli-a—l—b/Egi:l&—i—lﬁ-b ~ Egé—i-a,m—&-b—p.

Double complexes are a common source of spectral sequences: the cohomology of the
totalization of a double complex can be approximated, and in some cases even computed, by
the objects in the early terms of either of two spectral sequences associated with the double
complex. To be precise, let K**® be a double complex in an Abelian category C, which we
think of abusively as the ‘Eg-term’ of a spectral sequence, and let T'® be its totalization. Our
conventions for double complexes are those of EGA: the horizontal (d;*) and vertical (dy'°)
differentials of K**® commute, we define T* = @p i KT, and the differentials of T require
signs, namely d(z) = dp(x) + (—=1)Pd,(x) for x € KP?. The two spectral sequences associated
with K**® [GD61, §11.3] are the column-filtered (‘vertical differentials first’) spectral sequence,
for which E"? = hI(KP*) (and the differentials are those induced on vertical cohomology by
the maps d}?), and the row-filtered (‘horizontal differentials first’) spectral sequence, for which
EP9 = h(K*9) (and the differentials are those induced on horizontal cohomology by the maps
d?). Both have h?T4(T*), the cohomology of the totalization, for their abutment. A morphism
K** — K'** of double complexes induces morphisms between their column-filtered spectral
sequences as well as between their row-filtered spectral sequences [GD61, p. 30].

The spectral sequences of a double complex are useful for computing hyperderived functors
of left-exact functors between Abelian categories. Suppose A, B are Abelian categories, A has
enough injective objects, and F' : A — B is a left-exact additive functor. If K*® is a complex
with differential d in A, the (right) hyperderived functors of F' evaluated at K*® are defined
as follows [GD61, §11.4]: if K* — I® is a quasi-isomorphism and I*® is a complex of injective
objects in A, then R*F(K*®) = h*(F(I*)), and the objects of B thus obtained are independent of
the choice of I°®. Such a complex I® can be produced as the totalization of a Cartan—Filenberg
resolution of K*®, which is a double complex J**® with differentials dp,, d, such that every JP¢
is an injective object of A and, for all p, JP* (respectively ker(db®), im(db*), h$(JP*)) is an
injective resolution of KP (respectively ker(dP), im(dP), hP(K*®)). It follows that RIF(K®) is
the cohomology of the totalization of the double complex F(J**), and so, by the previous
paragraph, we have two spectral sequences whose abutment is this cohomology. For example,
the column-filtered spectral sequence begins E'? = hi(F(JP*)) and has abutment RPTIF(K*).
But since JP* is an injective resolution of K?, we see that hi(F(JP*)) = R1F(KP), the ordinary
qth right derived functor of F' applied to KP; this is the form in which the ‘first’ hyperderived
functor spectral sequence is usually given [GD61, 11.4.3.1].

Now suppose K*®, K'® are complexes in A with respective Cartan—Eilenberg resolutions J**,
J'**. A morphism of complexes f : K* — K'® induces a morphism of double complexes J** —
J’®* which is unique up to homotopy [GD61, p. 33]. This implies that f induces a well-defined
morphism between the spectral sequences for the hyperderived functors of F' evaluated at K*®
and at K'* [GD61, p. 30], since two double complex morphisms that are chain homotopic induce
the same morphisms on horizontal and vertical cohomology, hence the same spectral sequence
morphisms. By taking K’®* = K*® and f to be the identity, we see that the isomorphism class of
the spectral sequence for F' evaluated at K*® is independent of the Cartan—Eilenberg resolution.
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Later in this section, we will need to build a spectral sequence for hyperderived functors
using a double complex that is not a Cartan—Filenberg resolution of the original complex, and
for this purpose, the following comparison lemma will be useful.

LEMMA 2.13. Let A be an Abelian category with enough injective objects, B another Abelian
category, and F : A — B a left-exact additive functor. Suppose that K® is a complex in A,
concentrated in degrees p > 0, and that L**® is a double complex in A whose objects LPY are
all F-acyclic and such that, for all p > 0, LP*® is a resolution of KP. Then the first spectral
sequence for the hyperderived functors of F' applied to K*, which begins E{"! = R1F(K?) and
has RPTIF(K?®) for its abutment, is isomorphic to the column-filtered spectral sequence of the
double complex F(L**).

Proof. By definition, the first spectral sequence is the column-filtered spectral sequence of the
double complex F'(J**), where J** is a choice of Cartan-Eilenberg resolution of K* in A. The
assertion of the lemma is that we can replace J**® with the resolution L*®*®, which is generally
not a Cartan—Eilenberg resolution and whose objects may not even be injective.

Our strategy will be to compare both of these double complexes to a third one. Let C* denote
the category of complexes in A that are concentrated in degrees p > 0. Then C* is an Abelian
category with enough injective objects, and if I® € CT is injective, then I? is an injective object
of A for all p [Rot09, Theorems 10.42, 10.43; Remark, p. 652].

We return now to the complex K*®. Choose an injective resolution 0 — K*® — I*® of K*
in C*. In particular, I**® is a double complex of injective objects in A. Now note that the two
double complex resolutions J** and L**® can also be regarded as resolutions of K*® in the category
CT. Any resolution in C* can be compared with an injective one by [Lan02, Lemma XX.5.2]:
there exist morphisms J** — [** and L*®* — [** extending the identity on K*® and unique up
to homotopy as maps in C*. These morphisms of double complexes induce morphisms between
the column-filtered spectral sequences corresponding to the double complexes after applying the
functor F'. To finish the proof, by Proposition 2.10, it is enough to check that these morphisms of
spectral sequences are isomorphisms at the Ej-level. We first consider the morphism F(J**) —
F(I**). For all p, JP* — IP** is a morphism between two injective resolutions of K? extending
the identity on KP, which induces an isomorphism hd(F(JP*)) = hi(F(IP*)), both sides being
equal to RYF(KP) by definition and being the F}"%-terms of the respective spectral sequences.
In the case of the morphism F(L**) — F(I**), we do not have injective resolutions of KP?
(only F-acyclic ones) on the left-hand side, but by [Lan02, Theorem XX.6.2], this is enough: the
LP* — [P* also give rise to isomorphisms after applying F' and taking cohomology. We conclude
that the three column-filtered spectral sequences corresponding to the double complexes F'(J**),
F(I*°*), and F(L**) are isomorphic beginning with their Ej-terms, completing the proof. O

We will need one more type of spectral sequence, the Grothendieck composite-functor spectral
sequence.

PROPOSITION 2.14 [Wei94, Theorem 5.8.3]. Let A, BB, and C be Abelian categories, and suppose
A and B have enough injective objects. Let F' : A — B and G : B — C be left-exact additive
functors. Suppose that for every injective object I of A, the object F(I) of B is acyclic for G.
Then for every object A of A, there is a spectral sequence which begins EY'? = (RPG)((RIF)(A))
and abuts to RPT1(G o F)(A).
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Ezample 2.15. For our purposes, the most important example of a composite-functor spectral
sequence is the spectral sequence for iterated local cohomology. Let R be a Noetherian ring, and
let I and J be ideals of R. If 7 is an injective R-module, then I';(Z) is again injective [Har77,
Lemma II1.3.2], hence acyclic for the functor I';. It follows that the left-exact functors F' =T';
and G = I'y satisfy the conditions of Proposition 2.14. Since R is Noetherian, 'y o'y = T'j4 ;.
For any R-module M, the corresponding spectral sequence for the derived (local cohomology)
functors begins EY? = HY(H%(M)) and abuts to Hﬁrf}(M)

2.3 The proof of Theorem A

We now recall from [Har75] Hartshorne’s definition of de Rham homology for a complete local
ring. Let k£ be a field of characteristic zero and A be a complete local ring with coefficient
field k. By Cohen’s structure theorem, there exists a surjection of k-algebras m : R — A where
R = k[[z1,...,xy]] for some n. Let I C R be the kernel of this surjection. We have a corresponding
closed immersion Y — X where Y = Spec(A) and X = Spec(R). The de Rham homology of
the local scheme Y is defined as HIR(Y) = H%,"*i(X , 2% ), the hypercohomology (with support
at Y') of the continuous de Rham complex of sheaves of k-spaces on X. Here, the sheaf Q}( is free
of rank n with basis dx1,...,dz,, and the other sheaves in the complex are its corresponding
exterior powers. In fact, the complex Q% is the sheafified version of the de Rham complex Q%
of the left D(R, k)-module R as defined in §2.1.

The de Rham homology spaces defined above are known to be independent of the choice of R
and 7 [Har75, Proposition III.1.1] and to be finite-dimensional k-spaces [Har75, Theorem I11.2.1].
In this section we give arguments for the embedding-independence and the finiteness which are
purely local and provide new information. Recall from §1 that the Hodge-de Rham spectral
sequence for homology has Ej-term given by E' 7" 7 = H{ (X, Q' ") and abuts to Hgf‘q(Y).
(When needed, we will write {E:L Ep "7 for this spectral sequence, recording the dependence on
the base ring R.) The assertion of Theorem A is that, beginning with the Es-term, this spectral
sequence consists of finite-dimensional k-spaces and its isomorphism class is independent (up to a
bidegree shift) of R and ; this immediately recovers the embedding-independence and finiteness
for the abutment HI%(Y). To make the line of argument clearer, we give the proof first for the
Es-term only (Proposition 2.17), then explain the additional steps needed to make the basic
strategy work for the rest of the spectral sequence.

LEMMA 2.16. Let the surjection 7 : R = k[[x1,...,z,]] = A (and the associated objects I, X,Y")
be as above, and {EY'?} the corresponding Hodge—de Rham spectral sequence for homology.

(a) For all q, H}.(X,Ox) ~ H}(R) as R-modules; indeed, if M is any R-module and F the
associated quasi-coherent sheaf on X, we have Hy.(X, F) ~ H}(M).
(b) For all p and q, we have

B9 ~ HEL (HL(X,Ox)) ~ HY: (H{(R))

as k-spaces, where the D-module structure on H}(R) ~ H{(X,0Ox) is defined as in
Remark 2.3.

Proof. As X is affine, part (a) is well known (e.g. [GR05, Exp. II, Proposition 5]). Now consider
the Ej-term of the spectral sequence. Its differentials are horizontal and so its FEs-objects

are the cohomology objects of its rows. Fix such a row, say the gth row, which takes the
form E}Y = H{.(X,Q%). The Qf are finite free sheaves on X and local cohomology Hy-
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commutes with direct sums, so for all p, E{"? ~ H{(X,O0x) ® Qf,. As p varies, we obtain the
complex HY. (X, Ox) ® Q%, whose k-linear maps are the de Rham differentials of the D-module
H] (X, Ox). Therefore its cohomology objects, the Es-objects of the spectral sequence, are of
the stated form. O

PROPOSITION 2.17. Let the surjection 7 : R = k[[x1,...,zy]] = A (and the associated objects
I1,X,Y) be as above.

(a) For all p and g, the k-space EY? = HX. (H](R)) is finite-dimensional.
(b) Suppose we have another surjection of k-algebras n' : R' = k[x1,...,2y]|] - A with
kernel I'. Write {EV'}} (respectively {EP%,}) for the Hodge-de Rham spectral sequence

for homology defined using m (respectively 7). Then for all p and g, the k-spaces Ey}, and

Egg}l_”’ﬁn_”/ are isomorphic. (That is, the Fa-term is independent of R and m, up to a

bidegree shift.)

Proof of part (a). For all ¢, the D-module H}(R) is holonomic [Lyu93, 2.2(d)], so its de Rham
cohomology spaces are finite-dimensional by Theorem 2.2. This proves part (a). O

A proof of part (b) is considerably longer. We first reduce it to Lemma 2.18 below and then
prove Lemma 2.18.

Write X' for the spectrum of R’. The surjection 7’ induces a closed immersion Y — X’. Form
the complete tensor product R’ = Ry R’ [Ser00, V.B.2|, again a complete regular k-algebra,
and let 7" : R” — A be the induced surjection 7 & 7' of k-algebras, which gives rise to a
third closed immersion ¥ < X" = Spec(R”) and a third Hodge-de Rham spectral sequence
{E7 %0} Tt suffices to show that both Ey% and Egj{f/_n’ﬁ”_nl are isomorphic to Eg’gl,/’ﬁnl.
Replacing R’ with R” and using symmetry, we reduce to the case in which the two surjections
m:R— Aand 7' : R — A satisfy ' = m o g for some surjection g : R — R of k-algebras.
Let I = kerm, I' = kern/, and I” = kerg, and suppose the dimensions of R and R’ are n
and n’ respectively. As R'/I” ~ R is regular, I” is generated by n’ — n elements that form
part of a regular system of parameters for R'. By induction on n’ — n, we reduce further to
the case n/ — n = 1, since we can factor the closed immersion X < X’ into a sequence of
codimension-one immersions, and the isomorphisms on FEs-terms compose while the bidegree
shifts add. Therefore we assume ker g is a principal ideal, of the form (f) where z1,...,zy, f
is a regular system of parameters for R’. By Cohen’s structure theorem, the complete regular
local k-algebra R’ takes the form k[[x1,...,x,, 2]]; making a change of variables if necessary,
we may assume f = z. By Proposition 2.5, this change of variables does not affect de Rham
cohomology. Thus R = k[[z1,...,2,]], R’ = R[[#]], and ¢ is the surjection carrying z to 0, so that
I' = IR’ + (). We state this special case, to which we have reduced the proposition, in the form
of the following lemma. Because of the amount of new notation needed to define them, we have
not specified the isomorphisms in the statement of Lemma 2.18, only asserted their existence.
However, the maps themselves will be needed later, and so we will refer not only to Lemma 2.18
but also to its proof.

LEMMA 2.18. Let R = k[[x1,...,x,]] and let I be an ideal of R. Let R' = R|[[z]] and I' = IR'+(2).
Then for all p and g, we have an isomorphism

H{p(H](R)) = Hl ' (H} (R)
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of k-spaces, where the de Rham cohomology is computed by regarding H}(R) as a D(R, k)-
module and H%' (R') as a D(R', k)-module.

We first give a definition.

DEFINITION 2.19. Let M be any k-space. Then My = @, M - 27", a D(k[[2]], k)-module,
whose elements are finite sums ) ; (m;/2") where m; € M. If M is an R-module (respectively
a D(R,k)-module), then M, defined in this way is an R’-module (respectively a D(R',k)-
module), with d,-action defined by the quotient rule: 9,(m/2z%) = —am/z*+1.

We will frequently refer to this functor as the ‘4+-operation’ on R-modules or k-spaces. In the
case of an R-module M, this definition coincides with the ‘key functor’ G(M) = M ®r R, /R’ of
Nunez—Betancourt and Witt [NBW14, §3]. A special case of one of their results will be useful
for us.

PROPOSITION 2.20 [NBW14, Lemma 3.9]. With R, R', I, and I' as in the statement of
Lemma 2.18, we have isomorphisms

(H}(R))+ ~ H(R)
of R'-modules, for all p (these isomorphisms are functorial in R).

We need one final ingredient before giving the proof of Lemma 2.18: a short exact sequence
relating the ‘full’ de Rham complex 9%, of R’ with its ‘partial’ de Rham complex R’ ® 3, defined
using the derivations 01, ..., d, but omitting 9, = 9/0z.

DEFINITION 2.21. With R and R’ as in the statement of Lemma 2.18, we define a short exact
sequence of complexes

0— R @Q%-1]> Q% 5> ROy —0,

where the map ¢ is simply the wedge product with dz, and so its image is precisely the direct sum
of those summands of Q%, with a dz wedge factor (thus 7 corresponds to setting dz = 0). The
sheaf-theoretic analogue, a short exact sequence of complexes of sheaves on X', is constructed
similarly.

This short exact sequence of complexes gives rise to a long exact sequence of cohomology:

¢ —1
s RH R @ Q%) S WP(R @ Q-1]) > hP(Q%)
= W(R ® Q%) S W (R @ Oy-1]) — -+,

where ¢ denotes the connecting homomorphism. After accounting for the shift of —1, we see that
P is a map from the D(k[[z]], k)-module h? (R’ ® Q%) to itself. We will need precisely to identify
the maps cP.

LEMMA 2.22. With the notation of the previous paragraph, we have ¢? = (—1)P0, as maps
from the D(k[[z]], k)-module h?(R' ® Q%) to itself. (The same holds if R’ is replaced with any
D(R, k)-module.)
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Proof. We use the explicit construction of the connecting homomorphism given, for example, in
[Rot09, Proposition 6.9]. Denote by df, the differentials in the de Rham complex Q%,. Given an
element of h?(R' ® Q%,), which is the cohomology class of some cocycle w € R' ® Q%, the image
under ¢? of this class is taken to be the class of the cocycle (#*1) 7! (dh, ((77)~!(w))), where the
superscript —1 means ‘choose any preimage’: this definition is independent of all choices made.
We proceed to calculate this composite, making convenient choices for the preimages.

We can write w as a sum

w = Z Piy iy dl‘il VANRREIVAN dﬂ:‘ip,

i1 yerip

where all p;,..;, € R’. One choice of preimage (7?) ! (w) is w itself, since none of its terms contain
dz wedge factors and hence all are left fixed by 7. Therefore db, ((7?)~!(w)) = df, (w). Since w
is a cocycle in R’ @ QF,, its image under the pth de Rham differential with respect to dx1,. .., dz,
is zero, and so the only terms in the definition of d%, (w) that survive are those involving dz.
That is, we have

d%, (w) = Z 0=(piy-i,) dz Ndxyy A --- Ndxy,,

i1 ensip

which, by rearranging the wedge terms, is equal to

Z (—1)paz(pi1...ip) dxiy N A da:ip Adz.

i1 yerip

Finally, a choice of preimage under (P*! (which is simply the map A dz) for the above sum is

P A (@) @) = D (F1)P0:piiy) daviy A -+ A ddayy, = (=1)P0:(w),

i1 yensip

from which the lemma follows. (The same calculation works for arbitrary D(R/, k)-modules M,
replacing each p;,...;, with an element m;,..;, of M.) O

We can now prove Lemma 2.18.

Proof of Lemma 2.18. The differentials in the complexes of Definition 2.21 are merely k-linear,
but in every degree p, the short exact sequence
P

O—>R'®Q%71—>Q%,—>R'®Q%—>O

is a split exact sequence of finite free R’-modules. As local cohomology commutes with direct
sums, this sequence remains split exact after applying the functor H}’, for any ¢:

p
0— HL(R @ %Y 2 HL(QF,) — HY(R ® OF) — 0.
Fixing ¢ but varying p, we obtain a short exact sequence of complexes of k-spaces
0— HY(R @ OR[-1]) > HY Q%) > HE(R @ Q%) > 0
which we can rewrite (replacing ¢ with ¢ + 1) as

0> HIPY(R) @ Q4[—1] =5 HET(R) © Q) — HET(R) @ Q) — 0
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since %, (respectively Q%) is a finite free R~ (respectively R'-) module. This short exact sequence
of complexes gives rise to a long exact sequence of cohomology which (accounting for the shift
of —1) takes the form

ZP
o RPHGNR) @ Q) B W (HGYR) @ Q) -2 T HETYR) @ Q)
= WY HGTYR) 2 Q) B P HIT (R 2 Q) — -

where we know by Lemma 2.22 that, up to a sign, the connecting homomorphism is 0,. Now
by Lemma 2.20, we know that H™ (R') ~ (HY(R)); as R'-modules. The differentials in the
complex H}],Jr 1(R’ ) @ Q% do not involve z or dz, and so the +-operation passes to its cohomology,
since cohomology commutes with direct sums: we have

WP (R) © Q) = (W(H] (R) © Q)+

as k-spaces for all p. For any k-space M, the action of 0, on My is given in Definition 2.19,
and it is clear from this definition (since char(k) = 0) that ker(d, : My — My) = 0 and
coker(0, : My — M) ~ M, the latter corresponding to the 1/z-component of M, . Returning
to the displayed portion of the long exact sequence (with M = h?(H}(R) ® Q%)), the second 9,
is injective, and so by exactness the unlabeled arrow is the zero map; this implies that ZZ 418
surjective, inducing an isomorphism between hp“(H?,H(R’) ®0%) = Hggl(H}I,Jrl(R’)) and the
cokernel of the first d,. Since this cokernel is isomorphic to h?(H}(R) ® Q%) = Hir(H{(R)),
the proof of Lemma 2.18, and hence of Proposition 2.17(b), is complete. O

Proposition 2.17 gives a new set of invariants for complete local rings in equicharacteristic
zero, namely, the (finite) dimensions of the Fs-objects, with the bidegree shift taken into account.

DEFINITION 2.23. For all p,q > 0, let ppq = dimy(H 3" (H; " *(R))).

By Proposition 2.17, p,, is finite and depends only on A and a choice of coefficient field
k C A. We note the similarity of the definition of the invariants p, , to the Lyubeznik numbers
Ap,q [Lyu93, Theorem-Definition 4.1], although our p,, appear to be well defined only in the
characteristic zero case. One way to define A, 4 is as the dimension of the socle of Hy(H; ™ (R)),
where m C R is the maximal ideal [Lyu06, Lemma 2.2]. To define the p, 4, we use de Rham
cohomology instead of iterated local cohomology; furthermore, note the difference in the indices.

Remark 2.24. If H;"%(R) is supported only at m, so that H; ?(R) ~ E®%a for some Ao 4 > 0
([Lyu93, Theorem 3.4]; here E is the Matlis dualizing module), then the de Rham cohomology
of H/ %(R) is easy to calculate: we have p, 4 = Ao q if p =0, and pp 4 = 0 otherwise. Therefore,
in this case, pp 4 = Apq for all p and q.

We now prove the full statement of Theorem A(a) (we have already proved part (b) above).
Our goal is to construct a bidegree-shifted morphism between the Hodge-de Rham spectral
sequences arising from two surjections R — A and R’ — A of k-algebras which, at the level of
FE>-objects, consists of the isomorphisms of Lemma 2.18: by Proposition 2.12, this is enough. The
preliminary reductions given in the paragraph before Lemma 2.18 remain valid when considering
the spectral sequences, so we need only address the case in which R, R’, I, and I’ are as in the
statement of that lemma. The basic strategy is the same: we use the short exact sequence
Definition 2.21 of complexes as well as the +-operation, which will now be applied to double
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complex resolutions of the de Rham complexes Q% and Q%,. Our first task is to construct these;
we work first at the level of R- (respectively R’-) modules and k-linear maps, and then sheafify
the results.

LEMMA 2.25. Let Z°® be the minimal injective resolution of R as an R-module. For all p, 7P has
a structure of D(R, k)-module, and R — Z°® is a complex in the category of D(R, k)-modules.

Proof. We use the Cousin complex, for which [Har66, IV.2] is the original reference. Recall that
the Cousin complex C*(R) of R is constructed recursively in the following way: C~2(R) = 0,
C~1(R) = R, and for i > 0, C'(R) = &(coker d*~2),, the direct sum extending over all p € Spec(R)
such that htp = 4. The differentials in the complex are simply the natural localization maps. It
is immediate from the definition of the Cousin complex that it is a complex of D(R, k)-modules,
since localizations of D(R, k)-modules are again D(R, k)-modules and natural localization maps
are D(R, k)-linear [Lyu93, Example 2.1]. However, since R is a Gorenstein local ring, its minimal
injective resolution and its Cousin complex coincide [Sha69, Theorem 5.4]. O

Likewise, if we let J® be the minimal injective resolution of R’ as an R’-module, Lemma 2.25
implies that R' — J* is a complex in the category of D(R’, k)-modules. By taking finite direct
sums of the resolutions Z*® and [J°, we construct three double complexes.

DEFINITION 2.26. Let Z** be the double complex ZP7 = 79 @ g Q}, whose vertical differentials
are induced by the differentials in the complex Z* and whose horizontal differentials are those in
the de Rham complexes 77 @ %, of the D(R, k)-modules Z%. Similarly, let J;** be the double
complex J3 = J1@p O, and let J** be the double complex JP9 = J1@p Q.

Note that these double complexes have exact sequences of R- (or R’-) modules for columns,
but merely complexes in the category of k-spaces for rows. In the case of Z**®, the rows are the
de Rham complexes of the D(R, k)-modules Z7; in the case of j0°’°, the rows are the de Rham
complexes of the J? regarded as D(R, k)-modules; and in the case of J**, the rows are the de
Rham complexes of the J? regarded as D(R', k)-modules. (We recall again Convention 2.1: if
we write ® (1%, the tensor products of objects are being taken over R, but if we write ® (2%, the
tensor products of objects are being taken over R'.)

Each of these three double complexes can be sheafified. Consider first the double complex
Z*%°. For all p and ¢, let ZP4 denote the associated quasi-coherent sheaf on X. The vertical
differentials of Z**® are R-linear, and so induce Ox-linear morphisms between the associated
sheaves, and the horizontal differentials induce k-linear morphisms on the associated sheaves in
the same way that the de Rham complex of Oy is constructed. For all p and ¢, ZP? is an injective
R-module, and so the sheaf ZP:4 is flasque [Har77, Proposition III.3.4], and hence acyclic for the
functor 'y on the category of sheaves of k-spaces on X [Har67, Proposition 1.10]. Therefore

we have a double complex Z**® whose objects are all I'y-acyclic sheaves of k-spaces on X and
whose columns are acyclic resolutions of the Q% (because the associated sheaf functor is exact
when applied to complexes of R-modules). In the same way, we sheafify the double complexes

Jy* and J**°, obtaining double complexes J;'* and J** of sheaves of k-spaces on X’ which are
I'y-acyclic.

DEFINITION 2.27. Let E:;_-i be the column-filtered spectral sequence associated with the double
complex 'y (X ,f/') of k-spaces. Similarly, let E::;%, be the column-filtered spectral sequence
associated with the double complex I'y (X', j\'/'), and let £° be the column-filtered spectral
sequence associated with the double complex I'y (X, \?0:' ).
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By Lemma 2.13, we know that E:;2 coincides with the Hodge-de Rham spectral sequence
for the complex 1%, and that E:’;%, coincides with the Hodge—de Rham spectral sequence for

the complex 2%/, so there is no ambiguity of notation. The ‘intermediate’ spectral sequence Es°,
which by Lemma 2.13 coincides with the hypercohomology spectral sequence for the complex
Oxr ® Q%, will be used to relate the Hodge-de Rham spectral sequences for X and X’ via the
+-operation. The first step in this process is the following lemma.

LEMMA 2.28. Let R, R', I, and I be as in the statement of Lemma 2.18, and let Z® (respectively
J*®) be the minimal injective resolution of R (respectively R') in the category of R-modules
(respectively R'-modules) as above. Then for all q, we have an isomorphism

(C7(Z771)4 =Ty (T9)
of D(R', k)-modules.

Proof. Fix ¢ > 0. As R is a Gorenstein local ring, the structure of its minimal injective resolution
J* is well known [Mat86, Theorem 18.8]: J¢ = @y, ,—, E(R'/p), where E(R'/p) is the R'-injective
hull of R'/p. In particular, J9 = 0 for ¢ > n + 1 and J""! is the Matlis dualizing module Ep/.
Applying the functor I';y amounts to discarding those summands corresponding to prime ideals
outside the closed subscheme V (I') C X’ [BS13, Example 10.1.11]: that is, we have the equality

rnI = @ Ew(®/p),
ht p=q,I’Cp

where again only prime ideals of height ¢ appear in the decomposition, since J? =
D p—g (R /p). Since I' = IR' + (2), there is a one-to-one correspondence between prime
ideals p of R’ containing I’ and prime ideals q of R = R'/(z) containing I (indeed, any such p
takes the form qR' + (2)). If htp = ¢, then ht g = ¢ — 1, so we have the decomposition

I'p(J%) = o, Ep(R'/(aR + (2)))
ICqeSpec(R),ht g=¢—1
as R'-modules. Note that we have R’-module isomorphisms
R/(qR + (2)) =~ (R'/(2)) /(@R + (2))/(2)) = R/q,

where R/q is viewed as an R-module upon which z € R’ acts trivially. But by [NBW14,
Proposition 3.11], the R-module Er/(R'/(qR’ + (z))) is obtained from the R-module Er(R/q)
by the +-operation. (This identification holds at the level of D(R’, k)-modules.) We then have

isomorphisms
Ly (J9) =~ D (Br(R/a)+ = ('r(Z%7 1)+,
ICqeSpec(R),ht g=¢—1
of D(R/, k)-modules, where we have again used [BS13, Example 10.1.11]. O

LEMMA 2.29. Let EJ}, and £J° be the spectral sequences of Definition 2.27. There is an
isomorphism
(EoR)+ — €0°1(0,1)],

where the object on the left-hand side is obtained by applying the +-operation to all the objects
and differentials of the spectral sequence E:I'% (this notation means that the morphism of spectral
sequences has bidegree (0,1), as in Definition 2.11).
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Proof. We consider the objects of the double complexes giving rise to these spectral sequences.
For all p and ¢, we have

Dy (X', 0 = Tp(JP) =T (T @ Q) ~ Tp(J9H) © OF,
and similarly
(Dy (X, ZP0)) 4 = (T1(Z79) 4 = (T1(Z? @ Q)4 = (T1(Z9) © D)+

by Lemma 2.16 and the fact that I'y = H? and 'y = HY, commute with direct sums. By
Lemma 2.28, we have I'j(J971) ~ (I';(Z%)), for all q. Therefore, for all p and g, we have

Pp(J7) @ Qf = (T1(Z9)+ ® O = (T1(Z7) ® Q)+,

so the objects of the double complexes are isomorphic with the indicated bidegree shift. Finally,
we observe that the differentials in the complex (2%, do not involve z or dz, so the isomorphisms
(T1(Z9)4+ @0, ~ (T1(Z9) ®Q%)+ commute with the differentials of the double complex and thus
assemble to an isomorphism of double complexes. An isomorphism of double complexes induces
an isomorphism between the corresponding column-filtered spectral sequences, and the lemma
follows. O

We are now ready to complete the proof of Theorem A.

Proof of Theorem A(a). As already described, we need only prove the result in the special case
of Lemma 2.18. We retain the notation of that lemma. Consider again the short exact sequence
of Definition 2.21 and its sheafified version

0— Ox @ 0%[-1] > Q% — Ox @ Q% — 0.

As described in §2.2, the morphism of complexes ¢ induces a morphism between the
corresponding spectral sequences for hypercohomology supported at Y. These spectral sequences
were identified as £5°°[(—1,0)] (respectively, E:;%,) in the paragraph following Definition 2.27.
Accounting for the shift of —1, we see that this induced morphism has the following form:

13 ES° — E:;;%/[(l,())].

Identifying first £5°[(0,1)] with (E%)+ (by Lemma 2.29) and then E;’}, with the 1/z-component
of (E'%)+, we see that this further induces a morphism

S ER > EJRIAL D)

given in every degree by the inclusion of E:;% as the 1/z-component of (E;]'%)Jr ~ £7°[(0,1)]
followed by to®. If r = 2, the maps ¢5? are precisely the isomorphisms HY.(HH(R)) —
H gi{ ! (H}]JFI(R’ )) appearing in the proof of Lemma 2.18, which were induced by the morphism of
complexes ¢ and the inclusion of By}, = Hjp (H{(R)) as the 1/z-component of (E3'%)+. Therefore
the morphism ¢¢° of spectral sequences is an isomorphism at the Es-level. By Proposition 2.12,

it follows that ¢ is an isomorphism at all later levels, including the abutments. The proof is
complete. O
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3. Matlis duality and X-continuous maps

In this section, we describe formulations of Matlis duality for local rings containing a field & in
terms of continuous k-linear maps to k. Many of these results are not new; some of them are
stated without proof in SGA2 [GR05, Exp. IV]. For lack of adequate references for the proofs,
we provide their full details here. We also define the class of k-linear maps (the ‘X-continuous’
maps) between arbitrary modules over such rings that admit Matlis duals.

Let (R,m) be a (Noetherian) local ring with coefficient field k. Let E = E(R/m) denote a
choice of injective hull of R/m ~ k as an R-module. The Matlis duality functor D is defined by
D(M) = Hompg(M, E) for all R-modules M. Since E is injective, D is an exact, contravariant
functor. (See [Mat86, §18] for a standard treatment of this duality theory, or [Mat58] for
its original statement by Matlis.) If f: M — N is an R-linear homomorphism of R-modules, its
Matlis dual is the R-linear homomorphism f* : D(N) — D(M) defined by pre-composition with
f: [*(¢) = ¢ o f for R-linear maps ¢ : N — E. Using this definition, it does not make sense a
priori to speak of the Matlis dual of a map 6 : M — N that is not R-linear. However, we will show
that a more general class of maps can be dualized. We will make use of functorial identifications
of the Matlis dual of a finite-length (respectively finitely generated) R-module with the set of
k-linear (respectively k-linear and m-adically continuous) maps from the module to k; from
these identifications, we will see that any k-linear map between finite-length R-modules, and any
m-adically continuous k-linear map between finitely generated R-modules, has a Matlis dual. We
will also explain how this theory can be extended to the case of arbitrary modules.

Remark 3.1. In [GRO5] the following results are stated in a slightly more general setting: (R, m)
is a (Noetherian) local ring containing a field k¢ such that the residue field £ = R/m is a finite
extension of kg. Since we need only the case where k = ko, we make this assumption throughout
to simplify the discussion. However, with only minor modifications to the arguments, all of what
follows in this section is true at the level of generality of [GRO5].

Let R be as above, and let N be any R-module (a fortiori, N is a k-space). We can define
an R-module structure on the k-space Homy (N, k) as follows. Given a k-linear homomorphism
A: N — k, we define r- A : N — k by (r- \)(n) = A(rn), which is again k-linear since, if o € k,
we have

(r-XN)(an) = A(r(an)) = ai(rn) = a(r - A)(n)

by the k-linearity of A. (We will use the dot - throughout this section to denote an R-action on
maps which is defined by multiplication on the input of the map when multiplying the output
by r € R may not make sense.)

The socle Soc(E) = (0 :g m) of E is a one-dimensional k-space. We fix, once and for all, a
k-linear projection F — Soc(FE) which we identify with a k-linear map o : E — k.

Remark 3.2. The various functorial identifications made throughout this section will depend on
the choices of E and o made here. At the end of this section, we will specify the choices of I
and o in the case where R is complete and regular that will be used in the rest of the paper.

Now define, for any R-module N, a map ®y : Hompg (N, E) — Homy (N, k) by ®n(g) =0 og.
Clearly, if g is R-linear (and hence k-linear), the composition o o g is k-linear.
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LEMMA 3.3. The map &y defined above is an R-linear homomorphism.
Proof. Let g € Hompg(N, E) and r € R be given. Then for any n € N, we have

On(rg)(n) =oa((rg)(n)) = o(rg(n)) = o(g(rn)) = (o 0 g)(rn) = (r- n(g))(n),
so that ®n(rg) =7 - Pn(g). O
We list some more elementary properties of the maps ®y. Suppose we have an R-

linear homomorphism f : M — N of R-modules. The Matlis dual of f, which is the map
f* :Hompg(N, F) - Hompg(M, E), is clearly R-linear.

LEMMA 3.4. The map fY : Homy(N, k) — Homy (M, k) defined by pre-composition with f (i.e.,
fY(\) = Ao f for a k-linear A : N — k) is R-linear.

Proof. Let r € R and A € Homy (N, k) be given. Then
- (m) = (r-X)(f(m)) = Arf(m)) = Mf(rm)) = f'(X)(rm) = (r- (X)) (m)

for any m € M, as desired. O

Moreover, we note that given any g € Hompg (N, E), both ®,/(f*(g)) and fY(®n(g)) are
equal to the composite c o go f : M — k. Therefore, the diagram below is commutative and all
its arrows are R-linear maps.

Homg(N, E) L~ Homg(M, E)

iCI)N l‘I’M
Vv

Homy (N, k) ——~ Homy (M, k)
We have now established enough preliminaries to prove the following.

PROPOSITION 3.5. The map ®x : Homg(N, E) — Homy(N, k) defined by ®n(p) = o 0 ¢ is an
isomorphism of R-modules whenever N is of finite length.

Proof. We proceed by induction on the length [(N) in the category of R-modules, remarking
that any finite-length N is a k-space of dimension [(N). The base case, [(N) = 1, is
the case N =~ k; here ®y is an isomorphism identifying Homyg(k,k) ~ k with the socle
Soc(F) ~ Homp(k, E) = Hompg(R/m, E) of E. Now suppose [(N) > 2, in which case there
is a short exact sequence 0 > k — N — N’ — 0 of R-modules where [(N') =I(N) —1. As E is
an injective R-module, the functor Hompg(—, F) is exact. Moreover, Homy(—, k) is also an exact
functor on the category of k-spaces (all k-spaces are injective objects). We therefore obtain a
commutative diagram with exact rows.

0 —— Homp(N', F) —— Hompg(N, E) —— Hompg(k, E) — 0
J{‘I)N/ iq’N i‘l’k
0 — Homy(N’, k) — Homy (N, k) —— Homy (k, k) —0

All maps in this diagram are R-linear, and the bottom row is exact as a sequence of R-modules,
since it is exact as a sequence of k-spaces. The map ®;, is an isomorphism by our base case, and
@ is an isomorphism by the induction hypothesis, so @ is an isomorphism by the five-lemma
and the proof is complete. O

2094

https://doi.org/10.1112/50010437X17007345 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X17007345

DE RHAM HOMOLOGY AND COHOMOLOGY

We next consider the case of R-modules that are not of finite length, for which we need
to restrict attention to m-adically continuous homomorphisms. We recall the general definition
here.

DEFINITION 3.6. Let R be a commutative ring, I C R an ideal, and M, N two finitely generated
R-modules. The I-adic topology on M (respectively N) is defined by stipulating that {I"M}
(respectively {I"N}) be a fundamental system of neighborhoods of 0. An Abelian group
homomorphism f : M — N is I-adically continuous if it is continuous with respect to these
topologies on M and N: that is, if for all ¢ there exists an s such that f(I*M) C I'N.

Remark 3.7. Note that any R-linear map is automatically I-adically continuous. Also note that
this definition makes sense for arbitrary R-modules, not necessarily finitely generated. We insist
on finite generation here because we will make use of a different notion of continuity in the case
of arbitrary modules.

In the case of the local ring (R, m), the only fundamental neighborhood of 0 € k = R/m in the
m-adic topology on k is {0} itself. Therefore, if M is a finitely generated R-module, a m-adically
continuous map M — k is one that annihilates m*M for some ¢ > 0. Let Homeont (M, k) be the
k-space of k-linear maps M — k that are m-adically continuous.

Now note that if M is a finitely generated R-module and ¢ : M — E is an R-linear map,
¢ annihilates m‘M for some ¢. Indeed, let mq,..., m, be generators for M over R. Since E =
E(R/m) is m-power torsion (every element of E is annihilated by some power of m [Mat86,
Theorem 18.4(v)]), there exist ¢; for i = 1,...,n such that ¢(m;) is annihilated by m'i; but
then, setting t = max{t1,...,t,}, we have ¢(m*M) = 0. Therefore every such ¢ factors through
M /m!M for some t, that is, Homg(M, E) = lir_r)lHomR(M/th, E). The R-module M /m!M is of
finite length for all ¢. Since Homp(M/m*M, E) is isomorphic via ® s /mtas to Homy (M/m'M, k),
and these isomorphisms form a compatible system as ¢ varies, we deduce the existence of an
isomorphism

@y : Homp(M, E) = li_r)nHomk(M/th, k) = Homeont (M, k),

again defined by ®,/(¢) = o o ¢. Our definition of the action of an element r € R on a k-linear
map A : M — k by pre-composition by multiplication with r preserves the property of m-adic
continuity, so Homeons (M, k) is indeed an R-module. As in the finite-length case, we see that
®,s is functorial in the R-module M. Note that if M is of finite length, every k-linear map
M — k is m-adically continuous, so that the isomorphism ®,; just defined coincides with the
® s defined earlier. We summarize the above discussion in the following theorem.

THEOREM 3.8. Let (R, m) be a local ring with coefficient field k. Let E be an R-injective hull of
k, and let 0 : E — k be a fixed k-linear projection of E onto its socle. For every finitely generated
R-module M, post-composition with o defines an isomorphism

®) : Homg(M,E) = Homeont (M, k)

of R-modules, functorial in the R-module M. (As a special case, if M is of finite length,
Homp(M, E) ~ Homy(M, k).)

For the rest of this section, the assumptions on R and k are as in Theorem 3.8. A consequence
of this theorem is that we can define the Matlis dual of a map between finitely generated
(respectively finite-length) R-modules as long as the map is k-linear and m-adically continuous
(respectively k-linear). The definition is simply pre-composition.
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DEFINITION 3.9. Let d : M — N be a k-linear map between finitely generated R-modules that
is continuous with respect to the m-adic topologies on M and N. Then pre-composition with §
is k-linear and carries m-adically continuous k-linear maps A : N — k to m-adically continuous
k-linear maps Ao d : M — k, so we can define the Matlis dual §* : D(N) — D(M) to be the
composite

Hompg(N, E) e Homcont,k(Na k) v Homcont,k(Mv k) ﬁ Homp(M, E).

N M

Remark 3.10. If M and N are of finite length, §* can be defined in the same way as above for any
k-linear §. (More generally, we will see below that any k-linear map between Artinian modules
can be dualized.)

Our dual construction behaves well with respect to composition.

PROPOSITION 3.11. If M, N, P are finitely generated R-modules and 6 : M — N, § : N - P
are m-adically continuous k-linear maps, then (¢’ o §)* = 6* 0 §"* as maps D(P) — D(M).

Proof. We calculate using the definition,
(8'08) =@} 0(6/008)Y odp =0, 05V 0dV odp = (D) 06" 0By)o (P 0dVodp)=45*0d",
as desired. |

In the case of an R-linear map (which is automatically k-linear and m-adically continuous)
between finitely generated R-modules, our definition of the Matlis dual of this map agrees with
the usual one, so our notation is unambiguous and our definition is in fact a generalization of
the usual one. We make this precise in the following nearly tautological lemma.

LEMMA 3.12. Let M and N be finitely generated R-modules. If f : M — N is an R-linear
homomorphism, then f* = @X/} o fYo®y, so the usual definition of the Matlis dual of f coincides
with ours.

Proof. Suppose ¢ : N — F is R-linear. Then (fVo®y)(¢) = go¢o f. As &, is an isomorphism,
(@X/II ofVo®y)(¢) is the unique R-linear map M — F which gives oogo f upon post-composition
with o; by the unicity, it cannot be anything but ¢o f = f*(¢). Therefore the left- and right-hand
sides of the asserted equality agree upon evaluation at every ¢ € D(N). O

What can be said in the case of arbitrary (not necessarily finitely generated) modules?
An arbitrary R-module M can be regarded as the filtered direct limit of its finitely generated
R-submodules M. The Matlis dual functor (indeed, any contravariant Hom functor) converts
direct limits into inverse limits [Rot09, Proposition 5.26], so D(M) = l(ir_nD(M,\). If¢: M—FE
is R-linear (an element of D(M)), the restriction of ¢ to a fixed M) corresponds by Theorem 3.8
to an m-adically continuous map M), — k. Therefore, we will be able to repeat our earlier
constructions in the case of arbitrary modules if we impose some conditions on how the maps
we are studying behave under restriction to finitely generated submodules. We make this precise
with the following definition.
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DEFINITION 3.13. Let M and N be R-modules, and let 6 : M — N be a k-linear map. We say
that § is Y-continuous if for every finitely generated R-submodule My C M, the R-submodule
(6(M)y)) C N generated by the image of M, under ¢ is finitely generated and the restriction
Olam, + My — (6(My)) is m-adically continuous in the sense of Definition 3.6. We write
Homj' (M, N) for the set (indeed, R-module) of ¥-continuous k-linear maps M — N, and refer
to such maps simply as ‘3-continuous’, the k-linearity being understood.

A Y-continuous map is not, in general, m-adically continuous, but is built from m-adically
continuous maps in ‘small’ (finitely generated) stages. (The terminology ‘X-continuous’ is meant
to reflect this, by analogy with the o-finite measure spaces of real analysis and the o-compact
spaces of topology.)

LEMMA 3.14. Let M, N, and P be R-modules.

(a) Every R-linear map ¢ : M — N is X.-continuous.

(b) If 6 : M — N and ¢’ : N — P are X.-continuous, then ¢’ o § : M — P is X-continuous.
In particular, for every Y-continuous map &' : N — k, the composite ' o6 : M — k is
Y.-continuous.

(¢) A k-linear map 6 : M — k is X-continuous if and only if, for every finitely generated
R-submodule My C M, there exists t) > 0 such that §(m' M) = 0.

Proof. Since R-linear maps carry finitely generated submodules to finitely generated submodules,
part (a) is immediate. Part (b) holds because both parts of the definition of ¥-continuity are
preserved under composition. Finally, since k is a finitely generated R-module, the first part
of the definition of Y-continuity is automatic when the target of the map is k, and therefore
a Y-continuous map 0 : M — k is a map whose restrictions to all finitely generated R-submodules
of M are m-adically continuous. By the paragraph following Remark 3.7, such maps are exactly
those described in part (c). O

By restricting attention to 3-continuous maps to k, we obtain a generalization of Theorem 3.8
to the case of an arbitrary module (cf. [GR05, Exp. IV, Remarque 5.5]).

THEOREM 3.15. Let M be an R-module, and let o : E — k be a fixed k-linear projection of E
onto its socle. There is an isomorphism of R-modules

@y : D(M) = Homg(M, E) = Homy (M, k)
defined by post-composition with o and functorial in the R-module M.

Proof. Consider the family {M)} of finitely generated R-submodules of M. We view M as the
filtered direct limit of the M. As the Matlis dual functor converts direct limits into inverse limits,
we see that D(M) = lim D(M,), the transition maps being pre-composition with inclusions
My — My, of finitely generated submodules. For all M), post-composition with o defines an
isomorphism @7, : D(M)) — Homgons (M, k) by Theorem 3.8. Since this isomorphism is
functorial in M)y, the {®,, } form a compatible system of R-linear isomorphisms, inducing an
R-linear isomorphism

@)y : D(M) = lim D(M,) = lim Homcont,k (M, k);
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but the right-hand side of this isomorphism can be identified with Homy (M, k), essentially by
definition. The natural isomorphism

0: l(lr_n Homeont i (M, k) — Hom%(M, k)

is defined on a compatible system {f\ € Homcons 1 (My, k)} by taking 6({f1}) to be the unique
k-linear map M — k whose restriction to every M) is fy (this map is -continuous by definition),
and the composition ®p; = 6 o ®, is nothing but post-composition with o, completing the
proof. |

DEFINITION 3.16. Let M be an R-module. The %-continuous dual D> (M) of M is the R-module
Homy (M, k). By Theorem 3.15, we have D(M) ~ D*(M) as R-modules.

Remark 3.17. If M is a finitely generated R-module, then clearly
D*(M) = Homeont 1 (M, k),
so in this case the ®; of Theorem 3.15 is the same as the ®; of Theorem 3.8.

Theorem 3.15 allows us to identify the Matlis dual with the full k-linear dual in the case of
an Artinian module.

COROLLARY 3.18. If M is an R-module such that Supp(M) = {m} (for instance if M is Artinian),
then D(M) ~ Homy(M, k) as R-modules.

Proof. Let M)y be a finitely generated R-submodule of M. The hypothesis on M implies that
M, is annihilated by a power of m and consequently is of finite length. Given any k-linear map
M — k, its restriction to M) is therefore m-adically continuous. We conclude that D*(M) =
Homy, (M, k): the corollary now follows from Theorem 3.15. O

We can now extend the definition of the Matlis dual of an m-adically continuous map
between finitely generated R-modules to a definition of the Matlis dual of a X-continuous
map between arbitrary modules as follows.

PROPOSITION 3.19 (Proposition—Definition). Let M and N be R-modules, and let 6 : M — N
be a ¥-continuous map. Define the Matlis dual 6* : D(N) — D(M) to be the composite

D(N) —— D*(N) —= D*(M) —— D(M),

where again 8V is pre-composition with §. This construction satisfies the following properties:
given another R-module P and a X-continuous map 0’ : N — P, we have (§' 0 §)* = §* 0 §'"* as
k-linear maps D(P) — D(M), and 6* is the usual Matlis dual in the case in which § is R-linear.
Proof. By Lemma 3.14(b), 6V is a well-defined k-linear map D*(N) — D*(M). The final two
assertions follow immediately since both Proposition 3.11 and Lemma 3.12 hold for the restriction
of 4 to any finitely generated R-submodule of M. O
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Remark 3.20. Suppose M, N, and ¢ are as above, and suppose we are given cofinal families { M)}
(respectively {N,}) of R-submodules of M (respectively N), meaning that every R-submodule of
M (respectively N) is contained in some M) (respectively some N,,), with the further condition
that for all A, there exists p such that §(My) C Ny,. Since M = li_n>1M>\ and N = h_r)nNu, it follows
that D(M) ~ 1(i£1D(MA) and D(N) ~ LiLnD(Nu) as R-modules. If we write 0y, for 6|, : My —
N, then it is clear from the construction of Proposition 3.19 that §* : D(N) — D(M) can be
identified with lim (8%, : D(N,) — D(M))).
<—u M

We next show that over a complete local ring, the Matlis dual of a X-continuous map is
again Y-continuous in some important special cases. At present, we do not know an example of a
Y-continuous map for which this is false. (It would be interesting to find necessary and sufficient
conditions on M and N for any X-continuous map M — N to have X-continuous dual.)

ProproSITION 3.21. Let R be a complete local ring with coefficient field k. Let M and N be
R-modules, and let § : M — N be a k-linear map.

(a) If M is Artinian, then 0 is ¥-continuous.

(b) If M and N are finitely generated, then ¢ is m-adically continuous if and only if it is
Y-continuous.

(¢c) If M and N are Artinian, then 6*, which is defined by part (a), is ¥.-continuous.
(d) If N is finitely generated and § is X-continuous, then 0* is X-continuous.

Proof. Suppose that M is Artinian. Any finitely generated R-submodule M), C M is of finite
length and hence is annihilated by m! for some [, so in particular §(m!M,) = 0. Since M) is
of finite length (hence is a finite-dimensional k-space) and 0 is k-linear, (M) is also a finite-
dimensional k-space, so the R-submodule of N that it generates is finitely generated over R. We
conclude that § is ¥-continuous, proving part (a).

If M and N are finitely generated, the image under ¢ of any submodule of M is contained
in a finitely generated R-module, namely N itself. This proves the forward direction of part (b),
and the converse is obvious.

Suppose that M and N are Artinian. Let ¢ be a natural number, and let M; = (0 :py m'), a
finite-length R-submodule of M. As N is Artinian, every element of N is annihilated by some
power of m, so there exists some s such that §(M;) C Ny = (0 :y m®). Now apply Matlis duality.
The containment §(M;) C Ny implies that the kernel of the map D(N) — D(Njy) is carried
by §* into the kernel of D(M) — D(M;). This kernel (which we may identify with D(M /M)
by the exactness of D) is m!D(M); this means that §*(m*D(N)) C m'!D(M), that is, that &*
is continuous with respect to the m-adic topologies on D(N) and D(M). Since M and N are
Artinian and R is complete, D(N) and D(M) are finitely generated [Mat86, Theorem 18.6(v)],
so by part (b), 6* is ¥-continuous. This proves part (c).

If N is finitely generated, then since R is complete, D(N) is Artinian [Mat86,
Theorem 18.6(v)]. The map 6* : D(N) — D(M) is k-linear, hence X-continuous by part (a).
This completes the proof of part (d) and the proposition. O

If M is any R-module, there is a natural map ¢ : M — D(D(M)) defined by evaluation: we set
t(m)(¢) = ¢(m) for all m € M and ¢ € D(M). If R is complete and M is a finitely generated or
Artinian R-module, ¢ is an isomorphism by the main theorem of classical Matlis duality [Mat86,
Theorem 18.6(v)]; in fact, ¢ is injective even for arbitrary M [Mat86, Theorem 18.6(i)]. Moreover,
if f: M — N is an R-linear homomorphism between finitely generated or Artinian R-modules,
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f**:D(D(M)) — D(D(N)) can be naturally identified with f via the evaluation isomorphisms.
Having verified that 6** is well defined whenever ¢ is a Y-continuous map between Artinian or
finitely generated R-modules (Proposition 3.21(c,d)), we now show that the same is true of the
double Matlis dual of a ¥-continuous map between such modules.

ProPOSITION 3.22. Let R be a complete local ring with coefficient field k.
(a) Let M be a finitely generated or Artinian R-module. The evaluation map
/M — D¥(D*(M)),

analogous to 1 : M — D(D(M)) and defined by '(m)(8) = 6(m) for all m € M and § € D*(M),
is an isomorphism of R-modules.

(b) If M and N are R-modules that are either both finitely generated or both Artinian, and
d: M — N is a Y-continuous map, then

sV : D¥(D*(M)) — D*(D*(N))

can be naturally identified with § via the evaluation isomorphisms of part (a); consequently,
5* . D(D(M)) — D(D(N)) can be identified with 0 via the isomorphisms of classical Matlis
duality and Theorem 3.15. (See Proposition 3.19 for the definitions of 6* and §".)

(c) With the hypotheses of part (b), the Matlis dual operation defines an isomorphism
Homy (M, N) ~ Homy(D(N), D(M))

of k-spaces. (In particular, every X-continuous map D(N) — D(M) is the Matlis dual of a
Y-continuous map M — N.)

Proof. If M is any R-module, we obtain an isomorphism
U : D(D(M)) = D¥(D¥(M))
of R-modules by applying Theorem 3.15 twice. This map is defined by the formula

V(1)(8) = a((2/(5)))

for v € D(D(M)) and § € D*(M). We claim that the evaluation maps ¢ and ¢/ satisfy the
identity o =/ If we set 1) = ¢(m) for some m € M, we find

U(u(m))(8) = (@37 (8)(m)) = 8(m),

so that W o ¢ agrees with ¢/ upon evaluation at every 6 € D¥(M), as claimed. If M is finitely
generated or Artinian, ¢ is an isomorphism by classical Matlis duality, so ¢/ is the composite of
two R-module isomorphisms, proving part (a).

Suppose now that M and N are finitely generated R-modules and § : M — N is a -
continuous map (the proof of part (b) in the Artinian case is the same). Using the evaluation
map ¢/, we identify M with D*(D*(M)), and likewise with N. Consider the double dual

§VV': D¥(D¥(M)) — D¥(D*(N)).

Every element of the source takes the form //(m) for some m € M, and by definition we have
SVV (/' (m)) =1 (6(m)); therefore 6V coincides with § upon identifying M and N with their double
Y-continuous duals. The second statement of part (b) follows from the first by Proposition 3.19.
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In particular, with the hypotheses of part (b), it is clear that the map § — J§* is a bijection,
which already implies the parenthetical remark in part (c). It remains to show that the map
0 — 6% is k-linear. Let A\ € k be given. Then we have

A0 =0oN)" =X 0" =Xod"=5§"0oA=A-0",

where we have used Proposition 3.11 and Lemma 3.12, as well as the k-linearity of 0* (since 6*
need not be R-linear, it is not true that the Matlis dual operation defines an isomorphism of
R-modules). This completes the proof. O

Finally, consider the special case where R = k[[x1,...,xz,]] (for k a field) and m is the
maximal ideal of R. Since R is Gorenstein, the local cohomology module H}(R) is isomorphic
to E [BS13, Lemma 11.2.3]. We pick one such isomorphism and think of F as HJ(R) via this
isomorphism. If we compute H(R) using the Cech complex of R with respect to z1,...,Zn
[BS13, Theorem 5.1.20], the resulting R-module consists of all k-linear combinations of ‘inverse
monomials’ x7* - - - z5» where si,...,s, < 0. The R-action is defined by the usual exponential
rules with the caveat that non-negative powers of the variables are set equal to zero, so the
product of a formal power series in R with such an ‘inverse polynomial’ has only finitely many

non-zero terms. We may define a k-linear projection o : ¥ — k of E onto its socle by the formula

§ : S1 s _
U( aSl,---,Sn‘T]. o xnﬂ) - a—l,...,—l S k?

which we think of as ‘taking the (—1,..., —1)-coefficient’ of such an ‘inverse polynomial’ [Kun08,
ch. 5].

The map o can be thought of as a realization of the residue map in coordinates {z;},
and we will sometimes abusively refer to o as ‘the residue map’, the chosen coordinates being
understood. The residue map is a canonical map H[:(Q%) — k. The original reference for the
theory of the residue map is [Har66]: see also [GR05, Exp. IV, Remarque 5.5] and [Kun08, ch. 5]
for concrete descriptions in our special case. A choice of a regular system of parameters zi,
..., &y for R induces a non-canonical R-module isomorphism Hj(R) ~ H72(Q}) (defined by
n+— ndry A--- ANdzxy), and o is the composite of this isomorphism with the residue map. One
could instead take E = H(€}) and the canonical residue map for o, but we will have to use
coordinates in examples later in the paper.

4. Matlis duality for D-modules

We now specialize to the case where (R, m) is a complete local ring with coefficient field k. This
assumption is in force throughout the section unless otherwise indicated.

We show that if D = D(R, k) is the non-commutative ring of k-linear differential operators
on R and M is a left D-module, then elements of D act on M via X-continuous maps. This
fact allows us immediately to apply the formalism of the previous section to define the Matlis
dual of the action of an element of D; in this way, D(M) becomes a right D-module. In the
case of a complete regular local ring with coefficient field & of characteristic zero, we describe a
‘transposition’ operation allowing us to regard these Matlis duals as left D-modules.

Let D = D(R,k) be the ring of k-linear differential operators on R. Suppose M is a left
D-module, and let § € D(R, k) be a differential operator. The map 6 : M — M defined by the
action of ¢ (that is, 6(m) = §-m) is a k-linear map (we abusively use the same letter ¢ to simplify
notation).

We need a lemma on the continuity of differential operators’ action.
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LEMMA 4.1. Let M be a left D(R, k)-module (here R is any commutative ring, and k C R any
commutative subring), and let I C R be any ideal. For any § € D/(R) and s > 0, we have
S(IStIM) C I*M.

Proof. We proceed by induction on s + j. If s + 7 = 0, there is nothing to prove. Now suppose
s+ j > 0 and the containment established for smaller values of s + j. Since § € D’(R), it
follows that [§,7] € D/"Y(R) for any r € R, and so [§,7](I*/~1M) C I*M by the induction
hypothesis for s and j — 1. That is, [§,7](tm) = §(rtm) —rd(tm) € I*M for any r € R, t € [577~}
and m € M. If we further suppose that r € I and put « = rt € I~ = I*tJ we see that
§(xm) = ré(tm) + [6,7](tm). By the induction hypothesis for s — 1 and j, 6(I*t/~1M) c I*"1 M,
so §(tm) € I*"'M and r§(tm) € I*M. Thus both terms on the right-hand side (and their sum
§(xm)) belong to I*M. As any element of It/ M can be expressed as a finite sum o TaltaMa
with 7o € I and t, € I577~1 the result follows. |

If a left D-module M is finitely generated as an R-module, then given any § € D, the lemma
shows that the corresponding map ¢ : M — M is m-adically continuous. Therefore the formalism
of the previous section applies, and we can define the k-linear Matlis dual 6* : D(M) — D(M) in
such a way that if 8’ € D is another differential operator, we have (§' 00)* = §* o (§')* (note that,
by Proposition 3.11, the order of composition is reversed). This allows us to define a structure
of right D-module on D(M) by ¢ -6 = §*(¢). Here is an example of this dual construction.

Ezample 4.2. Let R = k[[z]], where k is a field, equipped with the k-linear derivation § = d/dx.
Denote by m its maximal ideal (z). Take M = R, a finitely generated R-module, and take for E
the local cohomology module H}  (R), which is the module of finite sums Y _ (s /2*) where
as € k. We define Matlis duals of k-linear maps between R-modules using the residue map
o:E — kgiven by 0(} .. (as/2°)) = 1.

We determine explicitly the Matlis dual 6* : D(R) — D(R). Note that E is naturally
isomorphic as R-module to D(R) = Hompg(R, F): an element u € E corresponds to the map
r + ru (and, in the other direction, a map R — FE corresponds to the image of 1 in F).
Let = > .o (as/x°) be such an element of £ and suppose that t is the greatest integer
such that oy # 0. The R-linear map R — FE corresponding to p is defined as follows: given
an element Y ;%o Bz’ of R, its image in E is the product (3% Biz")(> =0 (@s/2*)), which is
carried by o to . asfs—1. Therefore the corresponding k-linear map ooy : R — k is given by
hra Bzt — Y 50 ®sBs—1. The map p annihilates m'; write i for the R-linear map R/m! — E
induced on the quotient.

The derivation § induces a k-linear map R/m‘*! — R/m! by the Leibniz rule, and the k-linear

composite R/m*t1 — R/m! %k is defined by

t t—1

Z Nzt Z(z + 1))\i+1xi — Z SQus A,

i=0 i=0 $>0
where the scalars o are the numerators in the expansion of p. Since R/m!*! is of finite length
as an R-module, this composite corresponds to a unique R-linear map R/m!™! — E, that is,
a map R — E defined by multiplication by an element of E that is annihilated by m‘*!. This
map R — F is the image of p under 0%, and examining the formula above, we see that the
corresponding element of E (the image of 1) cannot be anything but Y (sas/z*T1). Therefore,
viewed at the level of a map ¥ — FE, the map 0" is defined by

1 S
7 () = o
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which differs from the standard (‘quotient rule’) differentiation map on E only by a minus sign.
(Our discussion of ‘transposition’ at the end of this section will indicate the reason for this sign.)
This concludes Example 4.2.

In order to extend this definition of Matlis dual to arbitrary D-modules, removing the finite
generation hypothesis, we need to show that differential operators act on D-modules via -

continuous maps. We prove this now using the alternate characterization of differential operators
given in EGA [GD67].

DEFINITION 4.3. Suppose that R is any commutative ring and & C R a commutative subring.
We denote by B the ring R ® R, by p: B — R the multiplication map u(r ® s) = rs, and by
J C B the kernel of . We identify the subring R®; 1 = {r®1|r € R} of B with R, and view
B as an R-algebra using this identification. In this way, B and all ideals of B can be regarded
as R-modules. Finally, for any j > 0, we denote by Pf% Ik (or PJ) the quotient B/Ji+1.

In [GD67], differential operators are described in terms of R-linear maps via the following
correspondence.

PROPOSITION 4.4 [GD67, Proposition 16.8.4]. For any commutative ring R and commutative
subring k C R, there is an isomorphism

Homp(P’, R) ~ D’(R)

of R-modules, where the differential operators on the right-hand side are understood to be
k-linear.

In our case, where R is a complete local ring and k a coefficient field, both sides of the
isomorphism of Proposition 4.4 are finitely generated R-modules.

PROPOSITION 4.5. Let (R, m) be a (Noetherian) complete local ring with coefficient field k. For
all j, the R-module D’(R) C D(R, k) is finitely generated.

The following definition will be used in the proof of Proposition 4.5.

DEFINITION 4.6. Let (R,m) be a local ring. For any R-module L, the mazimal m-adically
separated quotient of L is L = L/((),m°L). Note that L*P is m-adically separated, and
L/mL =~ L¥ /m L.

Proof of Proposition 4.5. Let j be given. By Proposition 4.4, it suffices to show that
Homp(P’, R) is a finitely generated R-module. As R is m-adically separated, every
f € Homp(P?, R) factors uniquely through (P7)*P. Therefore Hompg((P7)*P, R) ~ Homp(P?, R)
as R-modules. We claim that (P7)5°P is itself a finitely generated R-module, from which it will
follow at once that

Homp((P7)**P, R) ~ Hompg(P?, R) ~ D’ (R)

is finitely generated as well. We have
(P7)5P /m(P7)*P ~ PJ /mP? = B/(mB + J/ 1)

as k-spaces. Since (P7)P is m-adically separated and R is m-adically complete, (P7)%P is a
finitely generated R-module if (P7)%°P/m(P7)%P is a finite-dimensional k-space, by a form of
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Nakayama’s lemma [Eis95, Example 7.2]. Therefore we have reduced the proof of the proposition
to the proof that for all j, the k-space B/(mB + J7*1) is finite-dimensional, which we give now.

The elements r ® 1 — 1 ® r with 7 € R generate J as an R-module: given b= ". 7. ®r; € B,
we have b € J if and only if ), 7/r; = 0, and in this case we see that

b= Z(n‘@m—rgmm) = _Z(rz’-@l)(ri@l —1®mr) :Z(—TQ (@l —1®m)
is an R-linear combination of elements of the form described. The equation

rr =r'@l—-r-(Fol-1x1)

for r,7" € R also shows that we have an R-module direct sum decomposition B = (R ®j, 1) @ J.
Since R is Noetherian, we can fix a finite set of generators x1,...,xs for m. Moreover, since R
contains its residue field k, we have a direct sum decomposition (as k-spaces) R = k & m, so
given any r € R, we can write r = ¢+ z1y; + - - - + xsys where ¢ € k and y; € R. We then have
r@l-—1®r=>(rxy®1—-1®xy;),since c®1=1® c for ¢ € k. For all i, we can express
iy @1 —1Q® x;y; as

(yio)(z;®1-1Qz;) — (2;®1-10z)(¥1i®1l-1Qy) + (1) (Y, ®1 -1 y;)

where the second summand belongs to J? and the third summand belongs to m.J. We conclude
that @1 —1®@7r— (v (z;®1—1®x;)) € J? +mJ. Therefore, if we write b; = z; ® 1 —1®x;,
the classes of the b; generate J/(J? 4+ mJ) as an R-module. Since m annihilates J/(J? + mJ),
and R = k @ m as k-spaces, we see that moreover the classes of the b; span J/(J? +mJ) as a
k-space. Let L; be the k-span of the monomials of degree at most j in the b;, and let L;- be the
k-span of such monomials of degree precisely j, so that L; = {:0 Lj: clearly all L; and L; are
finite-dimensional k-spaces. With this notation, what we have just shown is that J = L} +J?+m.J.

Now let b € B be arbitrary. Using the R-module direct sum decomposition B = (R® 1) ® J,
we write b = (r ® 1) + x where x € J. Using the k-space direct sum decomposition R = k @ m,
we write 7 = ¢+ y where ¢ € k and y € m, so that y ® 1 € mB. Our work above shows that there
exist B € J? and v € mJ such that x — 3 — v lies in L|. We have (y ® 1) ++ € mB. We conclude
from the decomposition

b=(c@l)+@—-B-7)+B8+(+ 1)

that B C L1 + J? + mB (since c® 1 =c-(1® 1) € Ly C L), and hence that B/(mB + J?)
is spanned as a k-space by Li. Moreover, it follows by induction that for all j, B/(mB + J/T1) is
spanned as a k-space by L;. Assume the conclusion for j — 1, that is, that B C L;j_1 +mB + JI.
We have already shown J = L} + mJ + J2. Taking the jth power of both sides, we find J7 C
mJ + Y, L;ilJQl CmB + L+ J7!, since b; € J and for any | >0, 2l + (j — 1) > j + 1.
Therefore

B C (Lj—1+ L)) +mB+ Jt.

Since Lj_1 + L;- = L;, we have shown B/(mB + J7*1) is spanned over k by L;, completing the
induction. It follows that every B/(mB + J/*!) is a finite-dimensional k-space, completing

the proof. |
Remark 4.7. Our proof of Proposition 4.5 above, together with [Eis95, Example 7.2], has the
following consequence which we record separately for reference: if we fix generators =1, ...,z for
the maximal ideal m, then (P7)%P is generated over R by the classes of monomials in bg, by, ..., b,

of degree at most j, where bjp =1®1land b; =z; ® 1 —1Qx; fori=1,...,n.

2104

https://doi.org/10.1112/50010437X17007345 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X17007345

DE RHAM HOMOLOGY AND COHOMOLOGY

We have now assembled enough preliminaries to prove the >-continuity of differential
operators over a complete local ring.

PROPOSITION 4.8. Let (R, m) be a (Noetherian) complete local ring with coefficient field k, and
let D = D(R,k). If M is a left D-module and § € D(R,k), then 6 : M — M is ¥-continuous.
(The analogous statement is also true if M is a right D-module.)

Proof. We verify the conditions of Definition 3.13. Let M) be a finitely generated R-submodule
of M and let § € D(R,k). We assert that the R-submodule (§(M))) of M generated by the
image of M, under ¢ is finitely generated over R. (By Lemma 4.1, we already know the restriction
of 0 to M) will be m-adically continuous, so this is all that must be proved.) With A fixed, we
proceed by induction on the order j of §. Fix a finite set of generators my,...,m, for M,. If
j = 0, then ¢ is R-linear, so 6(m1),...,d(my,) generate (6(M,)). Now suppose j > 0 and the
statement proved for smaller values of j. By Proposition 4.5, we can find a finite set of R-module
generators dj, ..., ds for D’~1(R). Then we claim

{6(m4) }i U {dy(mq) b4

is a finite set of generators for (§(M))). Indeed, given any element my € M), we can write it
as a linear combination rymj + - -+ 4+ rpymy,, and §(r;m;) = r;6(m;) + [d,73](m;) for all 4. Since
[6,75] € DI7Y(R), we can write [6,7;] = p1id1 + -+ + psids for some p1;,...,ps; € R. Then

d(rimy) = 1i6(my) + p1idi(mg) + - - - + psids(my)

for all 4. The sum »_ d(r;m;) = 6(my)) thus belongs to the R-submodule of M generated by the
specified finite set, completing the proof. a

Remark 4.9. More generally, if M and N are any two R-modules, there is a notion of k-linear
differential operators M — N [GD67, Déf. 16.8.1]. We do not know under what conditions
such differential operators are Y-continuous.

COROLLARY 4.10 (Corollary—Definition). Let (R,m) be a complete local ring with coefficient
field k, and let D = D(R,k). Let M be a left D-module. Then the Matlis dual D(M) =
Homp(M, E) has a natural structure of right D-module. If M is a right D-module, D(M)
has a natural structure of left D-module.

Proof. By symmetry, it suffices to prove the statement when M is a left D-module. Given any
d € D(R, k), Propositions 4.8 and 3.19 imply that the Matlis dual * : D(M) — D(M) is defined.
We define a right D(R, k)-action on D(M) by ¢-6 = 6*(¢). This definition satisfies the axioms for
a right action since, given another differential operator ¢’ € D(R, k), we have (8’ 0§)* = 6* o (§')*,
again by Proposition 3.19. O

PROPOSITION 4.11. Let ¢ : M — N be a homomorphism of left D-modules. The Matlis dual
¢* : D(N) — D(M), as defined in Proposition 3.19, is a homomorphism of right D-modules. The
analogous statement for a homomorphism of right D-modules is true as well. Therefore, Matlis
duality defines contravariant functors from the category of left D-modules to the category of
right D-modules and vice versa.
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Proof. Again it suffices to prove the first statement. Note first that since ¢ is left D-linear,
it is R-linear and hence Y-continuous by Lemma 3.14(a). Let § € D be given, and write
Op : M — M and o5 : N — N for the actions of 6 on M and N. As is clear from the proof of
Corollary 4.10, the right D-module structure on D(M) is defined by transport of structure from
that on D¥(M) via the functorial isomorphism of Theorem 3.15. Therefore we need only check
that ¢V : D*(N) — D*(M) is right D-linear. Since ¢ is left D-linear, we have ¢ o dy; = dy o ¢.
Therefore, if A\ € D¥(N), we have

OV(N-0) =@V (Nody) =Aodyop=Aodody =ad"(\)ody =¢"(\) -4,

so that ¢V is right D-linear, completing the proof. |

Recall from §3 that if M is an R-module, we have the natural evaluation map ¢ : M —
D(D(M)) which is injective for arbitrary M and an isomorphism if M is finitely generated or
Artinian. If M is a left D-module, then D(D(M)) is also a left D-module (apply Corollary 4.10
twice). The following proposition justifies our use of the expression ‘Matlis duality for
D-modules’.

PROPOSITION 4.12. Let M be a left D-module. The evaluation map ¢ : M — D(D(M)) is a
morphism of left D-modules. In particular, if M is finitely generated or Artinian as an R-module,
then ¢ is an isomorphism of left D-modules.

Proof. By the proof of Proposition 3.22(a), we have an isomorphism
U : D(D(M)) S D¥(D*(M))

of R-modules, and the left D-module structure on D(D(M)) is defined, by transport of structure,
using the left D-module structure on the right-hand side. We also have an evaluation map

/M — D*(D*(M))

defined by ¢/(m)(8) = §(m) for all m € M and § € D*(M). The proof of Proposition 3.22(a)
shows that ¥ o = //. It therefore suffices to check that ./ is left D-linear. We must show that
for any m € M and d € D, we have /(d - m) = d -/ (m). The left-hand side is the evaluation
map at d-m € M. The right-hand side is the same, because d acts on the evaluation map ¢’ by
precomposition with d : M — M. This completes the proof. O

We give some examples of Matlis duals with right D(R, k)-structures, mostly involving local
cohomology.

Ezample 4.13. Let (R, m) be a complete local ring with coefficient field k.

(a) Since R is a left D(R, k)-module and F = D(R), E has a natural structure of right
D(R, k)-module.

(b) If M is a left D(R, k)-module, so is Mg for any multiplicatively closed subset S C R
[Lyu93, Example 5.1(a)]. If I C R is an ideal, the local cohomology modules H%(R) supported
at I have the structure of left D(R, k)-modules, because Hi(R) is the ith cohomology object of a
complex whose objects are localizations of the left D(R, k)-module R and whose maps, sums of

natural localization maps, are D(R, k)-linear [Lyu93, Example 5.1(c)]. By the previous theorem,
the Matlis duals D(H}(R)) are right D(R, k)-modules.
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(c) Now suppose I = m. If R is Cohen-Macaulay, then H (R) is zero unless i = dim(R).
The Matlis dual D(Hgim(R)(R)), which is the canonical module of R, therefore has a structure
of right D(R, k)-module. If R is not Cohen-Macaulay, there exists some i < dim(R) such
that H{ (R) is non-zero. For such an i, the Matlis dual D(H{ (R)) is a right D(R, k)-module that
is finitely generated (since H} (R) is Artinian) as an R-module and whose dimension is strictly
less than the dimension of R (in fact, its dimension is bounded above by i: [GR05, Exp. V,
Theorem 3.1(ii)]).

We give some more details related to Example 4.13(a). Since R is a finitely generated R-
module, we know by Theorem 3.8 that £ = D(R) ~ Homcon x(R, k), and the right D-action
on Homgong (R, k) is defined by 6 -d = 6 od for d € D and 6 € Homeong (R, k). If M is any
R-module, we have an isomorphism

D*(M) = Hompg(M, Homeon 1 (R, k))

by combining Theorems 3.15 and 3.8. Concretely, this isomorphism carries a -continuous map
d: M — k to the R-linear map M — Homgong (R, k) defined by m +— (r — d(rm)), and its
inverse carries an R-linear map ¢ : M — Homcont x(R, k) to the X-continuous map M — k
defined by m +— ¢ (m)(1).

By identifying E with Homeons x(R, k) endowed with the right D-structure above, we
can give an alternate description of the right action of derivations (differential operators of
order precisely 1) on the Matlis dual of any left D-module, using the formulas of [HTTOS,
Proposition 1.2.9]: if § € D is a derivation and M is a left D-module, then for any R-linear map
¢ : M — E, we define an R-linear map ¢ -9 : M — E by (¢-0)(m) = ¢(0 - m) + ¢(m) - §. This
formula extends to define a right action of the R-subalgebra of D generated by R together with
the derivations (e.g., if R is regular, this subalgebra is all of D). This right action coincides with
the right action we have defined in Corollary 4.10, as follows.

PROPOSITION 4.14. With the hypotheses of Corollary 4.10, let M be a left D-module, and let
D(M) be its Matlis dual. If 6 € D is a derivation and ¢ : M — E is R-linear, we have 0*(¢) = ¢-9,
where the right-hand side is defined as in [HTTOS, Proposition 1.2.9].

Proof. We use the various identifications between equivalent forms of D(M). The map ¢

corresponds, under the isomorphism D(M) R2UN D*(M) of Theorem 3.15, to ¢ o ¢, and
§*(¢) = 0 0 ¢ o 6. Under the identification D*(M) ~ Hompg(M, Homeons x(R, k)) given earlier,
o o ¢ o corresponds to the map

m— (r— o(p(d(rm)))).

On the other hand, for any m € M, we have (¢-0)(m) = ¢(6-m)+¢(m)-d € E, where we identify
E with the right D-module Homgons 1 (R, k) in order to define ¢(m)-d. Under this identification,
¢(m) - 0 is the map r — o(r¢(d - m)), and ¢(0 - m) is the map r — o(5(r)p(m)). It is therefore
enough to show that

a(¢(d(rm))) = a(re( - m)) + o (5(r)p(m))

for all r € R and m € M, which follows immediately from the relations §(rm) = 6(r)m + rd(m)
holding in any left D-module M. O
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We now specialize further to the case in which R = k[[x1, ..., zy]] is a formal power series ring
over a field of characteristic zero. In this case, there is a transposition operation that converts
left modules over D(R, k) to right modules and conversely. We recall its definition (see [HTTO08,
p. 19 and Lemma 1.2.6] for the case of a polynomial ring, or more generally, a smooth variety
over k; the formal power series definition is essentially the same). Since k is of characteristic zero,
the ring D(R, k) is a free left R-module generated by monomials in &y = 9/0x1,...,0, = 0/0xy,.

DEFINITION 4.15. Let R = k[[x1,...,zy]] where k is a field of characteristic zero, and let M be
a left D(R, k)-module. Let pd;* - -- 9% be an element of D(R, k), where p € R. If - denotes the
given left action of D(R, k), then for any m € M, the formula

o (B ) = ((~1) g 0 p) - m
defines the transpose action, a right D(R, k)-action * on M.

There is, of course, a symmetric notion of the transpose of a right D-module, which is
a left D-module. To see that the right action given above is well defined, we view it in the
following way. Let D(R, k)° be the opposite algebra of D(R, k). There exists a unique isomorphism
¢ : D(R,k)° — D(R, k) such that ¢(p) = p for all p € R and ¢(9;) = —0; for all i, which when
viewed as a map ¢ : D(R, k) — D(R, k) is called the principal anti-automorphism of D(R, k).
To see that this is an isomorphism, note that since all elements of R commute with each other
and all 9; commute with each other, the only non-trivial relations among elements of D(R, k)
are the relations 0;p = pd; + 0;(p). The map ¢, which is clearly bijective, carries d;p to —pd;
and pd; + 0;(p) to —0;p + 0i(p); since —pd; = —0ip + 0;(p), the relations are respected. The
transposed action # is then simply defined by m % 6 = ¢(d) - m for § € D(R, k).

Remark 4.16. As defined in the previous paragraph, the anti-automorphism ¢ (and therefore the
transposition operation) depends on the choice of variables x1, ..., zp,.

PROPOSITION 4.17. Let R = k[[z1,...,2z,]] with k a field of characteristic zero, D = D(R, k),
and M any left D-module. There is a natural structure of left D-module on the Matlis dual
D(M) = Hompg(M, E).

Proof. Apply the right-to-left version of the transposition operation described above to the right
D-module D(M) with structure defined in Corollary 4.10. O

Therefore, in this case, Matlis duality provides a (contravariant) functor from left D-modules
to left D-modules. We recall here Remark 1.4: even if M is holonomic, the Matlis dual D(M)
need not be holonomic.

5. The de Rham complex of a Matlis dual

Let R = k[[z1,...,xy]] where k is a field of characteristic zero, and let D = D(R, k). For any
left D-module M, we can define its de Rham complex M ® QF, (see §2 for definitions and
notation concerning de Rham complexes). The Matlis dual D(M) is also a left D-module by
Proposition 4.17, so we can consider the de Rham complex D(M) @ QY. (Every D-module we
consider in this section will be a left D-module, so we no longer say so explicitly.)

Our goal in this section is to compare the cohomology of these two complexes. Specifically,
we will show the following.
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THEOREM 5.1. Let R and D be as above. If M is a holonomic D-module, then for all i, we have
isomorphisms

(Hr(M))" ~ Hg " (D(M))

where V denotes k-linear dual, i.e. Homy(—, k).

By Proposition 4.8, the differentials in the complex M ® %, are X-continuous, so the entire
complex can be Matlis dualized. Since the functor D is contravariant, the ith object in this
dualized complex D(M ® Q%) is D(M ® Q% "). Theorem 5.1 is a trivial consequence of the
following pair of propositions.

PROPOSITION 5.2. Let R and D be as above. If M is a holonomic D-module, then for all i, we
have isomorphisms

(W (M ® Q)" ~ b (D(M & QF)).

PRroOPOSITION 5.3. Let R and D be as above. If M is any D-module, then for all i, we have
isomorphisms

H(D(M ® Q})) ~ h(D(M) @ OF).

Proposition 5.3 is relatively straightforward, and we prove it first. The proof of
Proposition 5.2, which is the longest and most involved proof in this paper, will take up the
remainder of this section.

Before giving the proof of Proposition 5.3, we recall the definition of the Koszul complex, for
which a reference is [Wei94, §4.5].

DEFINITION 5.4. Let R be a commutative ring, let x = (z1,...,x,) be a sequence of elements
of R, and let M be an R-module. The Koszul compler Ko(x) of R with respect to x is the
homologically indexed complex of length n whose ith object K;(x) is a direct sum of (7;) copies
of R (indexed by i-tuples ej; A --- Aej, where 1 < ji < --- < j; < n) and where the differential
d; : K;(x) — K;_1(x) carries the basis element ej, A --- Aej, to
i

D (=1 my e A NG A Ney,

s=1
where the €, means that symbol is omitted. The homological Koszul compler Ko(M;x) of M
with respect to x is the complex K,o(x) ® g M, and the cohomological Koszul complex K*®(M;x)
of M with respect to x is the complex Homp(K,(x), M).

PROPOSITION 5.5 [Wei%4, Example 4.5.2]. Let R be a commutative ring, let x = (x1,...,zy) be
a sequence of elements of R, and let M be an R-module. For all i, we have h;(Ke¢(M;x)) =~
h"{(K*(M;x)) as R-modules.

We can now prove Proposition 5.3.

Proof of Proposition 5.3. We first compute the differentials in the complex D(M ® Q%). Let i
be given, and consider the differential d’ : M ® Qzé - M® QEH. An element of M ® Q’é is a
sum of terms of the form mj,...;, dxj, A --- Adxj;, where 1 < j; < --- < j; < n, and the formula
for d' is

d'(mdzj, A--- Ndrj) = Z@s(m) drs Ndxj, A--- Ndxj,.
s=1
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Now consider the Matlis dual of this differential. Since the Matlis dual functor commutes with
finite direct sums, we can identify D(M ® Q%) with a direct sum of (?) copies of D(M), again
indexed by the dzj, A--- Adzj,. If ¢ € D(M), we have the formula

i+1
(@) (¢dzjy A+ Ndaj,,) =D (=105 (8) dajy A+ Adj, A+ Aday,,.
s=1

Consider the commutative subring A = k[0, ..., 0,] C D. The D-module D(M) is a fortiori a A-
module, and the de Rham complex D(M)®Q%, is the cohomological Koszul complex K*(D(M); 0)
of the A-module D(M) with respect to @ = (91, ..., 0y), where the 9; act on D(M) via the maps
—0; (according to Definition 4.15). On the other hand, by the formula above, it is clear that
D(M ®%,) is the homological Koszul complex Ko(D(M);0) (up to a sign, which does not affect
cohomology). We have

B (D(M);0)) = ha_s(Ka(D(M); 0))

by Proposition 5.5; regarding the complex on the right as being cohomologically indexed (as we
do when considering it as the Matlis dual of M ® %,), we see that the right-hand side is its ith
cohomology object, completing the proof. O

The remainder of this section is long and contains a great deal of preliminary material
necessary for the proof of Proposition 5.2. Before giving this preliminary material, we first outline
it for the reader’s benefit, then introduce some notation that we will use repeatedly.

— First, we prove some lemmas concerning direct and inverse systems of modules. The key
definition here, Definition 5.10 (strong-sense stability), is a dual version of the Mittag-Leffler
condition.

— We then introduce some definitions and results due to van den Essen, who in a series of
papers studied the kernels and cokernels of differential operators. Not only his results, but
also some of the ideas in his proofs, will be of necessary use to us. We discuss changes of
variable and prove a technical lemma, Lemma 5.28, that relies on van den Essen’s work.

— We next describe how to ‘stratify’ the de Rham complex M ® 1%, writing it as a direct
limit of ‘de Rham-like’ complexes whose objects are finitely generated R-modules. The
crucial result concerning this direct system is Proposition 5.30, which asserts that the
cohomology objects of these complexes satisfy strong-sense stability with finite-dimensional
stable images. We also give a more general version of this result, Corollary 5.31, which will
be of no use to us in this section but to which we will need to appeal in §7.

— Finally, we give the proof of Proposition 5.2, using our work in §3 on Matlis duality.

We need to work not only with the rings R and D, but also with subrings defined using

proper subsets of {z1,...,Tn}.

DEFINITION 5.6. Let j > 0 be given. We denote by R; the subring k[[z1, ...,z;]] C R, and by R/
the subring k[[zn—j41,...,2,]] C R. (Thus, R = R, = R" and k = Ry = R°.) We denote by
D; = D(Rj, k) and D/ = D(R/, k) the corresponding rings of differential operators, which are
subrings of D.

This notation will be in force throughout the section, and will not be repeated in the
statements of results.
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Remark 5.7. If M is any D-module, it is also a module over D; and DI for all j, and we have
short exact sequences relating its ‘partial’ and ‘full’ de Rham complexes analogous to the short
exact sequence of Definition 2.21. These sequences take the form

0> M®Qy[-1] > MeQ%1 - MeQy —0

where the first map is given by A dz,—;. The maps in the complex M ®Q3,; are D, ;-linear, and
hence its cohomology objects are D,,_j-modules; by the same argument as in Lemma 2.22, if we
consider the associated long exact cohomology sequence, its connecting homomorphisms (up to
a sign) are simply 0,—;. Of course, there is also a version of this sequence involving de Rham
complexes over R; and Rj1 instead of R/ and R/*1.

In the proof of Proposition 5.2, we will consider various direct and inverse systems of
complexes of R-modules and k-spaces. (All our direct and inverse systems will be indexed by the
natural numbers, but the following discussion applies to any filtered index set.) The interaction
of cohomology with direct limits in these categories is not complicated: the direct limit is an
exact functor [Wei94, Theorem 2.6.15], and so it commutes with cohomology. For inverse limits,
more caution is required, as the inverse limit is, in general, only left exact. In order to ensure that
cohomology commutes with inverse limits, we will need to verify the Mittag-Leffler condition for
the inverse systems we consider (see Proposition 5.9 below).

DEFINITION 5.8 [GD61, 13.1.2]. Let {M;} be an inverse system (indexed by N) of modules over a
commutative ring R, with inverse limit M = 1(1_1_an and transition maps f;; : M; — M; for i < j.
We say that the system {M;} satisfies the Mittag-Leffler condition if for all [, the descending
chain {fi+s1(Mits)}s=0 of submodules of M; becomes stationary: there exists some s such that

for all t > s, fips1(Miys) = fryeg(Migy).

The utility of the Mittag-Leffler condition for us is contained in the following proposition,
which is an immediate consequence of [GD61, Proposition 13.2.3] (the result is stated in [GD61]
only for complexes of Abelian groups, but the proof given there is valid more generally).

PROPOSITION 5.9 [GD61, Proposition 13.2.3]. Let {M} be an inverse system (indexed by N) of
complexes of modules over a commutative ring R. For every j, there is a canonical homomorphism

n; b (l(gle) — l(ir_nhj(Mi')

of R-modules. Suppose that for every j, the inverse systems {MZJ}Z and {h?(M?)}; of R-
modules both satisfy the Mittag-Leffler condition. Then for every j, n; is an isomorphism of
R-modules.

The following condition on direct systems can be thought of as a sort of dual to the Mittag-
Leffler condition.

DEFINITION 5.10. Let {M;} be a direct system (indexed by N) of modules over a commutative
ring R, with direct limit M = 111_1)1]\/[% R-linear transition maps f;; : M; — M; for ¢ < j, and
R-linear insertion maps f; : M; — M. Fix j and let N; C M; be an R-submodule. We say that
the images of IN; under the transition maps stabilize in the strong sense if there exists [ such
that f;4; : M;4; — M induces an isomorphism

Figt(N;) = f3(N;);
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equivalently, f;+i(Nj) Nker fi4; = 0. (If we say that the images of some object stabilize in
the strong sense, it will be clear from context with respect to which transition maps and direct
system we mean.)

Note that since ker f;;; 1 C ker f;4; for any I’ > [, it follows at once from Definition 5.10

that there are also isomorphisms f; j1(N;) = fjj+r(N;) induced by the transition maps.
This condition is automatic if R is Noetherian and V; is finitely generated.

LEMMA 5.11. Let R be a commutative Noetherian ring. If {M;} is a direct system of R-modules
as in Definition 5.10, and N; C Mj is a finitely generated R-submodule, then the images of N;
stabilize in the strong sense.

Proof. Since R is Noetherian, ker f; N N; is also a finitely generated R-module. Fix R-generators
x1,...,xs for ker f; N N;. For all ¢ € {1,...,s}, we have fj(x;) =0, and so there exists l; > 0
such that f; 4, (z;) =0 € M;yy,. If we put | = max {l;}, then f; ;; annihilates ker f; N N;. We
claim that

fi.5+1(Nj) Nker fjy = 0.

Suppose that = € M, belongs to this intersection. Then we have f;1;(xz) =0 and z = f; j 11 (y)
for some y € N;. From f;(y) = fj+i(fjj+1(y)) = fj+1(x) = 0, we conclude y € ker f;; but y € N;
as well, and since f; j;; annihilates ker f; N Vj, it follows that x = f; j1i(y) = 0, completing the
proof. O

In the case of vector spaces over a field, the connection between the Mittag-Lefller condition
and strong-sense stability can be made more precise. First, we need a basic lemma concerning
the interaction of images and dual spaces. (Recall that V denotes k-linear dual.)

LEMMA 5.12. Let k be a field.

(a) If V and W are vector spaces over k, and f : V — W is a k-linear map, we can identify
(im f)V with a subspace of VV in such a way that (im f)¥ = im(f").

(b) If {U;}ien is an inverse system of k-spaces (with transition maps fj; : U; — U; for i < j)
which satisfies the Mittag-Leffler condition, then the inverse system {U,V} also satisfies the
Mittag-Leffler condition.

Proof. Factor f asV — im f C W, and dualize this factorization to obtain W — (im f)¥ — VV.
The image of the last map is im(f"), and the injectivity allows us to identify this image with
(im f)V. This proves part (a).

We now prove part (b). Fix i. By the Mittag-Leffler condition, the descending chain
{fji(U;)}j=i of subspaces of U; stabilizes, say at j = I. Therefore fi;(U;) = fsi(Us) for all s > 1,
and consequently (f;(U;))VY = (fsi(Us))¥ as subspaces of UV for all s > [. After applying
part (a) twice, it follows that f/V(UV) = fuV(UYV) as subspaces of U" for all s > [, that is,
that the descending chain {f}"(U")} of subspaces of U;"" stabilizes at j = I. We conclude that

ji
{UV} also satisfies the Mittag-Leffler condition, completing the proof. O

LEMMA 5.13. Let {U;} be an inverse system (indexed by N) of vector spaces over a field k, with
transition maps f;;. For all i, let V; = U, be the k-space dual of U;, and regard {V;} as a direct
system with transition maps \;; = fjvz for i < j. Suppose that for all [, the images of V; under
the transition maps A\ ;s stabilize in the strong sense. Then {U;} satisfies the Mittag-Leffler
condition.
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Proof. We prove the contrapositive. Suppose that the system {U;} does not satisfy Mittag-Leffer.
Then there is an [ such that for all s, there exists t > s such that fi1+;(Uise) € figsi(Uigs)-
Since k-space dual is an exact functor, proper injections dualize to surjections with non-
trivial kernels, so the surjection (fiys1(Uits))” = (fi+1(Ui4))Y is not an isomorphism. By
Lemma 5.12(a), we can identify (fi4s:(Uts))Y with A j1s(V)) (respectively (fi1+:(Ui))Y with
Ai+¢(V1)) as a subspace of Vi (respectively Vi), and under these identifications, the surjection
(fias1(Uirs))Y = (fixe1(Uige))Y is nothing but Aj4 44 restricted to A j4s(V;). We conclude that
the images of V; cannot stabilize in the strong sense. O

We will also need a technical lemma concerning double duals.

LEMMA 5.14. Let k be a field, and let {U,;};cn be an inverse system of k-spaces, indexed by N,
with transition maps fj; : U; — U; for i < j, and inverse limit U = l(inUl Suppose that the
inverse system {U;} satisfies the Mittag-Leffler condition and that the inverse limit lim (UYV) is
a finite-dimensional k-space. Then lim U; ~ lim (U).

Proof. The canonical map from a k-space U; to its double dual U,”" is always injective, and the
inverse limit is left exact [AM69, Proposition 10.2], so there is a natural injection U = lim U; —
1<i_I£1UiVV. Therefore U is also finite-dimensional. For all 4, let U/ = Mi<;j f7:(U;) be the stable
image of the transition maps inside U; (this descending chain stabilizes by the Mittag-Leffler
hypothesis). Then [Har77, p. 191] {U}} is also an inverse system, now with surjective transition
maps, such that limU] = U and U maps surjectively to all U/. In particular, all U] are finite-
dimensional k-spaces and hence isomorphic to their double duals (U/)¥V. By Lemma 5.12(b), the
inverse system {UV} also satisfies the Mittag-Leffler condition, and moreover, we can identify
the double dual of a stable image, (U/)V", with the stable image of the double dual, (U,”Y) c U,’V.
Since for all ¢, U] is canonically isomorphic to its double dual, the corresponding inverse limits
are also isomorphic. Thus we have isomorphisms

lim U; ~ lim U] ~ lim (U})"" ~1lim (U;”Y) ~ lim U},
<— <— < <— <~—
completing the proof. O

Remark 5.15. The Mittag-LefHler hypothesis in Lemma 5.14 is actually superfluous: Paul Garrett
(private communication) has given a proof assuming only that Lgl (UV) is finite-dimensional.
However, we will only need the statement in the Mittag-Leffler case, and the proof in general is
more difficult.

In a series of papers [vdE79a, vdE79b, vdE82, vdES83, vdE85], van den Essen examined the
effect of the operator 0,, acting on a holonomic D-module, culminating in a proof of Theorem 2.2.
(See also [Swil6] for an expository account of this proof.) Van den Essen’s first result was that
the kernel of 9, behaves as well as we might hope.

THEOREM 5.16 [vdE79b, Theorem|. If M is a holonomic D-module and M* is the kernel of
On : M — M, then M* is a holonomic D,,_1-module.

The key step in the proof of Theorem 5.16 is the following lemma, which we will use below
in the proof of Lemma 5.28.

LEMMA 5.17 [vdE79b, Corollary 2|. Let M be a D-module and let M* be the kernel of
Opn: M —> M.IfM=R-M*, then M = M* & x,M as D,_1-modules.
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Without some conditions, there is no analogous result for cokernels; van den Essen gives a
concrete example in [vdE82, Theorem| in which M is a holonomic D-module but M /0, (M) is
not holonomic.

PROPOSITION 5.18 [vdE82, Proposition 1]. Let M be a holonomic D-module. There exists an
element g € R such that the localization M, is a finitely generated R,-module.

DEFINITION 5.19. Let M be a D-module, let m € M, and let 7 € D be a derivation. We write
E,(m) for the R-submodule of M generated by {7¢(m)};>0.

LEMMA 5.20 [vdE79a, ch. II, Proposition 1.16]. Let M be a D-module. Suppose that there exists
g € R which is x,-regular (that is, such that ¢(0,0,...,0,z,) # 0) and such that M, is a finitely
generated Rj-module. Then for all m € M, there exists an x,-regular f € R such that the
R-submodule E¢p, (m) of M is finitely generated.

The source [vdE79a] remains unpublished; see also [Swil6, Lemma 4.2] for a proof of
Lemma 5.20. The conclusion of this lemma leads us to make the following definition.

DEFINITION 5.21. If M is a D-module, an element m € M is x,-reqular if there exists an x,-
regular element f € R such that Eyg,(m) is a finitely generated R-module. A holonomic D-
module M is x,-reqular if there exists an x,-regular m € M such that M =D - m.

From the following proposition, it follows immediately that if a holonomic D-module M is
xp-regular, then every m € M such that M =D - m is x,-regular.

PROPOSITION 5.22 [vdE79a, Proposition 11.1.3(2)]. Let M be a D-module, let m € M, and let
7 € D be a derivation. If the R-module E.(m) is finitely generated, so is the R-module E-(6(m))
for any § € D.

Since [vdET79a] remains unpublished, we reproduce for the reader the proof of Proposition 5.22
given in [vdET79al.

Proof. Since D is generated over R by finite products of the derivations 0;, it clearly suffices to
check that if F-(m) is finitely generated, so is E,(9;(m)) for all i. Fix such an i. The hypothesis
that E-(m) is finitely generated implies that there exists p such that

™(m)€R-m+R-7(m)+---+ R-77"Y(m).

For every j, the commutator [7,0;] = 70; — 0;7 € D is again a derivation, hence is an R-linear
combination of 01, ...,3d,. That is, we have

Taj—ajTGR‘a1+"'+R'an‘
An induction argument using the two displayed statements shows that for every [, we have
7H(9;(m)) e > R-9;(19(m)).
0<g<p—1,1<j<n

(We induce on I: the second displayed statement is used to move iterates of 7 to the right past
partial derivatives, and the first displayed statement is used to limit the number of distinct powers
of 7 that appear.) It follows that E,(9;(m)) is contained in the R-submodule of M generated by
the finite set {0;(79(m)) }o<q<p—1,1<j<n, completing the proof. O

More generally, a D-module M is said to be x,-regular if every m € M is x,-regular.
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LEMMA 5.23 [vdE85, Corollary 1.8]. Let M be a holonomic D-module. There exists a change of
variables (that is, a replacement of x1,...,x, with another regular system of parameters for R)
after which M is x,-regular.

Proof. We claim that, in fact, there is such a change of variables which is linear in the x;. By
Proposition 5.18, there exists g € I? such that M, is finitely generated over R,. By Lemma 5.20,
if g is zy-regular, then M is x,-regular. Since k is of characteristic zero and hence infinite, there
is a linear change of variables after which g is x,-regular, completing the proof. O

By Proposition 2.5, the de Rham cohomology Hjy (M) is independent of this coordinate
change. Our next observation is that the x,-regularity condition is precisely what is required for
the holonomy of the cokernel of J,,.

THEOREM 5.24 [vdE83, Theorem|. If M is a holonomic D-module that is x,-regular, then M =
M0, (M) is a holonomic D,,_1-module.

The key step in the proof of Theorem 5.24 is the following lemma, which we will also use
below in the proof of Lemma 5.28.

LEMMA 5.25 [vdE83, Corollary 2]. Let M be a D-module. Suppose that m € M is x,-regular.
Then there exists a finitely generated R,_1-submodule L of R-m and a natural number p such
that R-m C L+ Y 8%(R-m) C L+ 9,(3X, R -\ (m)).

i=1%n

Proof. The first containment is [vdE83, Corollary 2], and the second follows from the fact (easy
to check using the Leibniz rule) that for all i > 0 we have 9% (R-m) C > ico R - On(m). O

Our next two preliminary results (5.26) and (5.28) deal with the kernels and cokernels of the
operators 0;. We are going to study the de Rham complex of a D-module M by isolating one 0;
at a time, and these results guarantee that this process is well behaved.

PROPOSITION 5.26. Let M be a holonomic D-module. There exists a change of variables (which,
by Proposition 2.5, does not alter the de Rham cohomology of M) after which, for all i and j,
h'(M ® Q%) is a holonomic D, j-module which is x,,_j-regular.

Proof. Let j be given, and consider the short exact sequence
0= M®Qy[-1] > MeQ%1 - MeQy —0
of Remark 5.7. The corresponding long exact sequence in cohomology takes the form
o M © Q) — B(M @ Q) S WM @ Qi [—1]) (= (M @ 03,))
S (M@ Q%) > KT (M@ 0%) S -

where the connecting homomorphisms 9 are given, up to a sign, by 9,,—;. From this long sequence,
we obtain short exact sequences

0= Clh = W' (M ®Q%) > K, ;=0

of D,_j_1-modules, where C’Ti;lj is the cokernel of 0,,_; acting on hiil(M ® Q;%j) and KfL_j
is the kernel of ,_; acting on h'(M ® Q%,). If the D,_j-module h*(M ® Q%) is holonomic,
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then the D,_;_1-module Kf]_j is holonomic by Theorem 5.16. If, moreover, the D,,_;-module
R (M ® Q;%j) is holonomic and x,_;-regular, then the D,,_;_1-module Cf;lj is holonomic by
Theorem 5.24, from which it follows from the short exact sequence displayed above that the
D,,—j—1-module h (M @ Q%;+1) is holonomic as well. Therefore, if h'(M ® %) is holonomic and
Ty j-regular for all i, then h'(M ®2%,;.,) is holonomic for all i. This fact will enable us to prove
the proposition by induction on j.

By hypothesis, M = h%(M ® Q%) is a holonomic D-module, and by Lemma 5.23, there
exists a change of variables after which M is z,-regular. It follows from the previous paragraph
that h'(M ® Q%) is a holonomic D,_i-module for i = 0,1. Now let j € {0,...,n — 1} be
given, and assume that we have found a change of variables after which h’(M ® Q%) is a
holonomic and x,,_;-regular D,,_;-module for all i and all [ < j (consequently, h'(M ® Q%)
is a holonomic D,,_j_j-module for all 7). For every i, there exists (by Proposition 5.18) an
clement g; of R,_j_1 such that the localization h'(M @ Q%;.,)[(g:)~"] is a finitely generated
Ry,—j—1[(9:)~']-module. Since there are only finitely many g;, and the field & is infinite, there is a
single change of variables after which every g; is z;,,—;_1-regular. Moreover, since g; only involves
the variables z1,...,x,_j_1, this change of variables leaves x,,_j, ..., z, fixed.

The complexes M ®@ QF, for | < j are defined using only derivations from the set {0n—;,
...,0n}, and these derivations are unaffected by the change of variables; hence the isomorphism
classes of the cohomology objects hi(M ® Q%) do not change. Furthermore, for every such
h'(M ® Q3,), there exists an x,_;-regular element g of R,_; such that h'(M ® Q%,)[g"'] is a
finitely generated R,,_;[g~!]-module. After the given change of variables, this localization is still
finitely generated, and g is still x,,_;-regular: by the Weierstrass preparation theorem [Lan02,
Theorem 1V.9.2], the x,_;-regularity of g is equivalent to the existence of an expression of
g as a monic polynomial in x,_; with coefficients in R, _;_1, and after a change of variables
that fixes x,,—;,..., 2, and in which the new z1,...,x,_;_1 are linear combinations of the old
Z1,...,Tp—j—1 only, such a polynomial is still monic in z,_;. We conclude that the chosen
change of variables does not invalidate the inductive hypothesis. After this change of variables,
W (M ® Q%;.1) is 2pj_1-regular for all i by Lemma 5.20, and therefore h'(M ® Q%,.,) is a
holonomic D,,_;_o-module for all 7. This induction completes the proof: beginning with M and
repeating the inductive step n times, we end up with a single change of variables after which,
for all ¢ and j, h'(M ® Q%) is a holonomic D, j-module which is x,,_j-regular. O

Our next technical lemma makes crucial use of van den Essen’s results. The situation we
examine is that of a D-module expressible as a direct limit of R-modules, and a family of
R, _1-linear maps between these modules whose direct limit is the R,,_1-linear map 9,,. We now
describe the situation more precisely. Let M be a D-module, and suppose that M = h_I)n M; as R-
modules, where {M;} is a direct system (indexed by N) of R-submodules of M. Let f;; : M; — M;
(respectively f; : M; — M) be the transition (respectively insertion) maps for this direct system.
Suppose furthermore that there exist R, —1-linear maps 9; : M; — M, for all i, compatible with
the transition maps, such that lim d; = 9,,. (We will write 0 for 9,,.) Given an element m € M,
there exists some j and m; € M; such that m = f;(m;), and we have d(m) = fj+1(6;(m;)),
independently of the choice of j and m;.

Ezxample 5.27. One example of the preceding situation, which we will consider in our proof of
Proposition 5.2, is the following: let M = D - m be a holonomic D-module, and for each ¢ > 0,

let M; = DY(R) - m C M, where D(R) denotes the R-submodule of D consisting of differential
operators of order at most i (so, for instance, My = R - m). Then M = h_r)an (the transition
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maps here being inclusions), and for every i, the restriction of 0 to M; is an R, _i-linear map
(52' . Mi — Mz’+1' Clearly 0= h_I)n(SZ

We return now to the general case. The transition maps f;; induce, by the compatibility, maps
on the kernels and cokernels of the §;: for all [ and s, we see that fj;4s(kerd;) C kerd;qs and
that fi(kerd;) C ker 0. From this, it follows that f; ;s (respectively f;) induces R, _i-linear maps
flfl+s : ker §; — ker d;1 s and ?l,l—l—s : coker ;1 — coker 6,451 (respectively f; : ker ; — ker 0 and
£, : coker 6;_1 — coker ). We have, for all [ and s, Jiso flfl s = /i, and a similar compatibility
for the f. We will use an overline to denote the class of an element modulo §_, (if the element
belongs to M;) or modulo O (if the element belongs to M). Since filtered direct limits are exact
functors [Wei94, Theorem 2.6.15], the direct limit of the ker d; with respect to the restricted
transition maps f; . is M* = ker 0, and the direct limit of the coker §; 1 with respect to the
induced transition maps f; ;. is M = M/9(M).

If M is holonomic and x,-regular, we have a stability property for the images of these induced
maps on kernels and cokernels (see Definition 5.10 for the notion of stability in the strong sense).

LEMMA 5.28. Let M be a holonomic, x,-regular D-module. Let 0 = 0,, € D. Suppose that {M;}
is a direct system of R-submodules of M with M = h_r)n M;, and that {0; : M; — M, 1} is a family
of Ry, _1-linear maps, compatible with the transitions, such that 0 = h_r)n&l Let fi; : M; — M;
(respectively f; : M; — M ) be the transition (respectively insertion) maps for this direct system,
and define the induced maps f* and f as in the previous paragraph. Fix [ and let N; be a finitely
generated R-submodule of M;.

(a) Let N = N;Nkerd;. The images of N}* under the fi14s stabilize in the strong sense, and
the stable image is a finitely generated R,_1-submodule of M* = ker 0.

(b) Let N; be the image N;/(N; N 6_1(M;_1)) of Ny in coker§;_1. The images of N; under
the 7l’l s Stabilize in the strong sense, and the stable image is a finitely generated R,,_1-
submodule of M = coker 0.

Proof. Let M* = ker 0. The Leibniz rule implies that R - M* is a D-submodule of M, and it is
clear that M* = (R-M*)* as D,_1-submodules of M, where (R-M*)* =ker(0: R-M* — R-M™*).
Moreover, for all i, kerd; C f; ' (M*) (since 9 = 11_11)1(5@-), so the kernels of 0 and of the §;, as well
as the maps between them, do not change if we replace M with M’ = R - M* and all M; by
M = f7H(M’). Since M’ = h_r)nMZ’ (the transition maps being the restrictions of f;; to M]) and
Olar = lim &[5z, we reduce the proof of part (a) to the case M = M.

By Lemma 5.17, the hypothesis that M = M’ implies that there is an R, _i-module direct
sum decomposition M = M* @ x,M. Let m be the R,_;-linear projection M — M?*. Since

~

fi(N}) € M*, 7 restricts to an isomorphism f;(N;) — w(fi(N}")), and the composite
Ny N B v S v

factors through the natural surjection N; — N/, N; (since ker(7 o f;) contains x,,IV}). Since N;
is a finitely generated R-module, N;/x,, N; is a finitely generated R,,_i-module. This implies that
7(fi(N}")) is contained in the R,,_;-linear image of the finitely generated R, _i-module N;/x, N,
so it is a finitely generated R, _i-module itself, and so is its isomorphic copy fi(N) = f;(N}).
It follows that uf the images of N;° stabilize in the strong sense, the stable image is finitely
generated.
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As N is a finitely generated R-module, its images under the R-linear maps f 4, stabilize in
the strong sense by Lemma 5.11; since N;* C N; and fl’:l 4 1s simply a restriction of fj ;s for all s,
the fact that the images of N;" under the fl’fl ., stabilize in the strong sense as well is automatic.
This proves part (a).

In our proof of part (b) we cannot assume (but do not need) that M = M’, so we drop this
assumption now. We now fix a set {ni,...,nqy,} of R-generators for N;. By assumption, M is
xp-regular, so by definition all f;(n;) € M are x,-regular. We can therefore apply Lemma 5.25 to
every fi(n;) in turn. Let i € {1,..., oy} be fixed, and consider the R-submodule R - f;(n;) C M
generated by fi(n;). By Lemma 5.25, there exist a positive natural number p; and a finitely
generated R, _i-submodule L; of R - f;(n;) such that

pi—1 ‘
R- fi(ng) C L; + a<z R- 6J(fl(nl-))>.

J=0

If we let LE be the finitely generated R,_i-module L +---+ Ly, and I'; the R-submodule of M
generated by

{07 (fi(ni)) h<i<an,0<i<pi1,

we see that

[e7)
f(N) =Y R filni) € L+ 0(T).
i=1
Let {fi(y1), ..., fi(yn,)} be a set of R,_i-generators for L; C fi(N;), and write L] for the R,_i-
submodule of N; generated by y1,...,¥,, so that fi( LE’ ) = Lg, Then the containment f;(N;) C
fi(L]) + 0(T;) implies that

FiuNy) € F(LY /(L) N &1 (M-1)))

inside M /9(M): given any class 7i; € N, of an element n; € N;, we can write fi(n;) = f1(\)+0()
for some \; € L/ and ~; € T'j, so we have

Fim) = filn) = filh) +0(n) = filh) = Fi()

since the class of 9(y;) in M = M/O(M) is zero (the first and last equalities are simply
the definition of f;). We know that f; is R,_i-linear and that L}, and hence its quotient
LY /(L) N &-1(M;—_1)), is a finitely generated R,_ji-module, so we can conclude that f;(N;)
is a finitely generated R,_i-module. It follows that if the images of N; stabilize in the strong
sense, the stable image is finitely generated.

In order to conclude that the images of N; stabilize in the strong sense, we must prove
that there exists ¢t with the property that whenever fi(n;) € 9(M) for some n; € N, we have
fri4e(ni) € 8p4e—1(Mj44—1); in other words, if the class of n; is carried to zero in coker 9, it is
already zero in coker §;,¢_1. (This implies that the images of N; stabilize at the (I +t)th stage.)
Choose t so large that every 07(f(n;)) has a representative in M ;_1, as follows: for all i and j,
there exists a natural number ¢;; and an element myy¢,; € My, such that fiiq (Mite,;) =
0’(fi(ni)). Put t = max {t;;} + 1. Then since the 97(fi(n;)) are R-generators for I';, any element
of the R,,_1-module 9(I';) can be expressed as f1++(;41—1(m)) for some m € M. Consider
also the R,_i-submodule L; N 9(M) C M, which is finitely generated since L; is. Enlarging ¢ if
necessary, we may assume (by the finite generation) that every element of Lj N 9(M) can also
be expressed as fi1¢(0;1¢—1(m’)) for some m’ € My 4 ;.
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Now suppose that n; € N; is such that fi(n;) € 9(M). Since fi(N;) C L; + 0(T';), we have
fitm) € (Ly no(M)) + 9(T), so fi(ni) = fi4t(014¢-1(m)) for some m € Mji4—;. Since f; =
Jivt o fiivt, we see that

frist(ng) = 8144—1(m) € ker fiiy.

The kernel of the restriction of fiy; to f1;4+(/V;) is a finitely generated R-module, so by
Lemma 5.11, its images stabilize in the strong sense, and the stable image is zero because
the image of this kernel in M is clearly zero. Therefore, enlarging ¢ again if necessary (so that
the transition map from the old ¢ to the new ¢ annihilates this kernel; this new ¢ depends only
on [, not on n;), we may assume that the difference f;1+(n;) — 6j4+—1(m) is zero; that is, that
fri+¢(ny) belongs to dj4¢—1(Mj14—1). We conclude that the images of N; stabilize in the strong
sense, completing the proof of part (b) and the lemma. O

The strategy of the proof of Proposition 5.2 is to write the de Rham complex M ® Q% of
a holonomic D-module M as a direct limit of complexes whose objects are finitely generated
R-modules (using the degree, or order, filtration on the ring D). Fix, once and for all, both a
holonomic D-module M and an element m € M such that M = D - m. As in Example 5.27, let
M; = DY(R) - m for | > 0. Note that M = J, My; for any 4, 9; : M — M induces k-linear maps
0; : M — M4 for all [; and every M; is a finitely generated R-module (a set of R-generators is
given by {dm} where § runs through the monomials in 9y, ...,d, of total degree at most [).

DEFINITION 5.29. Let M and m be as above. For all j € {0,...,n} and [ € N, let M{" be the
subcomplex

O—>M{’O—>M{’1—> --~—>,/\/l{’j—>0
of M ® QY,; whose ith object M{ " is a direct sum of (z) copies of the R-submodule M;,; of M,
indexed by dxy, A--- Adxy, for i-tuples n —j +1 < ky < --- < k; < n, and whose differentials
are the restrictions of those in the complex M ® Q%,. (We simply write M} for M;»*.)

If we suppress the indexing wedge products, the complex ./\/l{ ** takes the form

0— M; — GB Mg — - = M; — 0
1<i<n
its objects are finitely generated R-modules and its differentials are k-linear. We have short exact
sequences of complexes ‘ ‘ '
0— M2 [-1] - M{H" - M?* =0

for all I, analogous to the sequence of Remark 5.7; the first non-zero morphism is given by A dx,,_;
and, in the induced long exact cohomology sequence, the connecting homomorphisms are given
by 0p,—j, up to a sign.

The complexes M ** naturally form a filtered direct system as [ varies. We have M ® 0% =

h_r)n./\/l{ *, and as filtered direct limits commute with cohomology (they are exact functors, by

[Wei94, Theorem 2.6.15]), this implies

DM ® Q) ~ lim b (M)
for all 4. In particular, taking j = n, we have Hly (M) = h_r)n hi(M?) as k-spaces. By Theorem 2.2,
the left-hand side is a finite-dimensional k-space for all i. Thus, for all [, the image of h’(M?) in

HQR(M ) is a finite-dimensional k-space. The key technical result in the proof of Proposition 5.2
is the following.
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ProposiTION 5.30. Let M = D - m be a holonomic D-module, and define the approximations
M? to its de Rham complex as above. For all i and I, the images of h'(M}) stabilize in the
strong sense, with finite-dimensional stable image.

Proof of Proposition 5.30. We may assume, after possibly making a change of variables as in
Proposition 5.26, that for all i and j, h*(M ® Q%) is a holonomic D,,_ j-module which is z,,;-
regular. Let (x;) be the following statement: for all ¢ € {0,...,5} and all [ > 0, the images of
hi(MJ*) in the direct system

= WM = hA(M]®) = R M) — - (%)

stabilize in the strong sense, and the stable image is a finitely generated R, _j;-submodule of
h*(M @ Q%,;). The statement of our proposition is (%), and we will prove (x;) for j =1,...,n
by induction on j.

In the base case, j = 1, the complex M ® %, takes the form 0 — M LING VguR 0, and its [th

approximation Mll" takes the form 0 — M; LN M;+1 — 0. By assumption, M is x,-regular, so
we may apply Lemma 5.28 to the direct system {M;}: every M, is already a finitely generated
R-module, so we simply take N; = M; in the statement of that lemma. The statement (x;) follows
at once.

Now suppose j > 1 and (x;) established. By assumption, the D,,_;-modules h*(M ® 0%;)
are holonomic and z,_j-regular. By the inductive hypothesis (x;), the images of hZ(M{') (for
any ¢ and [) in the direct system (x) stabilize in the strong sense, and the stable image is a
finitely generated R,,—;j-module; applymg this reasoning to all ¢ at once, we see that given any I,
there exists s such that, for all i, h*(M7" ) contains the stable image of h‘(./\/lj *). (To keep the
notation as simple as possible, we will not always record the dependence on i of various objects
and maps. At each stage, we assume that constructions are being carried out for all ¢ at once,
and that indices large enough to work for all i have been chosen.) Fix [ and let N C h*(M?, )
be this stable image, which we can identify with an R,,_ j-submodule of h'(M ® Q Ti)-

For all t, we have Ry, j1-linear maps 9}, : hi(MP®) — hl(MtH) which are (up to a sign)
the connecting homomorphisms in the long exact cohomology sequence associated with the short
exact sequence of complexes

0— Mtﬂ[ 1] — M{H’. - /\/l{" -0

described earlier. The direct limit li_n>18n_j is Op_j : K(M @ Q%) - h'(M © Q%;). The direct
system (x) induces a direct system

l+s—1 I+s I+s+1 .
- ker@nfj — keanfj — ker@nfj — e (%)

by Lemma 5.28, the images of N N ker 8711423 in the direct system (sx*) stabilize in the strong
sense, and the stable image is a finitely generated R,_;_i-submodule of ker 0, ;. The image of
ker al ; in ker 8”‘? is N Nker 85;:‘9], consequently, the images of ker 9! ; in the direct system ()
also stablhze in the strong sense, and the stable image is a ﬁnitely generated R,,_j_1-module.
Enlarging s if necessary, we may assume the images of ker 9!, ; stabilize at the (I + s)th stage.
We fix this s for the rest of the proof.

We now extract more information from the long exact cohomology sequences, which take the
form

13 t

S M) D REMITE) 2 M) 2 B (M
g (Mp®) — ( t+1)_> (M ) — ( ) —> ( t+1) ;
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by the exactness, we have surjections
R(M]TH) = ker ), _;

for all £. We also have commutative diagrams

BMITH) — = (M)
| |1
7 41,0
h/(Jk4g+¢ e Yitt (/x4l+¢)

for all ¢ (where the vertical arrow ¢/ is the transition map from the Ith to the (I + ¢)th stage in
the direct system (%)), so the previous surjections induce surjections

j+1 j+1, j l
i (B(MIT0) = d(ker 8, )
whose kernels we denote K. Consider, for any ¢ > s, the commutative diagram

0——= K s—— L§+1(hi(/\/l{+l")) —— J(ker 8é_j) —0

| | |

0 —— Ky — o T (BH(M]TH®)) —— 4 (ker &_;)—=0

with exact rows. The right vertical arrow is an isomorphism, since the images of ker 8l ;in the
direct system (k%) have already stabilized at the (I + s)th stage, and the middle Vertlcal arrow
is a surjection, since Lt+ factors through It by the compatibility of transition and insertion
maps in (x). It follows by the snake lemma that the left vertical arrow is also a surjection, so for
t > s the image of K4 in Kjyy is all of Kjyy.

The direct system (x) also induces a direct system

- — coker 85:?‘1 — coker 85:5] — coker 87[1‘&3].‘*'1 — e (%)

and we claim next that the images of
COkef(al+s '~ 1(Ml—|—s) — h'~ 1(Ml+s+1))

in the direct system (kxx) stabilize in the strong sense. To this end, we repeat the reasoning
we gave for the kernels of 0,_; at the beginning of the proof, this time for cokernels. We write
hi=1(M?7® Lrs 1) for the cokernel displayed above, and more generally, if S is an R, j-submodule of
hi= 1(/\/ll+t) for some ¢ (respectively h'~! (M ®€Q$,;)), we write S for the image of S in the cokernel
of 8fitj (respectively Oy, ;). First, by the inductive hypothesis (x;), the images of h‘~ L(mie Lrot1)
in the direct system (x) stabilize in the strong sense, and the stable image is a finitely generated
R,,_j-submodule L of hi_l(M®Q' ), realized as a submodule of hi~ 1(./\/llJrS_s_u_s_l) for sufficiently

large u. Consider the image L of L in the quotient hi=!(M Lemma 5.28 implies that

l+s+u+l)
the images of L in the direct system (x*x) stabilize in the strong sense, and the stable image

l+s+1) i h= 1(Ml+s+u+1) is L, so

the images of hi~ 1(Ml ‘rep1) In the direct system (xx) also stabilize in the strong sense, and

is a finitely generated R,_;_1-module. The image of h*=1(M]
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the stable image is a finitely generated R,,—;_j-submodule of hi=1(M ® Q;%j). This stable image
occurs at the (I + s+ u + 1 4+ v)th stage for some v: for simplicity, let w = u + 1 + v.
We have K, s C ker 14, and by the exactness of the long cohomology sequence,

ker v,y s ~ coker 85[‘3 (= hifl(/\/l{:sﬂ))

as R,_;_1-modules. These isomorphisms are functorial in s, so since the images of hifl(/\/l{_’:sﬂ)
in the direct system (s#xx) stabilize in the strong sense (with stable image a finitely generated

R,,_j_1-submodule of hifl(/\/l{is+w)), we can conclude that the image of ker ¢4 in ker ¢4 514
is also a finitely generated R,,_;_i-module. This module contains the image of K, in Kjqsy;
we have already seen that this image is all of Kjis14, which implies that Kj sy, is itself a
finitely generated R,_;_1-module. We have a short exact sequence

0= Kiyspw = Lgiiu(hi(M{H’.)) - Lg+w(ker f%fj) -0,

where the left and right terms are finitely generated R, _;_1-modules, so the middle term is also
a finitely generated R,,_;_i-module. Hence, the images of hZ(Mg H") in the direct system (*) are
eventually finitely generated R,,_;_i-modules, and it therefore follows by Lemma 5.11 that these
images also stabilize in the strong sense. This completes the proof of (*;41), and, by induction,
Proposition 5.30 follows. O

By reducing to the case of Proposition 5.30, it is possible to draw the same conclusion about
more general direct systems of complexes with the same limit. We record this conclusion now;
the reader is warned that the following statement will not be used until § 7.

COROLLARY 5.31. Let M be a holonomic D-module. Suppose that {N} is a direct system of
complexes with the following properties: the objects of the complexes are finitely generated
R-modules, the differentials are k-linear, the transition maps )\Z'J 1 are R-linear in each degree,
li_r)an' ~ M ® Q% in the category of complexes of k-spaces, and for all i, the isomorphism
lim Nf ~ M ® V% is an isomorphism of R-modules. Then for all | and i, the images of h*(IN}")
stabilize in the strong sense, with finite-dimensional stable image.

Proof. We note first that it is harmless to assume the isomorphism h_I)IIN P~ M ® Q% is an
equality, and we do so. Fix [. For all 4, the images of Nli stabilize in the strong sense by
Lemma 5.11, since by assumption the Nli are finitely generated and the transition maps are
R-linear. Choose s large enough that the transition maps A%,l 4 realize the stable image for all
i at once. The stable images form a subcomplex A1 s(N) of N7, which we can identify (via
the insertion map, which we denote A}, () with the subcomplex A((N;) of M ® Q3. Since every
N} is a finitely generated R-module and the insertion maps are R-linear, this is a subcomplex of
M ® Q% whose objects are finitely generated R-modules.

Now define My = A)(N?), a finitely generated R-submodule of the holonomic D-module M,
and for all j > 0, let M; = DI(R) - My where D/(R) is the R-submodule of D consisting of
differential operators of order at most j. Define the complex M} in exactly the same way as
in Definition 5.29. Since A\;(N}) is a subcomplex of M ® QY%, we see that in fact \(N}) is a
subcomplex of Mg (and hence of /\/lj’ for all 7 > 0). The proof of Proposition 5.30 still goes
through assuming only that My is a finitely generated R-submodule of the holonomic D-module
M and that M = |J; M; (we do not need My to be cyclic). In our case, since lim NP = M @ Qf,
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we also have h_II)lM; = M ® %, where this last direct limit is an ascending union of complexes.
(In particular, looking at the Oth term of this complex, we see that the ascending union | ; Mj is
indeed the whole of M.) Therefore we can invoke Proposition 5.30 (with this weaker hypothesis)
to conclude that the images of h’(/\/l;) stabilize in the strong sense. In particular, there exists
t large enough that for all 4, the images of h*(MS$) stabilize for j > ¢ with a finite-dimensional
stable image.
The complex M is still a complex of finitely generated R-modules, since D!(R) is a finitely

generated R-submodule of D. We now return to the stable image of the complex N}, which is

1l +s(IN}). Write s; for s to display its dependence on [. As this argument can be carried out
for any I, we obtain a direct system )‘l.,l i s,(Nl.) of the stable images of N} as [ varies. We may
assume the s; have been chosen so that {{+ s;} is strictly increasing; then the transition maps in
this direct system are the restrictions, for all pairs { <1, of A} sl sy Because the source and
target complexes are complexes of stable images under the As, these restricted transition maps
are injective, and the direct system so constructed also has M ® Q% for its direct limit. Thus
M @ Qf, can be regarded as the ascending union of the complexes A}, +Sz/( ), all of which
have finitely generated R-modules as objects. Any subcomplex of M ® Q% whose objects are all
finitely generated R-modules is thus a subcomplex of some )\l',J, n sl/(N 7). Let I’ be so large that
M3 is a subcomplex of )‘l.’,l/ +sp (N?), and consider the composite morphism of complexes

° )\l.’l+51 . Al.“l ° . ° ° °
Ny —— Ny —> M= M — >‘l’,l’+sl/(Nl/) - Nl’+sl/7

in which all morphisms but possibly the first are injections. Every step in this composite is a
morphism of complexes, hence induces a morphism on cohomology. If we choose I"” <1’ such that
MG is a subcomplex of A},  (Ny,), the diagram

° ° °
MO >‘l”,l”+sl// (Nl”)

|

ME =N s, (N7)

is commutative and all arrows are injections, so we can regard the vertical inclusion Mg < M3}
as a restriction of A\prys,, 174+s,. This compatibility implies that the composite morphism above
induces morphisms on cohomology through which the morphisms induced by )\h, +sp factor for
all i. But we have seen already that partway through this composite morphism (at the Mg — M3
stage) the cohomology has attained a finite-dimensional stable image. Therefore, for all 4, the
images of h'(N}) stabilize, with finite-dimensional stable image, at the (I’ + sy )th stage. O

We now return to our original case, and prove Proposition 5.2 (and hence Theorem 5.1).

Proof of Proposition 5.2. For all [, the differentials in the complex M; are X-continuous, and
therefore we can consider the Matlis dual D(M}7), a complex whose ith object is the R-module
D(M}™") (which is Artinian, since M}~ is finitely generated [Mat86, Theorem 18.6(v)]) and
whose differentials are k-linear. By Propositions 3.18 and 3.21(a), the Matlis dual of this complex
coincides with its k-linear dual. Together with Proposition 3.22, this implies that for all I, the
complexes M? and (D(M?))" are naturally isomorphic as complexes of k-spaces, where V denotes
k-linear dual. Note that @D(M;) ~ D(M ® %) as complexes of k-spaces, by Remark 3.20.
For every i, the inverse system {D(M})}; of R-modules (a fortiori, of k-spaces) satisfies
the Mittag-Leffler condition, since the transition maps are surjective (they are the Matlis duals
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of the R-linear inclusions Mj — M;_ ). Furthermore, the inverse system {h'(D(M}))}; of
k-spaces also satisfies the Mittag-Leffler condition. To see this, note that for all ¢, we have

WM = R DME)Y) = (hH(D(M))s

the first isomorphism holds because M ~ (D(M}))" as complexes of k-spaces, and the second
holds because k-linear dual is an exact contravariant functor. By Proposition 5.30, the images
of h""{(MP) ~ (h'(D(M$)))V stabilize in the strong sense, so by Lemma 5.13, the original
system {h'(D(M?))} satisfies Mittag-Leffler. The Mittag-Leffler conditions for {D(M})} and
{h*(D(M?))} allow us to apply Proposition 5.9, which implies that there are isomorphisms

B (lim D(M)) = lim hi(D(M])).
of k-spaces. Therefore, we have a chain of isomorphisms
h'(M @ Q%) ~ (h'(M ® Q3 ))VV
(hl(hm M)V
lim A* (M)
{(M])

—_

12

w N

—

lim (h"(M}))Y)Y

N

~ (
~ (lm
~ (lim (A*((D(M7))¥))¥)"
~ (lim (A" "{(D(MP)))VV)Y
~ (
~ (

(=)

im )
lim 2"~ (D(M})))"

)Y
),
where (1) holds because h'(M ®@Q%,) is a finite-dimensional k-space, (3) since lim is exact and thus
commutes with cohomology, (4) because taking k-dual converts direct limits into inverse limits
[Rot09, Proposition 5.26], (5) since M} and (D(M?))Y are isomorphic complexes of k-spaces,
(6) since k-dual is an exact contravariant functor, (7) by Lemma 5.14 applied to the inverse
system {h'(D(M?))}, (8) by Proposition 5.9, and (9) by Remark 3.20. Since h'(M @ Q%) is a
finite-dimensional k-space, all of the k-spaces appearing in the chain of isomorphisms are finite-
dimensional as well. Therefore A" ~(D(M ®$%)) is canonically isomorphic to its own double dual,
so we can dualize the isomorphism obtained above to find h"~/(D(M ® Q%)) ~ (h'(M ® Q%))V,
as desired. |

~J

<—

~ (A"~ Z(hmD(
~ (F""YD(M ® Q%

oo

A~ N /N N N N /N /S A/
Nej ot
NN 2N NS NS SN NN N

)
)
)
)

6. Local cohomology of formal schemes

In this section, we recall the description of the Matlis duals of local cohomology modules (over
any local Gorenstein ring) in terms of local cohomology on a formal scheme. (A reference for
this description is Ogus’s thesis [Ogu73].) Specializing to the case of a complete local ring with
a coefficient field, we obtain a right D-module structure on the local cohomology of a formal
scheme by applying the results of §4 to dualize the left D-module structure on ordinary local
cohomology. We then recall a natural left D-module structure on the local cohomology of the
formal scheme: the structure implicitly used to define its de Rham complex in [Har75]. The
main result of this section is that in the case where the complete local ring is regular and of
characteristic zero, these left and right D-module structures are transposes of each other, so our
theory and that of [Har75] are compatible.

2124

https://doi.org/10.1112/50010437X17007345 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X17007345

DE RHAM HOMOLOGY AND COHOMOLOGY

Let (R, m) be a Gorenstein local ring. The key ingredient in the identification of the Matlis
duals of local cohomology modules over R with local cohomology of a formal scheme is the local
duality theorem of Grothendieck.

THEOREM 6.1 [Har67, Theorem 6.3]. Let (R, m) be a Gorenstein local ring of dimension n, E an
injective hull of its residue field, and D(—) = Hompg(—, E) the Matlis dual functor for R-modules.
If M is a finitely generated R-module, there are isomorphisms H2~"(M) ~ D(Ext% (M, R)), for
all i, that are functorial in M.

Remark 6.2. If moreover R is complete, we also have Exty “(M, R) ~ D(HE(M)), since the
double Matlis dual and the identity functor are naturally isomorphic when restricted to the full
subcategories of finitely generated or Artinian R-modules [Mat86, Theorem 18.6(v)].

Now recall the definition of local cohomology as a direct limit of Ext modules: for any
module M over any commutative Noetherian ring R, and any ideal I C R, we have isomorphisms
HY(M) ~ h_r)nExt%(R/It, M) [BS13, Theorem 1.3.8]. Now put M = R, a Gorenstein local ring of
dimension n with maximal ideal m. Taking Matlis duals (and using the fact that any contravariant
Hom functor converts direct limits into inverse limits) we have isomorphisms

D(H}(R)) =~ D(lim Exty(R/I', R)) ~ lim D(Extp(R/I', R)) ~ lim Hy™"(R/I"),

where in the last step we have used local duality for every ¢ and passed to the inverse limit. If
we let X = Spec(R) and Y the closed subscheme V(I) C X defined by I, and if we write X
for the formal completion of ¥ in X (see §§1 and 7 for the definition of formal completion),
P for its closed point, and O for its structure sheaf, then the last object in the sequence of

isomorphisms above is precisely the local cohomology Hﬁ_i()? ,O¢) supported at the closed
point [Ogu73, Proposition 2.2]. (We may also write X /3 and Ox , for X and O ¢ when we need
to record explicitly the dependence on Y.) It follows that for all ¢, the R-modules D(H}(R)) and
H]Tfi()? ,O¢) are isomorphic. We record this conclusion separately for future reference.

PROPOSITION 6.3 [Ogu73, Proposition 2.2]. Let R be a Gorenstein local ring of dimension n
with maximal ideal m. For all ¢, we have isomorphisms

D(H}(R)) ~ lim Hy'(R/T") ~ HE (X, O)

of R-modules, where the rightmost object is the formal local cohomology defined in the previous
paragraph.

For the remainder of the section, we identify the R-modules D(H%(R)) and H}‘,_i(f( ,0%)
using the proposition above, suppressing any explicit mention of this isomorphism.

Now suppose that (R, m) is a complete local ring with coefficient field k. By Example 4.13,
we know that if I C R is an ideal, every HY(R) is a left D(R,k)-module, and since R is
complete, D(H%(R)) is a right D(R, k)-module by Corollary 4.10. If moreover R is Gorenstein,

we have D(HY(R)) = H?,_i(f(, Og) by Proposition 6.3, defining by transport of structure a right
D(R, k)-module structure on HIZ*"()A(, Og).

There is also a natural left D(R, k)-module structure on Hp " (X, O¢), defined without Matlis
duality: see [Har75, §§1.7 and I11.2] and [Hel07, §7.2]. Let d € D(R, k) be a differential operator
of order j. For all t > 0, d(I**7) C I', and so d induces a k-linear map d; : R/I""7 — R/I'.
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If Z C Ox is the sheaf of ideals on X = Spec(R) corresponding to I, the map d; induces a
sheafified map d; : Ox /Z"T7 — Ox /I of sheaves of k-spaces on X; taking local cohomology, we
obtain k-linear maps dy : HZ"(R/I'77) — HI(R/I'), where we have identified H2 *(R/I")
with H '(X,0x/I') as R-modules for all [ [GRO5, Exp. II, Corollary 4]. The reason that
sheaves were introduced here is to make clear that merely k-linear (or even additive) maps
between R-modules still induce maps on local cohomology, because local cohomology, in its most
general form, is a functor on sheaves of Abelian groups on a topological space [GR05, Exp. I,
Déf. 2.1].

These maps d; are compatible with the natural surjections R/I**" — R/I*, in the sense that
we have commutative diagrams

Hgfi(R/ItJrj#l) _ H;zlfi(R/ItJrl)

|

H (R/T9) —— Hy R/ T
t
for all ¢, j, and [, where the vertical arrows are the R-linear maps induced by the
natural surjections. Therefore, upon passing to inverse limits, the /c\it define a k-linear map
d:lim Hy~'(R/I') — im Hi ' (R/IY). If y € @Hg—i(ﬁ/ft) =H}7(X,04%), weset d-y = d(y),
and in this way define a left action of D(R, k) on Hp '(X,05%).

DEFINITION 6.4. If (R, m) is a complete Gorenstein local ring of dimension n with coefficient
field k and I C R is an ideal, the Matlis dual action of D = D(R,k) on D(Hi(R)) for any i is
the right action defined by dualizing the natural structure of left D-module on H}(R), and the
inverse limit action of D on D(H%(R)) = H]@*i()?, O3) is the left action defined in the previous
paragraph.

In the case of a characteristic-zero complete regular local ring (R, m) containing its residue
field k, we can state precisely how these two D-module structures are related: they are transposes
of each other, as in Definition 4.15. This is the main result of this section.

THEOREM 6.5. Let k be a field of characteristic zero, let R = k[[z1, ..., zy]], and let I C R be an
ideal. Denote by m the maximal ideal of R, and by D = D(R, k) the ring of k-linear differential
operators on R. Then for all i, the Matlis dual action of D on D(H(R)) = Hg*i()?, Og) is the
transpose of the inverse limit action.

Remark 6.6. It follows from Theorem 6.5 that the identification of Proposition 6.3 can be
extended to an identification of left D-modules, regarding D(H}(R)) as a left D-module by
transposing the Matlis dual action as in Proposition 4.17. We can therefore identify the de
Rham complexes of both sides as well.

Proof. Every element of D is a finite sum of terms of the form pd{* --- 9% where p € R, and
Matlis duality respects composition of operators (reversing the order), so we need only check the
statement of the theorem for the action of a single p or 9;. There is nothing to prove in the case
of an element p € R, since the Matlis dual of the R-linear multiplication by such an element
p is again multiplication by p. Therefore, to prove Theorem 6.5, we need only to show that
if 4 is fixed (1 < ¢ < n), the Matlis dual and inverse limit actions of the partial derivative
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0; € D on D(HYR)) = H}‘,*"()A(, O¢) differ by a sign (transposing the action of d; introduces
a sign change, by Definition 4.15). Without loss of generality, we may assume i = 1 and write
x for z1, so that R = k[[z,x2,...,z,]] and 0 = 0;. We denote the inverse limit action of 0 on
D(H{(R)) = Hﬁfi()?, O¢) by 6 and the Matlis dual action by 0*. In order to prove the theorem,
it is enough to prove the equality

5 =-0"

We will prove this equality first for a complete intersection ideal I and then in general. We
prove the complete intersection case by induction on the number of generators of I. Suppose
that f1,..., fs is a regular sequence in R, and assume the theorem has been proved for complete
intersection ideals with s — 1 generators: the base case, s = 0, has already been established as
Example 4.2, since H(OO)(R) = R and H(io)(R) = 0 for 7 > 0. We write f for fs. Let I be the ideal
(fi,..., fs)and J C I the ideal (f1,..., fs—1), so that I = J+(f). Let Y (respectively Z) be the
closed subscheme of X = Spec(R) defined by I (respectively J), and let X; = Spec(R/(f")) for
all ¢ > 1. We claim that the Matlis dual and inverse limit actions of d on D(H}(R)) = Hp “(X 1Y
Ox ) differ by a sign for all i. Since I is a complete intersection ideal, Hj(R) = 0 unless i = s,
so this is the only case we need to consider.

Let M = Htsfl(R). Since f1,...,fs is a regular sequence, the composite local cohomology
spectral sequence of Example 2.15 (with respect to the ideals J and (f)) degenerates at Fo, and
consequently we have H7(R) ~ H (1f)(M ) as R-modules (indeed, as left D-modules). We write
O for the action of 0 on the left D-module M, 0}, for the corresponding Matlis dual action on
D(M), and & for the inverse limit action of @ on D(M) = H;ﬁ*SH(X/Z, Ox,,) (note that our
induction hypothesis is that 7 = —8%,).

By the Cech complex definition of local cohomology, H (lf)(M ) is the cokernel of the
localization map M — Mjy. Since fi,..., fs is a regular sequence, this localization map is
injective: identifying M with its image, we view M as a submodule of My and write My/M
for the cokernel, which we can express as the direct limit h_rr)l M/ f*M. Here, the transition map
M/ ftM — M/ f**1 M carries the class of m € M to the class of fm, and the R-linear isomorphism
M¢/M — lir_)nM/ftM carries the class of (m/f') € M to the class of m € M modulo f'M. The
action of 0 on the left D-module M induces an action of 0 on My /M, defined by the quotient rule:
we have a k-linear map (9nr) s : My — My given by (Onr) p(m/ft) = (fOr(m) — to(f)m)/ fiH
that carries M C My into itself and therefore descends to the quotient My /M. In terms of the
description of My /M as the direct limit lilz)lM /f*M, the map (dar) is defined by the direct

limit of the k-linear maps 0; : M/ f'M — M/ f**1 M where
0i(1) = (fOr(m) —td(fym) + fH'M e M/fHIM

if 1 is the class of m € M in M/ f'M. Tt is straightforward to check that d;(u) is well defined (that
is, depends only on x and not on m) and that 9, satisfies the Leibniz rule: 0;(ru) = 9(r)f+r0: (1)
for r € R, where Ji is the image of i under the transition map M/f‘M — M/f*1M.

The maps 0; defined in the previous paragraph fit into commutative diagrams

0 M 7 M M/ftM ——=0
laM lfaM—ta(f) iat
1
0 M I M M/fH' M——-0
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for all ¢, where the rows are exact sequences of R-modules and the vertical arrows are k-linear.
The commutativity of the right square is clear, while the calculation

(forr —tO(F))(f'm) = fou(fim) —td(f) f'm = f(tf = 0(f)m + f'On(m)) —td(f) f'm
— ftJrlaM(m)

for m € M shows that the left square is commutative. Fix ¢ and consider the Matlis dual of the
above diagram, which takes the following form.

0 D(M/ f+1M) D(M) — = D(M) 0
o l(faM—ta(f))* L% ()
0 D(M/f*M) D(M) T D(M) 0

Since H(lf)(M) is the direct limit h_rr)lM/ftM, the Matlis dual D(H(lf) (M)) is the inverse limit

1<ir_)r1D(M/f’tM)7 and by Remark 3.20, the Matlis dual action of 0 on D(H(lf)(M)) is defined by
lim Of (the Leibniz rule implies that all 0y are X-continuous).

We turn next to the inverse limit action of @ on D(HJ(R)) = Hp °(X,y, Ox,, ). Again we
let M = H j_l(R). From the long exact sequence of local cohomology supported at J applied to
the short exact sequence

t
0> R RS R/ =0
of R-modules, it follows at once that M/f*M ~ H5 *(R/(f')) as R-modules. By the change
of ring principle [BS13, Theorem 4.2.1], we have H5 '(R/(f!)) ~ H;‘l(R/(ft)) as R-modules,

where J = (J + (f1))/(f') € R/(f!), the local cohomology module on the right-hand side is
computed in the category of R/(f?)-modules, and its R-module structure is defined using the
natural surjection R — R/(f!). Therefore D(M/ft!M) ~ D(H;‘l(R/(ft))) as R-modules. Since

M/ ftM (and hence H;fl(R/(ft))) is annihilated by f, it does not matter whether the Matlis

dual on the right-hand side is computed over the ring R or R/(f!). Taking the second point
of view, we can apply Proposition 6.3 to the (n — 1)-dimensional Gorenstein local ring R/(f?),
obtaining an isomorphism

D(M/f'M) = D(HS(R/(f') =~ Hp*((Xe) /2. O(xy) )

of R-modules (the cohomological degree is n — s = (n — 1) — (s — 1) = dim(R/(f*)) — (s — 1)).
Here, we have abusively written Z for the closed subscheme of X; defined by J = (J +(f*))/(f?).
We already know the inverse limit LinD(M /ftM) is isomorphic as an R-module to

D(H (M) = D(H} () = Hy (X} Ox,,)
from which it follows (by passing to the inverse limit in ¢) that we must have
1<i£1 ng_s((Xt)/Zv O(Xt)/z) =~ HIT;_S(X/y, OX/Y)

as R-modules. In order to see how this last isomorphism interacts with the inverse limit action
of 0, we describe it more explicitly. For all ¢, we have

HE*((X0) /2, O(xa, ) = i Hy = ((R/(f9)/7') = lim Hy=(R/(J' + ("))
l l
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as R-modules. Passing to the inverse limit in ¢, we obtain

LitngE_s((Xt)/z, O(x1),,) = LitEl(i:_an’i*S(R/(Jl +(f9))-

As the family {I'} = {(J + (f))'} of ideals of R is cofinal with the family {J' 4+ (f*)}( ), this

last inverse limit is isomorphic to

lim Hy ™ (R/(J + (f)) = Hp™*(X)v, Ox,, ),
l

as claimed. For all ¢ and [, there are k-linear maps &, : R/(J" + (f11)) — R/(J' + () and
6 : R/JFY — R/J!, induced on the quotients by 0 : R — R, that induce k-linear maps

S Hy (R 4+ (f771) = Hi(R/(J' + (1))

and B
6, HY*(R/J™Y) - H'5(R/JY)

on local cohomology, by viewing local cohomology as a functor on sheaves of k-spaces on the
topological space Spec(R). (Here we write, for instance, ¢; rather than 9; to avoid confusion with
the maps 0, defined earlier in the proof.) The inverse limit action of 9 on Hp *(X,y,Ox /Y),

which we have denoted 9, is defined by 1<£n 014 If we pass to the inverse limit in [ first, we

B - (L)
find that § = LiLntd z,t, where for all ¢, the map

074t Hp*(Xe+1) /2 Oxi4) ) = Hp *((Xt)y2: Ox1) )

is simply Lirlllgl,t-
The maps d;; and ¢; defined in the previous paragraph fit into commutative diagrams

0 R/Jl—i-l o R/Jl+1 R/(JZ-H + (ft—i—l)) 0
La F+to(f) ) 8t
0 R/J! o R/J! R/(J'+ (fY)) 0

for all [ and ¢, where the rows are exact sequences of R-modules and the vertical arrows are
k-linear. It is clear that the map 0f +t9(f) : R — R carries J'™! into J' (the left vertical arrow
is the k-linear map that this map induces on the quotients), and the calculation (at the level of
elements of R)

FHOF +t0(f))(r) = fHO(fr) +td(f)(r)) = fLO(f)r + fO(r) +td(f)(r))
= fo(r) + (t+ 1) f'O(f)r
= a(f"1r)

for r € R shows that the left square is commutative (the commutativity of the right square
is clear). Fix [ and ¢. Since the rows of the above diagram are short exact sequences of R-
modules, both induce long exact sequences of local cohomology supported at m, and the vertical
arrows, which are k-linear, induce k-linear maps on local cohomology as defined in the previous
paragraph. Since .J is a complete intersection ideal, R/J' is a Cohen-Macaulay ring (of dimension
n — s+ 1) for all [ by [Mat86, Example 17.4], so H: (R/J') = 0 unless i = n — s + 1. Tt follows
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that Hi(R/(J'+ (f))) = 0 unless i = n— s, since f* is a non-zero divisor on R/J! for all [ and ¢.
Therefore, the only non-zero portion of the resulting diagram is
0 HQ*S(R/(JHI 4 (ft+1))) H$73+1(R/Jl+1) lzﬂwl(R/JHl) 0

ft+1
- | !

0 ———=Hg*(R/(J' + (")) Hy =+ (R/J) Hi =" YR/ J') ——=0

ft

where the middle arrow is the map induced by df + t9(f) on local cohomology. We now pass
to the inverse limit in [ while keeping t fixed. By [BS13, Theorem 7.1.3], the local cohomology
modules appearing in the above diagram are all Artinian, and if ¢ is fixed, the transition maps in
the inverse systems { H2~**1(R/JY}; and {HZ~5(R/(J'+(f!)))}; are R-linear. Consequently, the
Mittag-Leffler hypotheses of Proposition 5.9 are satisfied, and so the rows in the above diagram
remain exact after passing to the inverse limit in [. The result is a commutative diagram

00— HE*((Xe41) 2, O(x111) ) —= Hp "X 2,0x,,) ——+ HE (X2, 0x,,) —=0

/Z t+1

lﬁz,t lfszf-ﬁ-ta(f) itsz
0——Hg°((Xt))2,0x,),,) — H};_SH(X/Z, Ox,,) 5 H$_5+1<X/Za Ox,,) —=0
(%)
where the rows are short exact sequences of R-modules. Recall that §; defines the inverse limit

action of & on Hjp 5T (X /7, 0x,,). We have already established that the inverse limit action of
0 on

/)

HE > (X)y, Ox,, ) ~im Hp™*((X4) /2, O(xy), )

is given by 1<i_r£132,t. We now have a diagram

HIT;_S((Xt-&-l)/ZvO(XtH)/z) H;_S+1(X/Z7OX/2)
/ Sz,t /
D(M/f1M) D(M) 5.2 1-410(0)
l (foamr—to(f))*
oF Hg_s((Xt)/Z7O(Xt)/Z> l Hg_5+1<X/Z7OX/Z)
D(M/f'M) D(M)

in which the front face is the left square of diagram (x), and the back face is the left square of
diagram (), so these two faces commute. Consider next the arrows from the front face to the
back face. The arrows on the right are the isomorphisms of Proposition 6.3. These are inverse
limits of the local duality isomorphisms of Theorem 6.1, which are functorial. The arrows on the
left are composites of the isomorphisms of Proposition 6.3 with inverse limits of the change-of-ring
isomorphisms H5 '(R/(f!)) ~ Hg_l(R/(ft)) [BS13, Theorem 4.2.1], which are also functorial.
Therefore the top and bottom faces also commute.
By the induction hypothesis, the Matlis dual and inverse limit actions of 9 on

D(M) = Hy**1(Xz,0x,,)
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differ by a sign, that is, 67 = —03,. Therefore, the right vertical arrow in the front face is

(fom —ta(f))" = (fom)" —td(f) = Oy f —tO(f) = —ozf —to(f)
under the identification D(M) = Hp~**? (X,z,0x,,) (here we have used the fact that the Matlis
dual of multiplication by an element of R is again multiplication by that element). We conclude
that the right face of the diagram anticommutes. Since the horizontal arrows of the front and back
faces are injective, the left face must also anticommute. Consequently, under the identification
D(Hf(R))‘: HI’;‘,:S(X/y, Ox ) and isomorphisms D(Hj(R)) =~ 1(1_111D(M/ftM) and Hp *(X )y,
OX/Y) ~ 1(1_111H17§. 8((Xt)/Z, (’)(Xt)/z), we have

§=1im3z, = lim (~8}) = ~lim&; = ~0";

that is, the Matlis dual and inverse limit actions on D(Hj(R)) = Hp °(X,y, Ox,, ) also differ
by a sign, completing the proof by induction for complete intersection ideals 1. O

Before beginning the proof for arbitrary ideals I, we need a lemma.

LEMMA 6.7. Let J C I be ideals of R, and let Y (respectively Z) be the closed subscheme of
X = Spec(R) defined by I (respectively J).

(a) If the natural map H }(R) — H i(R) is surjective, and the Matlis dual and inverse limit
actions of d on D(H}(R)) = Hp (X vy, Ox ) differ by a sign, then the Matlis dual and inverse
limit actions of O on D(Hﬂ(R)) = Hg_j (X/z,Ox,,) also differ by a sign.

(b) If the natural map H}(R) — H(J](R) is injective, and the Matlis dual and inverse limit
actions of 0 on D(H}(R)) = Hp (X7, Ox,,) differ by a sign, then the Matlis dual and inverse
limit actions of J on D(H}(R)) = H;ﬁ_j(X/y, Ox ) also differ by a sign.

Proof of Lemma 6.7. There are canonical surjections R/.J ! — R/I ! for all I which induce R-linear
maps Hy °(R/J') = Hy ?(R/I') and Ext’y(R/I', R) — Ext}(R/J', R). The first of these maps
and the Matlis dual of the second are the horizontal arrows in the diagram

D(Ext)(R/J!, R)) — D(Ext)y(R/I', R))

| i

Hy /(R JY) Hy 7(R/IY)

whose vertical arrows are the isomorphisms of Theorem 6.1: the diagram commutes because the
isomorphisms of Theorem 6.1 are functorial. By Proposition 6.3, the inverse limit in [ of these
commutative diagrams is the commutative diagram

D(H’(R)) D(H{(R))

| |

H]gij(X/Za OX/Z) - Hgij(X/ﬁﬁ OX/y)
of R-modules. If the natural map H}(R) — Hﬁ(R) is surjective (respectively injective), then

the top horizontal arrow of this diagram is injective (respectively surjective), as is the bottom
horizontal arrow (because the vertical maps are isomorphisms).
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Both parts of the lemma will follow if we can show that the top (respectively bottom)
horizontal arrow commutes with the Matlis dual (respectively inverse limit) action on both
sides; for then in the case that the map Hj(R) — H’(R) is surjective (so both horizontal maps
in the preceding commutative diagram are injective), the Matlis dual (respectively inverse limit)
action on D(HJ(R)) = Hp 7(X/z,0x,,) is induced by the Matlis dual (respectively inverse
limit) action on D(H}(R)) = Hg_j (X)v,Ox,y ), and in the case that the map H%(R) — Hﬂ(R)
is injective (so both horizontal maps in the preceding commutative diagram are surjective), the
Matlis dual (respectively inverse limit) action on D(H7(R)) = Hp ' (X,y,Ox ) is induced by
the Matlis dual (respectively inverse limit) action on D(Hﬂ(R)) = Hg_j(X/Z, Ox,,).

The top arrow commutes with the Matlis dual action of D on both sides because it is the
Matlis dual of an D-linear map. Finally, the bottom arrow

ngij(X/Za Ox,,) = HZ*J'(X/Y, Ox,y)

commutes with the inverse limit action of D on both sides, because if d € D is a differential
operator of order j, we have commutative diagrams

R/J)Hrj 4>R/It+j

L

R/Jt R/I!

for all ¢ where the vertical arrows are induced by d, and these diagrams remain commutative
after applying the functor Hj, to all of their objects and maps (viewing local cohomology as a
functor on sheaves of k-spaces on the topological space Spec(R)). O

Now let I C R be an arbitrary ideal, and let h = ht(I). Choose a regular sequence fi,...,
fn € I and denote by J the ideal generated by fi,..., fn, so that J C I and J is a complete
intersection ideal. Let J = q1N---Ngq, be a primary decomposition of J. Reindexing if necessary,
we may assume I C \/q1,...,1 C /95,1 ¢ \/qs41,..-,1 ¢ /9. We may assume s < r, as
otherwise v/T = v/J and there is nothing left to prove. Put I’ = q;N- - -Nqs and I” = g5 1N- - N4y
then we have ht(I’) = A, ht(I’ + I") =h+1, J=I'NI", and VI = VT

The ideals I’ and I” give rise to a Mayer—Vietoris sequence of local cohomology
(Proposition 2.4)

o> HY7"YR) > H}y(R) — HINR) & Hju(R) — H}(R) — H}AYL(R) — -+

where we identify H:(R) with H%,(R) for all i because the ideals I and I’ have the same radical
[BS13, Remark 1.2.3]. Since ht(I’ + I") > h, we have H}. ,,(R) = 0, so there is an injection
H!R) & HY(R) — H"(R); composing with the inclusion of the first summand, we obtain
an injection H?(R) — H"(R), which is just the natural map induced by the inclusion J C I
of ideals. By the previous step of the proof, since J is a complete intersection ideal, the Matlis
dual and inverse limit actions of 0 on D(H®(R)) = Hg_h(X/Z,OX/Z) differ by a sign. We
conclude from Lemma 6.7(b) that the Matlis dual and inverse limit actions of & on D(H¥ R)) =
Hgfh(X /v, Ox /Y) also differ by a sign. This proves the theorem for an arbitrary ideal I in
cohomological degree equal to the height of I.

Finally, we prove the theorem in arbitrary cohomological degree i by induction on i — ht([);
the base case, where i = ht(I), was proved in the previous paragraph. Let i > h = ht(I) be
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given. Since J is a complete intersection ideal of height h, H }(R) = 0 unless ¢ = h, so from the
Mayer-Vietoris sequence we also conclude that Hj, , ;,(R) maps surjectively to H}(R) ®H, (R);
composing with the projection onto the first summand, we obtain a surjection Hj, ;. (R) —
H(R), which is just the natural map induced by the inclusion I C I’ + I” of ideals. We have
ht(I' + I") > ht(I), so i — ht(I' + I") < i — ht(I). By the induction hypothesis, the Matlis dual
and inverse limit actions of @ on D(H},, /(R)) = H}‘,_i(X/Z/, Ox,,,) differ by a sign, where A
is the closed subscheme of X = Spec(R) defined by I’ + I”. We conclude from Lemma 6.7(a)
that the Matlis dual and inverse limit actions of & on D(H(R)) = Hgfi(X/y, Ox,, ) also differ
by a sign. O

7. The de Rham cohomology of a complete local ring

In this section, we turn our attention to de Rham cohomology, and prove Theorems B and D. We
prove the latter theorem (and Theorem B(b) as an immediate corollary) first, by synthesizing
our results from the previous sections on Matlis duality and local cohomology of formal schemes.
The proof of Theorem B(a), which we give next, proceeds similarly to that of Theorem A(a). As
in §2, we will first give the proof of Theorem B(a) for the Ea-terms of the spectral sequences, to
bring out the main ideas of the proof. There is a technical complication that will make the Fs case
more difficult than the Es case of Theorem A(a). (We will need to verify various Mittag-Leffler
hypotheses for inverse systems, for which Corollary 5.31 will be necessary.)

We begin by recalling notation used in §2 and giving Hartshorne’s definition of de Rham
cohomology. Thus A is again a complete local ring with a coefficient field k of characteristic zero
and 7 : R — A is a surjection of k-algebras with R = k[[x1,...,z,]] for some n. The surjection
7 induces a closed immersion of spectra Spec(A) =Y < X = Spec(R), defined by the coherent
sheaf of ideals T C Oy associated with the ideal I = kerm C R. Let X be the formal completion
of Y in X, that is, the topological space Y equipped with the structure of a locally ringed space
via the sheaf of rings O ¢ = LiLIlO x/T!, an inverse limit of sheaves of rings supported at Y. For

any coherent sheaf F of Ox-modules, we can define its Z-adic completion F= l(gl F/T'F, which
is a sheaf of O g-modules.

Now consider again the (continuous) de Rham complex Q% . By the Leibniz rule, the k-linear
differentials in this complex of sheaves on X are Z-adically continuous, and therefore pass to
the Z-adic completions of the coherent Ox-modules Q’X We obtain, therefore, a complex 08 ,
whose objects are sheaves of O ¢-modules but whose differentials are merely k-linear. Since X is
the spectrum of a complete regular local ring and so the sheaves % are finite free O x-modules,
there is a simpler description of the complex fAZ;( As formal completion commutes with finite
direct sums, the sheaf ﬁfx is a direct sum of copies of Og. All of the derivations 0,, : R - R
induce Z-adically continuous maps O¢ — Og, and if we form the de Rham complex of O ¢ with
respect to these derivations, we recover precisely the complex SA);(

In [Har75], the (local) de Rham cohomology of the local scheme Y is defined as H};’ wY)=

H, ()A( , (AZ;(), the hypercohomology (supported at the closed point P of Y') of the completed de
Rham complex. These k-spaces are known to be independent of the choice of R and 7 [Har75,
Proposition III.1.1] and finite-dimensional [Har75, Theorem III.2.1]. Since the local de Rham
cohomology is defined as the hypercohomology of a complex, we have, as in the case of homology,
a Hodge-de Rham spectral sequence that begins ¢ = HL(X, Q%) and abuts to H ]’;;%(Y).
We also recall from § 2 that the Hodge—de Rham spectral sequence for homology has Ei-term

given by Ef """ = Hy7 (X, Q' ) and abuts to Hgfq(Y). The assertion of Theorem D is that,
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for all p and ¢, the k-spaces Ey 7" and EL? are dual to each other. Since we know by
Theorem A(b) that the former k-space is finite-dimensional, this duality implies that the latter
is as well, which will prove Theorem B(b). Our work in §§5 and 6 is nearly enough to establish
this duality; all that remains is to identify the rows of the Ei-term of the cohomology spectral
sequence with de Rham complexes of D-modules.

We recall again Convention 2.1, which remains in force in this section: if M is a left
D(R, k)-module, we write M @Y, for its de Rham complex, where the subscript R indicates the
ring over which the complex is being computed: the objects of this complex are tensor products
of R-modules taken over R, but the maps are not R-linear.

LEMMA 7.1. Let the surjection 7 : R = k[[z1,...,x,]] = A (and the associated objects I,X,)?,
Y') be as above, and {E‘: **} the corresponding Hodge—de Rham spectral sequence for cohomology.
For all q, the qth row {Ef’q} of the FEq-term {EI'} is iIsomorphic, as a complex of k-spaces, to
the de Rham complex H}I)()A(, O%) @Y%, where the left D(R, k)-structure on H%()/f, Og) is given
by the inverse limit action of Definition 6.4.

Proof. Let ¢ be fixed. Both formal completion along Y and local cohomology H}, commute with
finite direct sums, so for all p, EP? = H}l)()z ,ﬁg() is a direct sum of copies of the R-module
H?J()? ,O3), and the complex {E??} has differentials induced by the differentials in the complex
1% by first passing to Z-adic completions and then applying the functor H?J. This is exactly the
de Rham complex of H %()? ,O )?) with respect to the inverse limit action, since by Proposition 6.3
we have an isomorphism H%(X, Oz) ~ l(ir_nH?J()?, Ox/TY). O

Proof of Theorems D and B(b). Fix q. By Lemma 7.1, the gth row of the Ej-term of the
cohomology spectral sequence, EI’q, is the de Rham complex of the left D(R,k)-module
H%()? ,O%). By Theorem 6.5 and Remark 6.6, this complex is isomorphic (as a complex of
k-spaces) to the de Rham complex of the left D(R,k)-module D(H; ?(R)). We obtain the
Es-term by taking cohomology, so for all p, EY? = HY (D(H} %(R))). Since H} %(R) is a
holonomic D(R, k)-module, Theorem 5.1 applies: we have an isomorphism

Hp (D(H]™(R))) ~ (Hig"(H] ™ (R)))".

The right-hand side of this isomorphism is nothing but (E5 """ 9) (by Lemma 2.16), completing
the proof. O

We will now begin working toward the proof of Theorem B(a). The reductions immediately
preceding Lemma 2.18 are equally valid here, so for the remainder of the section, we assume
that R = k[[z1,...,2,]] and R’ = R[[z]], and it suffices to compare the Hodge-de Rham spectral
sequences for cohomology corresponding to an arbitrary ideal I C R (defining a closed immersion
Y = Spec(R/I) — X = Spec(R)) and the ideal I’ = IR’ + (z) C R’ (defining a closed
immersion Y — X’ = Spec(R')).

In the proof of Theorem A(a), we made use of an operation (Definition 2.19) on k-spaces.
Its replacement in this section is the following operation.

DEFINITION 7.2. Let M be any k-space. We define M+ = M|[[z]], the D(k[[z]], k)-module of
formal power series with coefficients in M. If M is an R-module (respectively a D(R, k)-module),
then M defined in this way is an R’-module (respectively a D(R/, k)-module), with 9,-action
defined by 9,(>" mi2") = S2(1+ 1)myy1 2.
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If M is an R-module, the R’-module M ™ is always z-adically complete. What is more, k-linear
maps between k-spaces and R-linear maps between R-modules extend to the corresponding
formal power series objects: if f : M — N is a k-linear map between k-spaces (or an R-linear
map between R-modules), fT: M+t — NT is defined by fT (> my2t) =3 f(my)2h.

Remark 7.3. If M is an R-module, the R'-module M+ = M][z]] is usually not isomorphic to
M ®pr R'. This is an example of the failure of inverse limits to commute with tensor products.
We do have

MT ~ 1(1_111M[[z]]/zl ~ lim (M ®p R'/2Y,

where every M ®r R’ /7' is regarded as an R'-module via the natural surjection R’ — R'/z!, but
this inverse limit need not be isomorphic to M ®p (l(ln R'/2Y.

In the proofs below, we will often take two inverse limits simultaneously in the process of
forming the module M ™. The general principle is the following.

LEMMA 7.4. Let {M;} be an inverse system of R-modules, indexed by N, and let M = LiEIMl.
Then ljm (M; ®r R'/ZY) ~ M™* as R'-modules.

Proof. As an R'-module, Mt ~ l(i£1[((l<iI_nSM5) ®r R'/Z'). Consider the inverse system
{M,®gr R'/2'}, indexed by N x N where (s,1) < (s',1') if and only if s < s’ and [ < [’. Then

lm ((1311 M,) @p B/2') = %I_]Ir;M ®r R /2.

As the ‘diagonal’ inverse system {M; ®p R'/2'}, is cofinal with {M; ®p R'/z'}s;), their inverse
limits are isomorphic, as desired. O

We have defined the formal power series operation both for k-spaces and for R-modules.
In what follows, we will frequently apply the operation to an entire complex whose objects are
R-modules but whose differentials are merely k-linear. We will still (abusively) use the notation
QR'/ 2! for the Ith truncation of the formal power series operation, a convention which we record
here.

DEFINITION 7.5. Let C'® be a complex whose objects are R-modules and whose differentials are
merely k-linear. The complex C* ® R'/z! is the direct sum of [ copies of C*®, indexed by 2! for
1=0,...,0—1.

Note that the complex (C*®), obtained by applying the formal power series operation to all
objects and differentials of C*®, is the inverse limit (in the category of complexes of k-spaces) of
C*® R/

Remark 7.6. We note one important difference between the formal power series operation defined
above and the operation of Definition 2.19. The latter operation is defined using an infinite direct
sum. Therefore, the question of whether it commutes with cohomology reduces to the question
of whether the underlying category satisfies Grothendieck’s axiom AB4 [Gro57], that is, whether
direct sums are exact. This is true for the categories of R-modules, of k-spaces, and of sheaves
of Abelian groups on a topological space [Wei94, p. 80]. By contrast, the formal power series
operation is defined using an infinite direct product, which commutes with cohomology if the
underlying category satisfies axiom AB4*. This is true for the categories of R-modules and
k-spaces but not sheaves [Wei94, p. 80].
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The main technical preliminary result we need concerns the interaction of the formal power
series operation with the de Rham complexes of local cohomology modules on formal schemes.
For reference, we repeat in the statement of this proposition the notation we will use for the
remainder of this section.

LEMMA 7.7. Let R = k[[x1,...,2,]] and let I be an ideal of R. Let R' = R[[z]] and I' = IR'+(2).
Let T (respectively T') be the associated sheaf of ideals of Ox (respectively Ox/) where X =
Spec(R) and X' = Spec(R'). Let Y be the closed subscheme of X defined by Z; via the natural
closed immersion X — X', we identify Y with the closed subscheme of X' defined by Z', which
we also denote Y. Let P € Y be the closed point. Then for all ¢, we have

HL(X',05) ® Q% ~ (HL(X,05) @ Q)T

as complexes of k-spaces, where the D(R, k)-structure on both local cohomology modules is given
by the inverse limit action of Definition 6.4.

The proof of Lemma 7.7 involves several ideas, so we begin with a lemma focusing on a single
local cohomology module, with no reference to its de Rham complex. We will appeal below not
only to this lemma but also to its proof.

LEMMA 7.8. All notation is the same as in Lemma 7.7. For all q, we have
HE(X', Og) ~ (HE(X, 0%))"
as R'-modules.

Proof. For all [, let J; be the ideal I' R’ + (2!). The families {.J;} and {(I")!} of ideals of R’ are

cofinal, and we have isomorphisms
R /)J;=R/I'R + (?") ~R/I'®r R/

as R'-modules for all [ (the R-module structure on R/I' @ R'/z! being defined via the natural
surjection R’ — R'/z1).

Denote by n (respectively m) the maximal ideal of R’ (respectively R). For all ¢, we have
isomorphisms

HY(X',05) = lim HY(R'/(I')") = lim H{(R'/J)),

the first isomorphism by Proposition 6.3 and the second by the cofinality of {J;} and {(I’)!}. We
saw above that R'/J; ~ R/I' @ R'/%' as R'-modules, and therefore

HY(R')J;) ~ H(R/I' ©r R' /2"

as R'-modules. We claim that the right-hand side is isomorphic to H%(R/I') @ R'/2! as an
R’-module.
The R'-module R/I' ®r R'/Z' is annihilated by a power of z, and so

H{, (R/I'®r R'/Z) = R/T' ®r R' /7

if 4 = 0, and is zero otherwise. The spectral sequence of Example 2.15 corresponding to the
composite functor I'y = I'nygr o () therefore degenerates at Es, and we have isomorphisms

HYR/T'@g R'/2') ~ H. ,(R/I' @ R /")
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as R’-modules. By the change of ring principle [BS13, Theorem 4.2.1], it does not matter whether
we compute this last local cohomology module over R’ or over R'/2!, so in fact

H! . (R/I'®p R'/2') ~ Hli(R,/Zl)(R/I’ ®r R/

as R'/z'-modules. Finally, since R'/z' is flat over R, the flat base change theorem [BS13,
Theorem 4.3.2] implies that

Hgl(R’/zl)(R/Il ®r R'/2') ~ HL(R/I') @ R/

as R/ zt-modules. The previous two isomorphisms of R’ / z'-modules are isomorphisms of R'-
modules, as well, since the R’-structures are defined using the natural surjection R’ — R'/z.
Putting these isomorphisms together, we see that

HYR')J) ~ H(R/I'®r R'/2') ~ HL(R/I') @ R' /7

as R'-modules, for all I. As the isomorphisms of [BS13, Theorem 4.2.1, Theorem 4.3.2] are
functorial, the isomorphisms above form a compatible system, and passing to the inverse limit,
we have

HY(X',0) ~ lim HI(R'/.J)) ~ lim HA(R/T") @ R[4,

and since @H%(R/Il) ~ HY(X, Oz) (again by Proposition 6.3), the rightmost module above
is isomorphic as an R’-module to (Hfg()?, O%))" by Lemma 7.4, as desired. O

We now consider the de Rham complexes as well, and prove Lemma 7.7.

Proof of Lemma 7.7. We retain the notation introduced in the proof of Lemma 7.8. For all [ and
s, let Jy s = I'""SR' + (2!). (Note that J; o = J;.) The families {J; s} (with s fixed) and {(I)'} of
ideals of R’ are cofinal. For all [ and s, the derivations 0i,...,d, induce (by the Leibniz rule)
k-linear maps R’/ Jis —> R/ Ji.s—1, as all of these derivations are z-linear. In turn, these maps
induce k-linear maps on local cohomology as described in §6. We can therefore construct, for
every [, a ‘de Rham-like’ complex

0— H{R /Jin) > @ HIR [Jipn1) > -+ — HU(R [ Ji0) > 0

1<i<n

using the derivations 81,...,0,. We write H{(C) for this complex (cf. Definition 7.10 below).
The argument in the proof of Lemma 7.8 applies to all terms of this complex, and using the
fact that the differentials in this complex do not involve z or dz, we see that this complex is
isomorphic to the complex

<o — HL(R/T"") — P HL(R/T" ) > - > HL(R/T') — o) ® R/,

1<i<n

which we write H}(CP) @ R'/Z', again anticipating Definition 7.10. We now pass to the inverse
limit in [ of both systems of complexes. For all s, we have

lim HY(R' /i) ~ H3(X', O5,)
l
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as R'-modules, by Proposition 6.3 and the cofinality of {.J, s} and {(I’)!}. Moreover, by the

definition of the inverse limit action, the differentials in the complex H} (X', Og) ® Qf are
given by taking the inverse limit of the differentials in the complexes Hy(C). That is, we have

Hp (X!, O%) © QO = lim HY(CT),
for all I, as complexes of k-spaces. On the other hand, again using Proposition 6.3, we have
lim HE(R/T') ~ HA(X, Og)
as R-modules, and, by the definition of the inverse limit action,
H{(X,05)® Q% ~ l(iLanl(Cl‘),
for all [, as complexes of k-spaces. To conclude the lemma, it suffices to show that
lim HY(C}) = (lim H(CF))*
as complexes of k-spaces. We have already shown that we have isomorphisms Hy (C) ~ H}(CP)®
R’/ that clearly form a compatible system, which implies
lim HJ(CP) =~ lim HY(CY) ® R/,

and since @H%(C’l') Q@ R/ ~ (Lln H(CP))™ (by applying Lemma 7.4 to all objects in the
complex) the lemma follows. O

We can now begin the proof of Theorem B(a). We have already reduced ourselves to the case
where R and R’ are as in the statement of Lemma 7.7. With R and R’ as in the statement of that
lemma, our goal is to compare the spectral sequence {E” ’1%} arising from the surjection R — A,

to the spectral sequence {Ef:q,} arising from the surjection R’ — A. We will first prove that the
Es-objects of these spectral sequences are isomorphic. As we have identified these Es-objects in
Lemma 7.1, this claim is equivalent to the following proposition. As with Lemma 2.18, we will
later need not only the statement of this proposition, but the specific isomorphisms appearing
in its proof.

PROPOSITION 7.9. All notation is the same as in Lemma 7.7. For all p and q, we have
By = Hip(HR(X, 0g)) = Hig (HH(X', O%:)) = ESg,

as k-spaces, where the de Rham cohomology is computed by regarding H%()? ,0¢) as
a D(R, k)-module and H},(X', O;) as a D(R', k)-module.
Proof. The argument closely parallels that of Lemma 2.18. Consider the short exact sequence

0 05 e0%[-1]5 0% 5> 05005 >0

of complexes of sheaves of k-spaces on X , where ¢ is simply A dz. This sequence is the analogue,
for completed sheaves, of the short exact sequence given in Definition 2.21, and consists of split
exact sequences of finite free O5;-modules. Apply HY, to the entire sequence of complexes: as
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formal completion and local cohomology commute with finite direct sums, we obtain a short
exact sequence

0 — HA(X', 05) @ Qx[~1] » HH(X', 05) @ Oy —> HH(X,05,) @ O — 0

of complexes of k-spaces. The corresponding long exact sequence in cohomology (accounting for
the shift of —1) is

o WY HL(XT, O5) © ) B WY HL(X, 05) @ OF)
— 7P —~ —
= W(H(X',05) © Q) —> W(HH(X',05) @ Q%) 2> W (H(X,05) @ OF) > -,

where we know by Lemma 2.22 that, up to a sign, the connecting homomorphism is 9,. By
Lemma 7.7, we have

as complexes of k-spaces. By Remark 7.6, the formal power series operation on the right-hand
side commutes with cohomology (since we are now applying this operation to k-spaces, not
sheaves). Taking the cohomology of both sides, we find

W(HL(X,05) @ Q) ~ (WP (HL(X,05) © Qf)*

as k-spaces for all p. For any k-space M, the action of 0, on M is given in Definition 7.2,
and it is clear from this definition (since char(k) = 0) that coker(d, : M — M™*) = 0 and
ker(9, : Mt — M™) ~ M, the latter corresponding to the ‘constant term’ component of M.
Returning to the displayed portion of the long exact sequence (with M = h?(H ?D()? ,05)2Q%)),
the first 0, is surjective, and so by exactness the unlabeled arrow is the zero map; this implies
that 7 is injective, inducing an isomorphism between the kernel of the second 9, and

W (HL(X, O) @ Q) = HE (HL(XY, O%)).

Since this kernel is isomorphic to hp(HI%()/(\’,O)?) ® Q%) = HgR(H%()?,OX)), the proof is
complete. O

We next work toward the general case of Theorem B(a). Our goal is to construct a morphism
between the Hodge-de Rham spectral sequences {E~7]fJ %} and {Ef:}l%,} arising from the two
surjections R — A and R’ — A which, at the level of Es-objects, consists of the isomorphisms
of Proposition 7.9 : by Proposition 2.10, this is enough. As in the proof of Theorem A(a), we
will construct an ‘intermediate’ spectral sequence {gf ‘1. The analogue of Lemma 2.29, however,
will be significantly harder to prove, since we are working with inverse limits and must therefore
check various Mittag-Leffler conditions.

We begin with definitions of several complexes, collecting pieces of notation introduced in
the course of the preceding proofs together with some obvious variations.

DEFINITION 7.10. All notation is the same as in Lemma 7.7.
(a) Let C? be the complex

0— R/ > P R/I - - > R/T' >0

1<1<n
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defined using the derivations 91, ..., d,. Note that this is a complex of R-modules with k-linear
differentials.
(b) Let C; be the complex

0> R/Jn—> P R/Jpa1— > R/Jo—>0
1<1<n
defined using the derivations 01, ...,0,, where for all [ and s, J;, = I'"R' + (2'). This is a
complex of R'-modules with k-linear differentials, and we have Cf ~ CP ® R'/z!.

(c) Let HL(CP) (respectively Hy(CP)) be the complex obtained by applying local cohomology
functors to the previous two complexes. In the course of the proof of Lemma 7.7, we remarked
that H{(C?) ~ HH(CP) @ R' /2.

(d) Let

C = (0 — Ox /T — @ Ox/TH" ' > ... 5 Ox /T - 0>
1<1<n

and

Cl. = (0 — OX//sjl,n — @ OX’/L7Z,n—1 —> s —> OX’/\%,O — 0)

1<1<n

be the sheafified versions of the first two complexes, where J; s = Jl s for all [ and s. These can
be viewed as complexes of sheaves of k-spaces on X (respectively X ). We have QB( ~ hm C"
and Oy ® Q3 S~ l(glcl in the respective categories of complexes of sheaves.

(e) Finally, we consider a sheaf-theoretic variant of Definition 7.5. If F* is a complex whose
objects are sheaves of Ox-modules and whose differentials are merely k-linear, the complex
F* ® Ox+ /72 is the direct sum of [ copies of F*, indexed by z* for i = 0,...,1 — 1. (At the level
of objects, F ® Ox /2! is shorthand for the Ox-module F ®¢,, i*(Ox/ /2! ) where 17 is the closed
immersion X — X’ and Z is the sheaf of ideals defining this immersion.) As an example, we
have El: o~ év'l' ® Oxi /2.

For the complexes of sheaves in Definition 7.10, we have corresponding spectral sequences
for local hypercohomology, and we will need to work with all of these.

DEFINITION 7.11. If F*® is a complex of sheaves of k-spaces on X (or )/(\’, which has the same
underlying space), the local hypercohomology spectral sequence for F* is the spectral sequence
defined in §2.2 with respect to the functor I'p of sections supported at the closed point. If
L** is any Cartan—Eilenberg resolution of F* (or, more generally, a double complex resolution
satisfying the conditions of Lemma 2.13), this spectral sequence is the column-filtered spectral
sequence associated with the double complex I'p(X, £**). It begins EY'? = H} (X, FP) and has

abutment H?jq ()? , F*). We introduce the following notation for the specific hypercohomology
spectral sequences we will consider below.

(a) The local hypercohomology spectral sequence for SAZ;( will be denoted EJ'5,. (This is precisely
the Hodge—de Rham spectral sequence arising from the surjection R — A.)

(b) The local hypercohomology spectral sequence for (AZ;(, will be denoted E:’;%,. (This is
precisely the Hodge—de Rham spectral sequence arising from the surjection R’ — A.)
(¢) The local hypercohomology spectral sequence for Og ® Q‘ will be denoted Eg°°

(d) For all I, the local hypercohomology spectral sequence for Cl' will be denoted (El).:;%
(e) For all I, the local hypercohomology spectral sequence for C; will be denoted &)e*
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The key to the proof of Theorem B(a) is the following analogue of Lemma 2.29. Once this
lemma is established, the rest of the proof will closely parallel our work in § 2.

LEMMA 7.12. Let EJ% and £&° be the spectral sequences of Definition 7.11. There is an
isomorphism . B

(Bt S &,
where the object on the left-hand side is obtained by applying the formal power series operation
to all the objects and differentials of the spectral sequence E:;2

Lemma 2.29 was a consequence of the fact that the double complexes giving rise to the two
spectral sequences considered there were related by the +-operation of Definition 2.19. We were
therefore able to prove that lemma by working entirely at the level of double complexes. The
analogous reasoning fails here for reasons alluded to in Remark 7.6: the formal power series
operation is an infinite direct product. The obvious extension of this operation to sheaves need
not commute with the functor I'p, because taking stalks of sheaves (a direct limit) and direct
products of sheaves (an inverse limit) need not commute. The proof of Lemma 7.12 will take
place at the level of spectral sequences, not merely double complexes.

We will give the proof of Lemma 7.12 in steps, as follows.

(1) lim (El)::;{, defined by taking the ‘term-by-term’ inverse limit of all objects and differentials
in the spectral sequences, is again a spectral sequence: each term is derived from its
predecessor by taking cohomology. (An identical proof shows that 1(&11 (&):' is a spectral
sequence.)

(2) The spectral sequences E:;% and lim (E~l):;2 are isomorphic. (An identical proof works for
Ee* and lim (&)°.)

(3) For all I, the spectral sequences (£)s* and (F;)2'%, @ R’ /2! are isomorphic, via isomorphisms
compatible with the transition maps for varyiné [ (the latter spectral sequence, defined by
the natural extension of Definition 7.5 to spectral sequences, is a direct sum of I copies of
(B1)eR)-

(4) There is an isomorphism (E’:;%)Jr 5 £3° of spectral sequences (the general statement).

Step (4) follows immediately from step (3) by applying Lemma 7.4 to all objects of the
spectral sequences, so we will not give it a separate proof below. Steps (2) and (3) are not
difficult. Step (1), which is necessary in order for the later steps to make sense, is more difficult
and depends crucially on our work in §5.

Proof of step (1). We show first that the Ea-term lim (El);;2 of the ‘term-by-term’ inverse limit
is obtained from the Eij-term by taking cohomology: that is, we show that for all p and ¢, we
have isomorphisms
lim ()84, = lim A7 (HS(CP)) = h”(tim HA(CF)) = AP (lim (E1)7%)

of k-spaces. This is the assertion that for the inverse system {Hy(C})} of complexes of k-spaces,
taking cohomology commutes with inverse limits. By Proposition 5.9, it suffices to check that
for all p and ¢ the inverse systems {Hgp(C)} and {hP(H%(C?))} both satisfy the Mittag-Leffler
condition. By [BS13, Theorem 7.1.3], each H%(C?) is an Artinian R-module; as the transition
maps in this inverse system are R-linear, induced by the canonical R-linear maps Clp i C’lp ,
the Mittag-Leffler condition for this first system is immediate.
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In order to verify the Mittag-Leffler condition for the second system, we consider the
Matlis dual of the first system. For all g and [, the differentials in the complex H#(Cp) have Matlis
duals by Proposition 3.21(a), since they are k-linear maps between Artinian R-modules. The
transition maps in the direct system {D(H(CP))} of complexes are R-linear in each degree,
and each D(Hy,(C})) is a finitely generated R-module (since it is the Matlis dual of an Artinian
R-module). In fact, by Theorem 6.1, D(H#(CY)) is a direct sum of (Z) copies of the R-module
Exty Y(R/I'™™ 7P, R), and so li_r)nD(Hgl(Cf)) is a direct sum of (’;) copies of

lim Exty, *(R/I"™7, R) ~ H; " *(R).

Finally, the de Rham complex of the D(R, k)-module H;” ?(R) is the direct limit of the Matlis
dual complexes D(H#(CP)), since the inverse limit of their Matlis duals is the de Rham complex
of D(H; Y(R)) = H]qg()?, O¢) by Theorem 6.5 and the definition of the inverse limit action on
HE(X,05%).

The direct system {D(Hg(CP))} thus satisfies the hypotheses of Corollary 5.31: it is a direct
system of complexes with k-linear differentials whose objects are finitely generated R-modules,
the transition maps are R-linear in each degree, and the direct limit is the de Rham complex
H}7Y(R)®QY, of a holonomic D(R, k)-module. We conclude from that corollary that for all p and
I the images of A" P (D(H#(CY))) in k" P(D(H#(C?,,))) stabilize in the strong sense as s varies,
with finite-dimensional stable image. By Corollary 3.18 and Proposition 3.21, all the Matlis duals
(of objects and differentials) in the direct system {D(Hp,(C}))} coincide with k-linear duals. Since
k-linear dual is a contravariant, exact functor, we thus have h"~P(D(Hg(C?))) ~ (RP(HLZ(CP)))Y,
and by Lemma 5.13, the inverse system {h?(Hs(C}))} satisfies the Mittag-Leffler condition, as
desired.

Examining the proof of Lemma 5.13, we see that in fact we can conclude something stronger
than the Mittag-Leffler condition, namely the following: for all p and ¢, given [, there exists s
such that the image of h?(H(Cp,,)) in hP(Hg(C?)) is a finite-dimensional k-space. That is,
the inverse system {h?(H%(C?))} is eventually finite. Since any descending chain of k-subspaces
of a finite-dimensional k-space must terminate, it is clear that eventual finiteness implies the
Mittag-Leffler condition. But what is more, eventual finiteness is inherited by cohomology: if, for
any r, the inverse system {(El)f:%} is eventually finite, so is the inverse system {(El)ffL R}, since
the objects (El)ffL  are subquotients of the objects (El)f:%. By induction on 7, we conclude that
the Eyy-term of the ‘term-by-term’ inverse limit, ljm (El):;1 R is obtained from the E,-term
by taking cohomology, and so l(l_r_n (El):;% is a well-defined spectral sequence. O
Proof of step (2). Since QB( ~ Lgl(f)? as complexes of sheaves on X , we have projection maps

o 5\23( — 6{' for all [. As described in §2.2, each such projection map induces a morphism
between the corresponding local hypercohomology spectral sequences. By the universal property
of inverse limits, this family of projection maps induces a morphism of spectral sequences
E:;% — lim (El):;2 (where the right-hand side is a well-defined spectral sequence by step (1)).
We claim this is an isomorphism; by Proposition 2.10, it suffices to check this on the Ej-objects
of both sides. By definition, for all p and ¢, we have Ef”}q% = Hl‘f-,()? ,ﬁgf), a direct sum of

(Z) copies of H}q)()A(,(’))?), and for all I, we have (E))P'%, = H%()A(,al’/’), a direct sum of (Z)
copies of H&(R/I™™P). The induced map EV, — lim (E;)P% is therefore a finite direct sum

of copies of the canonical map H;]D()/(\', 0g) — l(i_rEH,%(R/IH”_p), which we already know to be
an isomorphism by Proposition 6.3. O
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Proof of step (3). This is the only step in the proof where we can work entirely at the level of
the double complexes giving rise to the spectral sequences. Let | be given. Choose a Cartan—
Eilenberg resolution C} — E;” in the category of sheaves of k-spaces on X. By Remark 7.6, this
category satisfies axiom AB4, and so direct sums are exact; furthermore, direct sums of injective
sheaves are again injective, and the functor I'p commutes with direct sums. We conclude that
the double complex £7°* ® Ox/z! (which is simply a finite direct sum of copies of £;*°) satisfies
the conditions of Lemma 2.13, and so the double complex I'p (X, L} ®Ox: /7' gives rise to the
local hypercohomology spectral sequence for the complex CN’I' ® Ox1 /2 ~ EZ? On the one hand,

this spectral sequence is (él):" by definition. On the other hand, since I'p commutes with direct
sums, we have I'p(X, L]* ® Ox//z') ~ Tp(X,L]"*) @ R'/z' as double complexes of k-spaces,
and since cohomology of k-spaces commutes with direct sums, this isomorphism induces an
isomorphism (&)e* ~ (E'l):;% ® R'/Z" at the level of spectral sequences, as desired. The fact that
these isomorphisms are corflpatible with the transition maps for varying [ follows from the fact
that the same is true for the isomorphisms C? ® Ox// 2~ C}, since as discussed in §2.2, the
association of a local hypercohomology spectral sequence with a complex of sheaves is functorial
in the complex. This completes the proof of Lemma 7.12. a

We are now ready to complete the proof of Theorem B.
Proof of Theorem B(a). Consider again the short exact sequence from the proof of Proposition 7.9:
0— O0g @0%[-1] 5 Q% 5 05 20% — 0.
As described in §2.2, the morphism of complexes 7 induces a morphism between the
corresponding spectral sequences for local hypercohomology, given in Definition 7.11. That is,
there is an induced morphism 3 }
ot Bl > &

Identifying first £o'° with (E:’é)*‘ (by Lemma 7.12) and then E:’;% with the ‘constant term’
component of (E:’;z)ﬂ we see that this further induces a morphism

e 0 LN J e.0
o E.,R' - E.,R

given in every degree by me'® followed by the projection of £5°® ~ (EJ'%)™ on its constant term
component. If 7 = 2, the maps 15’7 are precisely the inverses of the isomorphisms
Hip (Hj (X, 0%)) = Hyg (Hp (X!, 05))

appearing in the proof of Proposition 7.9, which were induced by the morphism of complexes 7
and the projection of (E;’}{z)* = (HiR (HH(X,04)))" onits constant term component. Therefore
the morphism vs’® of spectral sequences is an isomorphism at the Es-level. By Proposition 2.10,
it follows that ¢ is an isomorphism at all later levels, including the abutments. The proof is
complete. O

8. Some open questions

In this final section, we pose two questions and state a conjecture left open by our work above.

Our first question concerns coefficient fields. A priori, the isomorphism classes of the spectral
sequences {EY}} and {Ef 1}, as well as the integers pp 4 of Definition 2.23, depend on the choice
of coefficient field k C A.
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Question 8.1. Are the isomorphism classes of the spectral sequences {EP'%} and {EP}}, as well
as the integers p), , of Definition 2.23, independent of the choice of coefficient field k C A?

In the case where the local cohomology modules HY(R) are supported only at the maximal
ideal m, the p, , are indeed independent of this choice by Remark 2.24 (since the A, , are known
to be independent), which provides supporting evidence for a positive answer to Question 8.1.

Our second question concerns degeneration of the spectral sequences. In general, the Ei-
objects EV'? = HJ(X,0%) in the local Hodge-de Rham homology spectral sequence (for a
complete local ring A with coefficient field & of characteristic zero) are not even finitely generated
as R-modules (where R — A is as in §2), so the spectral sequence need not degenerate at Fj.
However, this obstruction does not exist for the Ea-term since, by Theorem A(b), the Es-objects
are finite-dimensional k-spaces. Therefore, the question of possible degeneration at Fo reduces
to a comparison of dimensions: do we have equalities dimy H, (X, Q%) = > piq dimy B9 =
Zp+q:l dimy, Hip (H(R)) for all 17

Question 8.2. Does the local Hodge-de Rham homology spectral sequence (for a complete local
ring A with coefficient field k of characteristic zero) degenerate at E?

Note that by Theorems 1.1(c) and D, degeneration of the homology spectral sequence at
E5 is equivalent to degeneration of the cohomology spectral sequence at FEs, so it is enough to
answer the question for the homology sequence. Even if the answer to Question 8.2 is negative
in general, it would be interesting to find conditions on the complete local ring A under which
such degeneration occurs.

Finally, we restate a conjecture which appeared already in § 1.

CONJECTURE 8.3. Let A, k, and R be as in the statement of Theorem A. Beginning with the
E5-terms, the homology and cohomology spectral sequences are k-dual to each other: for all
r > 2, and for all p and ¢, B/ 7" % ~ (EP?)V | and similarly for the differentials.

So far, we have only proved the k-duality asserted in Conjecture 8.3 for the Fs-objects. We
remark that although our proof of Theorem B(a) is independent of Theorem A, the former
becomes an immediate corollary of the latter if Conjecture 8.3 is known.
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